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Resumo

Os sistemas de pintura por spray que utilizam robds industriais, capazes de seguir trajetérias com
precisio, e realizar trabalhos de alta repetibilidade, t€ém sido amplamente utilizados na inddstria e
estdo a tornar-se cada vez mais competitivos. Nesta dissertacdo € proposto um sistema robético
em 3D de pintura por spray. Este sistema inclui simulacdo de pulveriza¢do e geracdo de trajetdrias.
Para a simulacdo proposta, foram realizadas experiéncias no mundo real, resultando numa vali-
dacgdo realista. Para a calibragdo da simulacdo com os pardmetros da pistola de pintura do mundo
real, foi desenvolvida uma ferramenta de processamento de imagem. Os algoritmos de geracdo de
trajetdrias, sdo capazes de pintar pecas 3D ndo triviais e fornecem uma base de comparagdo para
qualquer futura investigacao.
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Abstract

Spray painting systems that use industrial robots, capable of accurately following trajectories and
perform high repeatability jobs, have been widely used in industry and are becoming increasingly
more competitive. In this dissertation a 3D spray painting robotic system is proposed. This sys-
tem includes spray simulation and trajectory generation. For the proposed simulation, real world
experiments were conducted resulting in a realistic validation. In order to calibrate the simulation
with the real world spray gun parameters, an image processing tool was developed. The trajectory
generation algorithms, are able to paint non trivial 3D designs and provide a baseline for further
investigation.
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“Any intelligent fool can make things bigger, more complex, and more violent. It takes a touch of
genius and a lot of courage to move in the opposite direction.”

E.F.Schumacher’s
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Chapter 1

Introduction

In this introductory chapter a description of the context and motivation of the thesis is presented as

well as an overview of the objectives needed to develop an advanced autonomous painting system.

1.1 Context and motivation

Industrial robots are multipurpose manipulators capable of accurately following trajectories and
perform high repeatability tasks. They usually have one (or more) tool(s) attached to the wrist and
a varying reach, payload and degrees of freedom (DoF) according to the application.

Industrial manipulators were first developed in 1959 by George Devol and Joseph Engelberger
[5]. The first robot, Unimate, had hydraulic actuators and rudimentary programming capabilities.
In the last decades the evolution of robotic manipulators has allowed their widespread use across
various industries. Factors such as accuracy, speed, high quality work, low mistakes level, no
breaks, no safety conditions required, and fast return of investment have made them the ideal
factory worker. The main industry using robotic manipulators is the automotive industry [6]. The
car manufacturing process is complex and repetitive hence suited for robot cells. Processes like
assembly, soldering and painting are programmed once at the beginning of production in the car
assembly line, and from there after the factory maintains the line running without reprogramming.
This way most of the engineering is done initially. However, with the increase in processing power
and in the amount of memory available, as well as cloud computing technology, the industrial
manipulators become more flexible in what they can do, becoming also more autonomous.

Robot programming software is always in ongoing development. Nowadays it is still consid-
ered a complex and sophisticated topic. This is mainly due to the fact that different tasks usually
require different methods. Consider a software for pick and place, it should have parameters like
specifications for claws or vacuum-based suction cup grippers as well as initial and final location.
However a soldering software must have the solder location and trajectory speeds. Other signifi-
cant difficulties arise when sensors are to be used: a sanding robot with a wrist force sensor has
a very different algorithm and parameter set than a bin picking robot with a depth camera. One

of the 4.0 industry’s challenges is the replacement of ad hoc robot programming for independent
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robots that can adapt to different specifications. Simulation plays a great role in this type of soft-
ware, allowing the user to analyse the robot path, limits, singularities and assess the quality of the
action being performed without additional costs or dangers.

In fact, small business enterprises (SBE) don’t usually employ robotic solutions since they
can’t afford to waste materials, time and hire trained personnel every time a new product needs
to be produced, which in SBEs is frequent as the production is usually flexible. Hence there is a
market demand for software that is easy to use, capable of adapting to different products and can

guarantee a certain level of quality.

1.2 Objectives

In this the dissertation, the following objectives are addressed:
1. Develop a spray painting simulator with enough accuracy to simulate real spray painting;
2. Implement the ability to use designed or scanned 3D models as input pieces;

3. Develop an evaluation metric which evaluates and scores the painting trajectory based on

thickness, uniformity, time and waste of paint;

4. Develop a imaging processing tool that can accurately compare real world and simulated

paintings;

5. Develop an optimized algorithm for path generation capable of painting non trivial 3D de-

signs.



Chapter 2

Literature review

Spray painting systems have been widely used in industry, becoming increasingly more compet-
itive. Throughout the years several technologies have been developed and adopted in order to
improve optimization and quality of the painting process.

This chapter will be divided in two sections: spray painting simulation and trajectory calcu-
lation. Each will focus on describing and reviewing the advances accomplished in the respective
field.

2.1 Spray painting simulation

Spray painting simulation is an important part of automated spray painting systems since it pro-
vides the possibility to predict the end result without any cost. Furthermore, virtual simulations
allow quality metrics such as paint thickness uniformity or paint coverage to be easily measured
and optimized. This section analyses the basis to simulate spray painting, including Computer
Aided Design (CAD) models, scanned models and painting methods. Additionally, several ap-
proaches on the spray simulation will also be reviewed such as computational fluid dynamics

(CFD), spray simulation applied to robotics and commercial simulators.

2.1.1 CAD models review

First and foremost the piece to be painted is the main focus of any painting system. Nowadays
most manufacturing industries use CAD models in the fabrication process. These models are
of extreme importance and convenience as they include diverse information about the design like
stress simulations, utilized materials, assemblies and in some cases even robot paths [7]. Although
CAD files can be stored in standard formats, most of the design tools don’t use them natively,
limiting their usage as a transport format providing export and import functionalities. This can
cause information to be lost. Therefore research has been conducted with the goal of developing
solutions to tackle this issue [8].

There are two types of CAD models: tessellated and parametric [9]. These two types describe

different design/modelling strategies. In tessellated models, a piece is described by a polygon
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mesh (a description of polyhedral shapes through vertices, edges and faces). This design process
usually involves the input of points by the user (usually by push and pull operations). In parametric
models however, a piece is described by geometric features and their constraints, such as a sphere
centered in a coordinate with a fixed radius intersected with a circumscribed cube. Nowadays, both
model types are used depending mainly on the properties of the piece. The tessellated models have
the advantage of being simple and easy to use, however lack the information and compression of
parametric models. On the other hand, the latter have higher precision and less errors, but contain
redundant information and have to be discretized for many applications such as calculating the

area of coverage of a spray tool.

2.1.2 Scanned models review

Another method of obtaining 3D information about a piece is through 3D scanning. This is a use-
ful method in situations where the piece to be painted wasn’t designed by 3D modelling, or those
files aren’t easily available, such as in repair work or handcrafted pieces. Real time scanning is
also of interest in every robotics problem, since it provides the possibility to use feedback loops,
thus enabling the establishment of a more robust system with the capability to adapt to different
conditions [10, 11, 12]. There are several ways of object scanning, with its characteristics vary-
ing accordingly. The main used techniques are: Photogrammetry, Light Detection And Ranging
(LiDAR), Infrared/Structured Light Scanning [13].

Photogrammetry is a passive technique (no energy is passed to the object) inspired in the
human vision (stereo vision) where a set of images taken from different angles are used to obtain a
3D space representation. Many solutions have been proposed which can be divided in local, global
and semi-global algorithms [14]. Global algorithms compare all the information in an image with
the remaining images successively, determining the differences by minimizing a global energy
function [15, 16, 17]. This method provides the best results but the computation time is usually
high, greater than a minute per frame [18]. For this reason semi-global and local algorithms may
be of interest in certain applications. The semi-global algorithm consists in comparing 1D sums
of the pixels instead of the pixels themselves [19]. Whereas local algorithms consist of comparing
specific areas that are likely the same in several images [20].

LiDAR is an active scanning technique capable of real time high resolution scans and has
the lowest interference compared with the other described active scanning technologies. There
are two main types of LiDAR scanners: frequency-modulated-continuous-wave (FMCW) LiDAR
and time-of-flight (TOF) LiDAR [21]. The working principle of this technique is a simple but
precise process, where several signals are emitted, resulting in their reflection by the object. The
reflected signals are measured, in order to calculate either the frequency difference or the time
delay (time-of-flight) and obtain a 3D image.

Structured light scanning is also an active technique frequently used in this field, in which a
light pattern is projected by a projector and observed with one or multiple camera for triangula-

tion. There are several low cost structured light scanners with low resolution 3D cameras like Intel
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Realsense and Microsoft Kinect which made this technique popular. Modern 3D scanners devel-
oped for industry also use this technique. The advances in computing power allow more complex
patterns, that change over time, as digital fringe projection, in which sinusoidal patterns are used
with frequencies as high as 120 Hz. This allows for high accuracy scans with speeds of at least 24
Hz [22].

2.1.3 Painting methods

Paint application has been used for centuries. For most of this time the main methods consisted in
spreading paint along the desired surface with tools like a brush or a roller. Nowadays however,
their popularity and use are decreasing since they are slow methods with low efficiency, and the
resulting quality highly depends on the quality of the materials and tools. Consequently new tech-
niques were developed such as dipping and flow coating, that are best applied to small components
and protective coatings, and spray painting that is more suitable for industry.

The main industrial painting methods are: air atomized spray application, high volume low
pressure (HVLP) spray application, airless spray application, air-assisted airless spray application,
heated spray application and electrostatic spray application [23].

The conventional spray application method is air atomized spray. In this method the com-
pressed air is mixed with the paint in the nozzle and the atomized paint (i.e. paint that is dispersed
in small droplets) is propelled out of the gun. HVLP is an improvement on the conventional system
and is best suited for finishing operations. The paint is under pressure and the atomization occurs
when it contacts the high volume of low pressure air resulting in the same amount of paint to be
propelled at the same rate but with lower speeds. This way a high precision less wasteful spray
is produced, since the paint doesn’t miss the target and the droplets don’t bounce back. Airless
spray application is a different method, that uses a fluid pump to generate high pressure paint. The
small orifice in the tip atomizes the pressurized paint. The air resistance slows down the droplets
and allows for a good amount to adhere to the surface, but still in a lower extent than HVLP [24].
Air-assisted airless spray application is a mixture of the airless and conventional methods with the
purpose of facilitating the atomization and decreasing the waste of paint. Heated spray application
can be applied to the other methods and it consists in pre-heating the paint, making it less viscous
requiring lower pressures. This also reduces drying time and increases efficiency. Electrostatic
spray application can also be applied with the other techniques and consists in charging the paint
droplets as they pass through an electrostatic field. The surface to be painted is grounded in order
to attract the charged particles [25].

At last, the conditions at which the paint is applied have a direct impact on the paint job quality
and success. This way, painting booths are usually used, because it is easier to control aspects such
as temperature, relative humidity and ventilation. Lower temperatures increase drying time, while
high moisture in the air interferes with adhesion and can cause some types of coating not to cure.
Also the ventilation decreases initial drying time and allows the workspace to be safer for the

workers.
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2.1.4 Computational fluid dynamics (CFD)

In order to simulate the spray painting process as accurately as possible, it is necessary to under-
stand the physical properties that dictate droplets’ trajectories and deposition. Computational fluid
dynamics (CFD) allows for a numerical approach that can predict flow fields using the Navier-
Stokes equations [26]. An important step that CFD still struggles to solve is the atomization
process. It is possible to skip the atomization zone by using initial characteristics that can be
approximated by measures of the spray [27]. Another alternative is to allow some inaccuracies
of the model in the atomization zone by simulating completed formed droplets near the nozzle.
This allows for simpler initialization while maintaining accurate results near the painted surface
[28]. Figure 2.1 shows a CFD result that compared with the experimental process reveals similar
thickness [1].

Despite these advantages, CFD isn’t used in industrial applications [2]. This is due to the fact
that CFD requires a high computation cost and the precision that it produces isn’t a requirement

for many applications. On the other hand, with the current technological advances this seems to

be a promising technique that enables high precision even on irregular surfaces [29].
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Figure 2.1: CFD results with the calculated velocity contours colored by magnitude (m/s) in the
plane z =0 [1].

2.1.5 Spray simulation applied to robotics

In robotics, it’s common to use explicit functions to describe the rate of paint deposition at a point
based on the position and orientation of the spray gun. Depending on the functions used, it’s
conceivable to create finite and infinite range models [2]. In infinite range models the output ap-
proaches zero as the distance approaches infinity. The most usually used distributions are Cauchy
and Gaussian. Cauchy is simpler, allowing for faster computation while Gaussian is rounder and
closer to reality [30, 31]. It is also possible to use multiple Gaussian functions in order to obtain

more complex and accurate gun models [32]. If the gun model is considerably asymmetrical, an
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1D Gaussian with an offset revolved around an axis summed with a 2D Gaussian provides a 2D
deposition model [33]. In finite range models the value of deposition outside a certain distance is
actually zero. Several models have been developed such as trigonometric, parabolic, ellipsoid and
beta [2]. The most used model is the beta distribution model in which, as beta increases, changes
from parabolic to ellipsoid and even the Gaussian distribution can be modelled, as shown in Figure
2.2 [34]. It is also useful to use two beta distributions that best describe the gun model, as was

done with infinite range models, Figure 2.2 exemplifies an asymmetrical model [35].

5,
6\&6
0

F(pm)

0 AR N
-50-40-30-20-10 0 10 20 30 40 50
Figure 2.2: On the left side is presented a beta distribution for varying 3, with the x axis repre-
senting the distance from the center in mm and the F axis representing the paint thickness in um

[2]. On the right side is presented an asymmetrical model (ellipse), the x and y axis represent the
distance from the center in the two considered directions [2].

2.1.6 Commercial simulators

The growing necessity of an user friendly software that provides a fast and risk free way of pro-
gramming industrial manipulators led to the development of dedicated software by the manipula-
tors manufacturers and by external software companies. Most of them include essential features
such as support for several robots, automatic detection of axis limits, collisions and singularities

and cell components positioning.

RoboDK [36] is a software developed for industrial robots that works as an offline program-
ming and simulation tool. With some simple configurations it’s possible to simulate and program
a robotic painting system, however the simulation is a simple cone model and the programming
is either entered manually or a program must be implemented [37]. This is a non trivial task for
the end user but a favorable feature for research in paint trajectory generation. The advantages of
this system are the general simulator advantages such as creating a manual program and exper-
iment it without any danger of collisions or without any waste of paint. RobCad paint [38], by

Siemens, also works as an offline programming and simulation tool and also presents features as
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paint coverage analysis and paint databases. It also includes some predefined paths that only re-
quire the user to set a few parameters. This simulator is one of the oldest in the market being used
by many researchers to assess their algorithms. OLP Automatic [39] by Inropa is a system that
uses 3D scanning to automatically produce robot programs. A laser scanner is used to scan parts
that are placed on a conveyor and the system can paint every piece without human intervention.
Although there is no available information about the created paths, the available demonstrations
only paint simple pieces like windows and doors. Delfoi Paint [40] is an offline programming
software that besides the simulation and thickness analysis tools has distinctive features such as
pattern tools that create paths based on surface topology and manual use of the 3D CAD features.
On the other hand RoboGuide PaintPRO [41] by FANUC is specifically designed to generate paths
for FANUC robots. The user selects the area to be painted and chooses the painting method and
the path is generated automatically. Lastly, RobotStudio® Paint PowerPac by ABB is purposely
developed for ABB robots and doesn’t have automatically generated paths. Its main benefit is the

fast development of manual programs for multiple simultaneous robots.

2.2 Trajectory calculation

Generating a robot trajectory is a common task in several industries such as automotive, aerospace
and ship building. Therefore several algorithms have been developed over the years with very
different objectives according to the end use of the painted piece. This section will review path
planning algorithms, machine learning systems and texture painting. Painting robotic manipula-

tors will also be considered as they are the tool to which the trajectories are generated.

2.2.1 Path planning algorithms

Without automation, a human painter follows intuition and usually uses a raster pattern, turning on
and off the tool at the corners. Regarding robotic patterns, there are two which are most explored:
raster and spiral, with raster being the most common and better in terms of material distribution
[42]. Both continuous and discontinuous application of paint have been experimented without
conclusive reports on the literature [9].

For tessellated CAD models, one approach consists in a framework that creates trajectories
considering material uniformity or coverage. The working principle consists basically in estimat-
ing the optimum spray width and velocity, finding a bounding box and generating the path based
on the determined width. An important step that generalizes this method to more complex pieces
involves forming patches by dividing a part into sub-parts. This is accomplished by randomly
placing a seed and to include the seed’s triangle neighbors as long as they follow the conditions
(such as max angle). This process is repeated while there are still triangles that aren’t included in
any of the sub-parts by placing new seeds. Consecutively, a filter is applied and the patches are
created. The bounding box is calculated for each patch and, the box’s orthogonal planes intersec-
tion with the piece create the path. The orientation is based on the geometry of the intersection

and the velocity is determined based on the area of the projected spray cone [43].
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For a complex model the patch division approach generates several patches and their connec-
tion sort can lead to varying painting times. Raster patterns used for each created patch [43] have
four possible start and ending points. In order to optimize the problem, integer programming can
be used, where the cost function just needs to be minimized. However path planning is an NP-
hard problem that can be solved using a heuristic method that benefits from the known travelling
salesman problem approaches (nearest neighbor heuristic) [44].

For parametric CAD models, a trajectory can be generated by approximating surfaces to planes
and applying a pattern directly. However, in the approximation step, features are generally lost
which, for complicated pieces, can cause a large deviation resulting in a different trajectory than
the initially intended one, guaranteeing neither coverage nor uniformity [45]. A different approach
uses CAD edges as a base for path generation. First, a starting curve is selected and through
continuously offsetting and intersecting it a path is generated. This has some limitations and only
performs properly for some continuous pieces where all the created curves are geodesics [46].

An optimal approach on the problem that views a piece as a graph is to create Eulerian cycles,
since an Eulerian path visits each edge once (Chinese Postman Problem)[47]. Thus, simple pieces
can be described as sets of edges and surfaces but ad hoc iterative algorithms are necessary in
order to guarantee the existence of Eulerian circuits, since every vertex in the graph must have an
even degree (Euler’s Theorem).

A proposed solution for the lack of CAD files is a scanning method [47]. The piece to be
painted is placed on a conveyor and scanned with barrier sensors which results in a series of
column binary data. A pool of settings are adjusted by the user. These settings include velocity,
spray gun opening/closing phases, spray distance, flux and color of the paint. The determined
speed profiles are trapezoidal or polynomial primitives since they allow the continuity of velocity.

To improve the performance, the arcs are stored as a graph with a B-type matrix of incidence.

2.2.2 Machine learning systems

Machine learning has evolved a lot in recent years and has achieved comparable performance to
other state of the art methods in several areas. However, the amount of data and computational
power required is still significant. This barrier hasn’t been surpassed in industry. Still, algorithms
have been developed in order to tackle the trajectory generation, such as, PaintRL [48, 49] that
uses reinforcement learning (RL) and, specifically, proximal policy optimization (PPO) which is
a family of policy optimization methods that use multiple epochs and stochastic gradient ascent
to perform each policy update. In order to use PPO the painting process should be described as
a Markov decision process (MDP). The used action space consists of four discrete actions (left,
right, up or down), and the state space is composed of the position of the paint gun and the ratio
of paint that several sectors of the work piece have. Another approach is to use genetic algorithms
[34] where the new paint path is based on the thickness of the paint deposited in the last path. The
methodology adopted consists in three steps that are repeated until the entire surface is covered:
firstly the surface is divided in sections, then in points and normals, after this, the points are

connected by linear segments generating a path. Then the thickness, velocity and overlap distance
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are calculated to adjust the next paint pass. Another approach that highly reduces the training time
and the dataset size is the invertion of the simulation, i.e. the simulator transforms the outputs of
the robot such as position, velocity and spray state into an image (texture), it is possible to learn
the reverse problem [50]. The proposed solutions consist in the use of autoencoders [51, 52]. A
convolutional neural network (CNN) acts as an autoencoder and the output of this network is a

spray pattern of a finite set of spray patterns [53].

2.2.3 Texture painting

A less explored theme in robotic painting systems is texture painting, where the painting objective
is to paint a certain pattern or figure with different colors, as opposed to uniform painting. This is
mainly due to the fact that uniform deposition is used in many industrial processes, such as protec-
tive coatings on the automotive industry. However texture painting also has some applications in
architecture, themed events or decorative pieces. In this context, spray painting isn’t as suited as
dipping or direct writing of digital images onto 3D surfaces [54]. Texture painting also becomes
more appealing with larger areas to paint. In this perspective, mobile robots such as drones or
automated guided vehicles (AGVs) are used [55, 56]. These investigations are relatively recent so
they are still being developed. Thus operations with effects like gradients still aren’t implemented.
The main tasks that already suit certain applications are area fill and line painting. Additionally
there is a methodology developed to paint monochromatic textures that uses deep learning and
graphical computing techniques [12]. This approach consists in extracting a 2D representation
(UV mapping, with the "U" and "V" representing the orthogonal axes of the 2D texture) from the
3D model and generate layers that have similar paint intensity, then, a recurrent neural network
(RNN) is used to calculate the paint volume, location and spray pattern. More recent work also

addresses colored textures as a set of single-ink layers [50, 57, 58].

2.2.4 Painting robotic manipulators

The increasing utilization of robotic spray painting systems led to the development of specialized
spray painting robotic manipulators. This type of robotic manipulator separates itself from the
other industrial manipulators in several aspects. One of those is the lesser importance of the
robot payload. Unlike operations like pick and place, sanding or machining, in painting, the
required payload is usually low (less than 15 kg) since only the weight of the equipment requires
force from the robot. Other desired characteristics for painting robots include hollow wrists, that
allow the paint tubes to pass without interfering with the nozzle, and explosion proof robots.
Since the liquid paint is flammable a certification for ATEX EX II is usually required. This sub-
section will analyse some of the distinctive characteristics of the most prominent painting robotic
manipulators, considering that all support the aforementioned features.

The KR AGILUS KR 10 R1100 [3] is an industrial manipulator sold in a ready2_spray pack-
age that includes the painting system. It is a partnership between two industry expert suppliers

KUKA (robots) and Diirr (painting systems). It has the advantage of being fully integrated, as can
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be viewed in the Figure 2.3, with a maximum range of 1,100 mm and mounting options such as

on the floor, ceiling or wall.

Figure 2.3: KUKA ready to spray package [3].

The Paint Robot P-250iB/15 by Fanuc [59], is a manipulator specifically designed for painting.
It is the largest of the painting robots series with a maximum range of 2,800 mm, and the possibility
to be mounted on the floor, wall, inverted or on clean-wall rails allowing easy access to hard-to-
reach spaces. The IRB 5500 FlexPainter by ABB [60] is also an industrial manipulator that can
be integrated with an ABB painting system in the factory that offers paint saving’s solutions by
placing some parts of the system, such as the pumps, closer to the wrist. It has a maximum range
of 2,975 mm and several mounting possibilities such as wall, floor, tilted, inverted and on a clean-
wall rail. The Motoman MPX3500 is a specially compact system that has a maximum range of
2,700 mm [61]. The mounting options are on the floor, ceiling or wall. The KJ314 by Kawasaki
is a painting robot that, unlike the other 6 degrees of freedom (DoF) robots presented here, has 7
DoF which allow for redundant positions that are able to avoid obstacles [4]. It is a wall mounted

robot with a maximum range of 3,100 mm and is presented in Figure 2.4.
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Figure 2.4: 7 DoF Kawasaki robot KJ314 [4].

Literature review




Chapter 3
Spray painting simulation

This chapter will describe the design process taken into building the spray painting simulation. It
will also include the results of real world experiments and their respective comparison with the

simulated counterparts.

3.1 Simulation environment

Spray paint simulation requires a 3D graphical environment that is capable of containing both
the target piece and the spray gun. In addition to this it is also necessary to be able to modify
the color of the part of the piece that has been painted in order to visually comprehend the sim-
ulation. Besides the fundamental features, several others become useful in order to utilize the
simulation process for as many applications as desired. Some of these optional features include
the possibility of loading different file types of CAD models, allowing a broad range of models
to be used as painting target. Another beneficial feature is the possibility to change spray gun
parameters so that the simulation can easily correspond with the real world. The main application
for spray simulation is the generation of automatic trajectories that a robotic system can perform
autonomously, with this in consideration, another valuable feature is the ability to simulate a di-
verse range of robotic systems as well as the environments they are in, including the containing
obstacles. A simulation system that is capable of most of these features, open source and focused
on educational and research purposes, is SimTwo.

SimTwo is a robot simulation environment that was designed to enable researchers to accu-
rately test their algorithms in a way that reflected the real world. SimTwo uses The Open Dynam-
ics Engine for simulating rigid body dynamics and the virtual world is represented using GLScene
components [62], these provide a simple implementation of OpenGL [63]. SimTwo applications
include robotic manipulators, and mobile robotics lessons, where students can practice inverse
kinematics and Kalman filters, humanoid robot research, where optimization algorithms can learn
in the simulated environment [64] or path planning for pick and place operations [65]. SimTwo
scenes are made up of "robots", "obstacles", "things", "tracks" and "sensors" described in one or

more XML (Extensible Markup Language) files, which allows for easy configuration of the scene

13
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parameters and a scene can rapidly be adapted to match a real life environment. For this thesis,
a paint target element was added to SimTwo so that every other object represented in the simula-
tion doesn’t get painted, this is specially important for large scenes where the computing cost of
calculating the spray painting dispersion is significant. A spray gun element was also added pro-
viding the freedom to place the origin of the spray cone anywhere in the scene, including a fixed
location in the simulated world or attached to already existing motor actuated robotic systems.
This element also supports the configuration of the spray gun parameters, such as paint color in
RGB (Red, Green and Blue) values or paint rate in 72> /s. For the experimental part of this work it
was used an already existing robotic machining cell with an Yaskawa MHS50 robotic manipulator.
Therefore, it was added a simulated version of this cell to the scene providing easier positioning

and visualization of the simulation.

3.2 Spray painting simulation

In order to simulate spray painting, the color of specific parts of the paint target mesh must be
changed. This can be mainly done by two processes, either the mesh vertex’s color change or the
texture associated with the mesh is altered at the location of the vertex’s texture coordinate. The
primary advantage of using the texture for simulation is the spray resolution that can be achieved
with low poly meshes, however, most industrial application don’t require textures for the CAD
models, and the process of unwrapping the model (generating the texture coordinates) is non
trivial and usually performed by artists in the game or movie industries. Therefore, the vertex’s
color is used to colorize the model, since it is present in every CAD format or 3D scan and every
model can easily be adapted to match the required resolution.

The assumption that the target mesh has regular sized triangles is taken. As this is rarely the
case, a preprocess phase is required, where the CAD model is remeshed using an Isotropic Explicit
Remeshing algorithm that repeatedly applies edge flip, collapse, relax and refine to improve aspect
ratio and topological regularity. This step can be held by the free software MeshLab [66] and the
transformation can be observed in Figure 3.1 with a CAD model of a car hood as an example.

The importance of the preprocess lies in the fact that from thereafter the triangle center de-
scribes a triangle location, since the triangles are approximately equilateral. Another important
result emerges from the fact that every triangle area is identical and small enough so that each
triangle constitutes an identity for the mesh supporting a pixel/voxel like algorithm.

In order to achieve a fast runtime without compromising the realism of the simulation, the paint
distribution model adopted is a Gaussian function limited to the area of a cone. The parameters
that describe the paint distribution as well as the cone’s angle are dependent on the spray gun and
its settings. As the assumed distribution model is circular symmetric, there is no need for a higher-
order Gaussian function since the paint quantity only varies according to the angle difference. In
the center of the cone is the highest concentration of paint and, as the angle increases the paint
quantity also decreases following the Gaussian distribution for any direction of the painted surface.

The general equation that calculates the paint quantity per angle p,q based on the painting rate p,,
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Figure 3.1: The top image presents the car hood model produced by the modeling software. The
image on the bottom presents the same model after the Isotropic Explicit Remeshing.

time step of the simulation A, standard deviation ¢ and angle « is presented in the Equation 3.1.
The calculation of the angle « is presented in Equation 3.2

1 1
= A 78_7 31
pqa Pr to_m ( )

a?
c

The principle of the simulation consists in iterating every triangle in the target model, and for
each one calculating the respective paint thickness that’s being added. For this, let us define the

variables whose location is represented on Figure 3.2 and that are available from the scene:
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* C, piece Center;

* §), spray gun position;

e Su = @, spray gun direction;

* P,, center of an example triangle position;

* P, triangle normal.

Figure 3.2: Simulation example with marked Spray gun origin (S), piece Center (C) and example
point (P).

With these the angle between the Spray gun direction and the vector formed between the spray

gun position and the triangle center position can be calculated as expressed on Equation 3.2.

s
S,P,eS
o= arccos(u (3.2)
QAT

This angle, ¢, determines the limit of the cone that defines the area that is painted while also
allowing to calculate the amount of paint that the triangle should receive as modeled by the Gaus-
sian function. However, the mesh is described by a finite number of triangles (and their respective
vertexes) which means that the continuous Gaussian function doesn’t directly translate to the paint
quantity of each triangle and a discretization method is necessary. Therefore, to accurately obtain
the paint quantity per triangle, p,, the fraction between the spray cone solid angle and the tetra-

hedron (composed by the triangle and the spray gun) solid angle Q is used. Since this fraction
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provides a precise relation between each triangle and the total paint cone, which is dependent on
the distance and angle in relation to the paint gun, it is a valid reproduction of the spray projection
process. The triangle solid angle calculation is presented on Equation 3.3 and the paint quantity
per triangle is presented on Equation 3.4. Considering that the angle of the cone is &, the vectors
A, B,C are the 3 vertices of the triangle and the vectors a = m, b= @ and c = @.

labc|

Q = 2arctan(
lall B[l lll + (a0 ) llc[| + (@@ c) [[b]] + (bec) [|all

) (3.3)

— Pax Q
T (2m(1—cos($))

)2 (3.4)

At last the added paint thickness F; can be calculated by dividing the paint quantity by the area
of the triangle A;, Equation 3.5.
(3.5)

3.3 Occlusion paint culling

As this analysis doesn’t avoid painting the back part of the piece, an extra condition can be added
based on the angle 8 (Equation 3.6) between the spray gun direction and the triangle normal since
its absolute value must always be larger than 7 to guarantee that the considered triangle is on the

upper side of the piece.
P,eSy

B = arccos(——
[1Bll [1Sall

) (3.6)

Furthermore, if the shape of the painting target isn’t convex, the spray gun can paint surfaces
that are occluded from it’s point of view as can be seen in Figure 3.3. To solve this problem without
greatly increasing the complexity of the developed algorithm so far, a low resolution depth bitmap
buffer can be used. This bitmap contains the closest depth of the triangles at every iteration for
each point in the map. The resolution of the bitmap is correlated with the capacity to support
different depths in the surface that is supposed to be painted as well as the resolution of the model.
The increase in resolution of the bitmap without having small enough triangles in the model that
guarantee that every point in the map has at least one triangle’s center, leads to a blank space in
the bitmap that can be occupied by a triangle that should be occluded. Thus, it is essential that the
parameters of this algorithm are properly tuned for the specific models that it is being used for.

Therefore, the implementation consists in including a new step in the triangles iteration, in
addition to the paint thickness calculation, that populates the depth bitmap. To do this, three
different situations are considered, firstly, the depth bitmap doesn’t contain any depth and needs to
be initialized to the distance of the new triangle occurrence. Then, if the distance is lesser than the
one stored in the bitmap, the paint added to the last triangles is removed and the current triangle
serves as the new depth for the bitmap. The last hypothesis is that the distance between the current
distance and the one stored in the bitmap is within a certain tolerance value, in which case the

bitmap isn’t updated but the paint thickness is increased, this triangle is also added to the list of
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triangles that is being deleted in the last situation (if a closer value is found and the bitmap value of
the current location updated). In order to determine the index of the bitmap in which the triangles
are located, two new angles were calculated. These correspond to the spherical coordinates of
the new triangle from the point of view of the spray gun. Since the max angle is equal in both
coordinates, a simple approximation serves as index of the bitmap, considering the respective
resolution. This algorithm is presented in Algorithm 1 and a second example with a surface that

contains both paint and paint that was occluded is presented in Figure 3.4.

Algorithm 1: Occlusion paint culling algorithm

1 // initialize the bitmap with a negative wvalue

2 bitmap|bitmapSize||bitmapSize] = —1

3 // create a dynamic array of lists to store the triangles that
may get removed

4 bitmapOldTriangles|bitmapSize|[bitmapSize| = ||

5 for triangle In triangles do

6 angleTheta = calculateT heta(triangle,sprayGun)
7 anglePhi = calculatePhi(triangle,sprayGun)
8 zi = | (bitmapSize/2) * (angleT heta/maxAngle) | + (bitmapSize/2)
9 | zj= |(bitmapSize/2) x (anglePhi/maxAngle)| + (bitmapSize/2)
10 dist = calculateDist(triangle, sprayGun)
n | if bitmap|zil[zj] < 0 then
12 // first time painting this bitmap zone
13 calculatePaintT hickness(triangle,sprayGun)
14 bitmap|zi]|zj] = dist
15 bitmapOldTriangles|zi][zj|.append (triangle)
16 else if abs(bitmap[zi][7j]-dist) <= cavitySize then
17 calculatePaint T hickness(triangle,sprayGun)
18 bitmapOldTriangles|zi][zj].append(triangle)
19 else if dist < bitmap[zi][7j then
20 // delete old paint and start over with this triangle
21 calculatePaintT hickness(triangle,sprayGun)
2 bitmap|zi]|zj] = dist
23 removePaint (bitmapOldTriangles|zi][z])
24 bitmapOldTriangles|bitmapSize|[bitmapSize] = ||
25 bitmapOldTriangles|zi][zj|.append (triangle)

26 end for
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Figure 3.3: Demonstration of the non convex culling algorithm mode. The top image presents
the result without this algorithm, and the image on the bottom presents the result with the culling
active.
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Figure 3.4: Demonstration of the non convex culling algorithm mode with a surface that contains
both paint and paint that was occluded.
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3.4 Parameters initialization

Some calculations such as the area and center of the triangles and which vertices correspond to
each triangle can occur every iteration (as long as the triangle is accumulating paint). As these
values aren’t dynamic, they can be calculated only once, when the paint target CAD is loaded and
stored for faster access during runtime.

The center coordinates of every triangle are calculated by simply averaging the three vertex
coordinates. To calculate the average triangle area, every triangle is considered. The area of a

triangle is calculated according to Equation 3.7.

1
A=§H(pz—p1)><(p3—p1)H (3.7)

To determine which vertices correspond to each triangle and what are the neighboring triangles
given the position of the triangles vertices, it’s necessary to iterate the triangles’ list twice. The
results are stored in a way that allow the access of the vertexes from the triangles and the triangles
from the vertexes without accessing the GPU memory which greatly reduces the simulation speed.
In the first iteration of the triangle list it is determined which triangles belong to each vertex. To
achieve this, for every triangle the first occurring vertex in the mesh vertex’s list is stored in the
corresponding triangle index. And in the list of triangles of that vertex, the current triangle is
added. In the second iteration, the neighbors of each triangle are calculated. To achieve this, the
list of triangles that a vertex belong is used, since the 3 vertexes of the triangle are known, every
triangle that also has at least one equal vertex is considered a neighbor and stored that way. This
initialization is presented in Algorithm 2.

In the worst case, this algorithm is O(N?) since every vertex is searched in the list of all ver-
texes. Thus, calculating these values only once, and only accessing them in runtime is a tremen-
dous advantage, specially considering the reduced complexity of the spray simulation algorithm

O(N) (iterates every triangle once).
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Algorithm 2: Ini

tialization algorithm

1 // initialize the bitmap with a negative wvalue

2 meshTriangles
3 meshTriangles

[Length(triangles)]
vertex[3] = ||

4 bitmapOldTriangles|bitmapSize][bitmapSize| = ||

5 for i In triangles do

6 meshTriangles[i].vertex|0].append ( findLowestVertexIndex(triangles|i].v0))
7 | meshTriangles[i].vertex|l].append(findLowestVertexIndex(triangles|i].v1))
8 meshTriangles[i].vertex|2].append ( findLowestVertexIndex(triangles|i].v2))

9 updateStat
10 end for

istical Parameters(triangles|i|, meshTriangles|i])

11 for i In triangles do

12 for k In [0,
13 for j In
14 for
15
16
17
18
19

20
21 end
22 end for
23 end for

24 end for

1,2] do
meshTriangles[i].vertex[k].triangles do
[ In meshTriangles|i|.neighbors do
if meshTriangles[i].vertexs[k].triangles|j] = i then
break
if [ = length(meshTriangles|i].neighbors) then
‘ meshTriangles[i].neighbors.append(meshTriangles|i].vertexs|k].triangles[j])
if
meshTriangles[i].vertexs|k].triangles| j| = meshTriangles|i].neighbors|l]
then
‘ break
for
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3.5 Paint validation metrics

In order to determine the paint quality several metrics were implemented. Establishing which
part of the paint target model is indeed supposed to be painted is a problem that is outside of the
scope of this work as it would either involve a development of a graphical tool to select the parts
to be painted or resort to simple plane intersections or even some kind of CAD model coloring
that would limit the format abstraction. For these reasons a compromise solution is to calculate
a dual version of each metric that only considers the painted triangles as triangles to be painted.
These measurements aren’t as accurate as the others and should only be used when the painting
algorithm is clearly doing what it was meant to do and paying close attention to the coverage ratio
(percentage of triangles that contain paint).

In this regard the following functions have been made available for any trajectory or sets of

trajectories:
* average spray thickness;
» standard deviation of the spray thickness;
* positive average of the spray thickness;
* positive standard deviation of the spray thickness;
e max spray thickness;
* minimum spray thickness;
* positive minimum spray thickness;
* histogram of triangle’s paint thickness;
* coverage ratio.

In order to facilitate the visual assessment of the paint quality a heatmap mode was imple-
mented. In this mode the blue color means that there is no paint and as the color goes to yellow
and more reddish tones the paint quantity is increasingly higher, being that a red tone means that
there is too much paint on that face. With this mode a qualitative review can be easily performed,
unlike with the true color prediction where once the paint saturates the color doesn’t change much.
This mode can be seen in Figure 3.5 where the spray gun started on the left and with increasingly

slower velocity moved to the right producing the observed pattern.
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Figure 3.5: Demonstration of the heatmap mode. The top image presents the result in normal
mode, and the image on the bottom presents the result in the heatmap mode.
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3.6 Experimental trials

In order to validate the simulation results, a real life experiment was made. Several trials were
conducted with the cooperation of a local company that made available a machining cell and
the respective industrial manipulator. The Yaskawa MHS50 is a powerful robot that’s capable of
reaching high speeds, has a less than 1 mm repeatability and has a horizontal reach of more than
2 m and a vertical reach of more than 3.5 m. Its main applications are material cutting, handling,
dispensing and coating. The main characteristics of the manipulator used can be found in Table
3.1.

Table 3.1: Yaskawa MHS50 characteristics

Controlled axes 6
Maximum payload 50 kg
Repeatability +0.07 mm
Horizontal reach 2061 mm
Vertical reach 3578 mm
Weight 550 kg
Power rating 4.0 kVA

After a market survey, the chosen spray gun was a HVLP gravity feed air spray gun, presented
in Figure 3.6. This is a common spray painting gun that is low cost, easily available and allows

for a generic test that is likely to generalize to other spray guns.

Figure 3.6: HVLP gravity feed air spray gun used in the experimental trials.

This HVLP gravity feed air spray gun is designed for being used by human painters, as such,
a modification was necessary that allowed the actuation to be performed by a servo controlling the
trigger position. This was achieved by disassembling the spray gun, removing the handle grip and
drilling a small hole in the trigger so that a metal rod could be placed connecting the trigger with

the servo horn. Both the servo and the spray gun were attached to an angle bracket that served as
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an easy attach system to the robot. With this procedure the operator’s hand is fully replaced by a
robotic system. The inside of the assembly can be observed in Figure 3.7 along with the assembly

support drawing that also served as a spray gun 3D model included in the simulation.

Figure 3.7: On the left is the spray gun used during experiments, without the front cover (with a
servo motor to control the trigger). On the right is the technical CAD drawing.

Therefore, the spray gun was mounted in a Yaskawa MH50 machining robot, alongside the
spindle, and several loose paper sheets were used as sample painting targets. The full system is
presented in Figure 3.8.

The chosen paint was 25-420 C-THANE S400 SAT, whose characteristics are in Table 3.2,
for being one of the most used in industrial equipments and machinery providing great exterior

durability allied with excellent superficial finishing.

Table 3.2: 25-420 C-THANE S400 SAT paint characteristics

Viscosity 70-75 UK
Volumic mass 1,227 g/mL
Solid percentage 42 %
Theoretical efficiency 12m?/L

Recommended paint thickness 35 um
The last preparation step consisted in guaranteeing that the environmental conditions inside
the cell are within the parameters defined by the paint supplier that can be consulted in Table 3.3.
Table 3.3: Environmental conditions

Ambient temperature >15 °C
Relative humidity <75 %
Drying time >2h



3.6 Experimental trials 27

Figure 3.8: Robotic painting system used during experiments on the top image. Simulated version
of the robotic painting system on the bottom image.
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Before the trials started, in order to determine the paint rate, the gun was activated for 30
seconds. The paint was collected and weighted, obtaining the paint rate value for the chosen
pressure of 6.2 bar (as recommended by the spray gun supplier). This is an inexpensive test
that can be repeated when there is a possibility that the spray gun settings changed. In order to
guarantee coherence among the results the servo actuation was always the maximum amount that
the trigger allowed, and it was chosen a constant active time of 3 seconds. Several tests were
conducted with increasing offsets from the paint target. From the point that no visible saturation
occurred, three locations were chosen for further analysis. Then the painted paper sheets were

scanned in order to obtain a digitized image.

At last, a simulated room and the robot were added to the SimTwo scene, Figure 3.8. The
room was designed using the Fusion 360 program and the normals of the exterior faces of the
walls were switched using Blender, so that it was possible to look inside the cell from anywhere in
the simulation. The robot’s CAD files are made available directly from Yaskawa and the assembly
was made in the SimTwo XML files considering the measured offsets between the joints in the
three axis using the Fusion 360 software. With these upgrades, the real world positions for the
trials were mimicked since the angles in the real robot and in the simulated one were matched.
The spray gun parameters were updated, as will be explained in the following sections, and the
experiments were conducted with the same duration and offset distances as the real ones. Then,
a close screen print was taken and the paper sheet vertices were used as a reference (by manual

selection) for the perspective transformation thus obtaining a scan like image.

3.7 Image processing tool

For the sake of reproducibility and meaningful analysis, an imaging processing pipeline was devel-
oped. The objective of this tool is the extraction of the paint distribution function from the painted
sheets scans. In this regard, the OpenCV [67] library for python was used because it provides
the necessary computer vision algorithms. As the images are obtained with controlled conditions,
such as traditional scanning of a sheet of paper, no extensive preprocessing is necessary to clean
them.

This way, the first step is converting the image to grayscale as can be seen in Equation 3.8.
This conversion reduces the color dependency of the algorithm and also increases the illumination
invariance.

G=0.299-R+0.587-G+0.114-B (3.8)

Then a simple threshold, where the pixels whose intensities are below the threshold value are
deleted. Following, a single step erosion that segments the majority of the paint is enough to
remove any noise in the image. The erosion operation replaces the anchor pixel (iterates every

pixel) by the local minimum over the area of the kernel, as presented in Equation 3.9.

dst(x,y) = min(x’,y’):element(x’,y’);éosrc(x +x/>y +y/) (3.9
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Since the spray pattern is circular, the center of the segmentation (Cy,Cy) is the same as the
center of the paint. The region of interest is thus defined by a circle, with this center and a slightly
larger radius than half the segmentation bounding box. From this region the image intensity along
several lines is averaged according to Equation 3.10 and the respective standard deviation is cal-

culated to validate the assumption that the pattern is indeed circular symmetric.
1
i(x) = I Y img(Cy+x.cos(ay),Cy + x.sin(y)) (3.10)
]

The size of the paper sheet used is known, as is the amount of paint P spent during the experi-
ment. Considering that the paint didn’t saturate, we can deem the amount of paint proportional to
the pixel intensity as a reasonable assumption. Thus the image can be normalized so that the mini-
mum intensity pixels (darkest) are transformed in ones and the maximum intensity pixels (whiter)
transformed in zeros. To obtain the paint quantity per pixel, the ratio between paint quantity spent
in the test and the sum of the normalized pixels is multiplied by the normalized pixels. The overall
expression is presented in Equation 3.11, with the img(x,y) being the value of the pixel in the (x,y)
position and the max(img) and min(img) being the maximum and minimum pixel values of the
full image, respectively.

max(img)—img(x,y)
max(img)—min(img)

max(img)—img(x.y)
Z max(img)—min(img)

3.11)

pg(x,y) = Px

The last step is to fit the curve to the Gaussian distribution (cf. Equation 3.1) used in the
simulation. The least mean squares is used for optimization, obtaining the optimal values for the
Gaussian function parameters (the sum of the squared residuals is minimized). The pipeline can
be observed in Figure 3.9 and the calculated plots in Figure 3.10.

This tool allows us not only to validate the purposed simulation but also to easily calibrate the
spray parameters. This is a great advantage since every spray painting gun has different parameters

and even the same gun with different configurations can have a variety of spray patterns.
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Figure 3.9: Imaging processing pipeline: original image, converted to grayscale image, thresh-
olded image, eroded image, image with the circle delimiting the region of interest, and an example
of the selected lines.
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Figure 3.10: The top plot presents the average paint intensity of the lines and the respective stan-
dard deviation. The plot on the bottom presents the fitting curve of the Gaussian function with the
obtained paint distribution.
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3.8 Analysis of the results

The analysis of the results enabled to conclude that the spray gun distribution follows indeed a
Gaussian distribution, as can be seen in Figure 3.10 where the curve of a Gaussian function fits
with the measured paint distribution. The low standard deviation among the lines proves that the
spray pattern is truly circular symmetric.

In order to further validate the simulation, the experiment was repeated in the simulator, with
the updated values for the paint distribution. The results were processed with the developed imag-

ing processing tool (cf. Figure 3.11).

Figure 3.11: Imaging processing pipeline applied to the simulator: original image, converted to
grayscale image, thresholded image, eroded image, image with the circle delimiting the region of
interest, and an example of the selected lines.

The calculated plots (Figure 3.12) compared with the real life plots (Figure 3.10) are smoother
as they present the ideal curve, however, the distribution is the same. Figure 3.13 presents the
calculated paint distribution across the real and simulated images and here again the paint distri-

butions are identical.
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Figure 3.12: Imaging processing plots: average paint intensity of the lines and the respective stan-
dard deviation and the fitting curve of the Gaussian function with the obtained paint distribution.
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Figure 3.13: 3D plot of the paint distribution across the image pixels in the analysis of the real
world, and in the simulation respectively.
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On Figure 3.14 the final plot of the simulation paint distribution and the real paint distribution
is presented. On comparison, the real world data is noisier, this reflects the disturbances in the
adherence of the paint to the paper, the imperfections in the spray gun and in the color scanning
process. However, it proves that the simulation can accurately predict the paint distribution and

easily adapt to a real world spray gun.
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Figure 3.14: Paint distribution curves obtained in the real experiment and in the simulated replica.
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Chapter 4

Trajectory optimization use cases

In this chapter several methods that have been implemented to generate trajectories will be re-
viewed. Their main purpose is to validate the simulation and provide a baseline for further re-

search.

4.1 SimTwo scene

In order to interface with the simulation, a scene containing a spray gun and a target object was
developed along with a control program and a sheet where the main functionalities are easily
accessible as can be seen in Figure 4.1. Several control modes have been implemented, allowing

for different use types, such as:

* Manual mode allows the user to use the arrow keys to move the paint gun in the selected

axis;
* Paint mode allows the simulation of a selected trajectory (included a loaded trajectory);

» UDP server waits for a connection with remote python program and responds to:

number of triangles requests;

sending the triangles’ data such as vertex, normals, center and area;

setting a color for a specific triangle;

closing the connection.
* Calibration imitates the procedure described in section 3.7.

Other behaviours, that directly interact with the stored paint and visualization, are present in
separate buttons making it possible to reset a scene, reset the paint, change from paint mode to
heatmap mode and turn on and off the spray gun. It is also possible to preview the developed

metrics for the specific instant when the button is pressed.
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ControlModes: | Manual gintMiJDPServe  Mone [alibratioi RL | UDPIP 127.0.0.1
Connection | Not Conn| Manual -0.56001 UDP Send Port 5210
0 | State: idle PaintModes:  BoxRasteioaded 0.40000 -1.000000000000
0 Loaded Traj 1.47000 done disconnect
ResetScene 0 JW x ¥ z theta pos Rot
Reset Paint 0 (Ir_mode!| left and right 1 3 5 7 extMax
PaintMode | -1 (ud_mod:| up and down 2 4 & 8 extMin filename
HeatmapMeode | 0 LoadResultColors | \remoteControlcube_result.txt
ResultMode MRot LoadExtents extents_0
SprayOn ext x ¥ z reset |0 0 0 LoadTrajectory | \remoteControhcar_bumper_traji
SprayOff max 0.34 0.23 0.76 0 1 0
min -0.84 -0.23 0.24 -1 o 1
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AwvgSprayThict SDSpray | PosA | PosSDSp| PosMinSt| MinSpray MaxSpri| SprayCoverage
0.951550 1.225938| 1.32% 1.253864| 0.003702 0.000000 448000 0.713625
CalcHist
5

Figure 4.1: Developed SimTwo sheet.

4.2 Primitive trajectory generation

An algorithm that is both simple to implement and somewhat useful is a simple raster pattern that
covers a rectangle, with a certain offset of the piece. This type of trajectories is useful when the
part to paint is relatively flat. An example of this algorithm’s application is painting the top of a
car hood, as can be seen in Figure 4.2.

This algorithm doesn’t require a specific knowledge of the vertex’s position, and a simple
bounding box with a face selection (typically the top face) is enough for determining the trajec-
tory waypoints. Since the borders of the rectangular projected piece being painted need to have
the same overlapping passages as the center, the rectangle that is used for the rasterization is an
extension of the original projected rectangle. The step size between two consecutive passages is
dependent on the distance between the paint gun and the piece, and the angle of the spray cone.
It can also be adjusted according to the number of repetitions desired, the amount of paint in each
repetition and the desired paint thickness on the final product. From hereafter the parameters of
this algorithm will be defined as BoxVExtend, the dimension of this extension for each of the four
sides of the rectangle, BoxUstep, the side step between consecutive passages and BoxOffset, the
height of the plane used for rasterization in relation with the top of the piece.

If the selected piece surface isn’t flat then the produced paint dispersion doesn’t have a uniform
thickness, thus limiting the application of this algorithm. However, with the statistical measures
and the heatmap observations presented in the last chapter it is possible to fix a limit and easily

determine if the fast and simplified approach can successfully paint the target piece.
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Figure 4.2: Two examples of the generated trajectory: on the top image with a cube, and on the
bottom image with a car hood.
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4.3 Patched trajectory generation

When a professional painter works on a piece, usually the trajectory taken is a combination of
raster patterns applied to the different sections of the piece. Unlike a robotic system, a human
approach usually varies the speed and the distance to the piece according to the painter’s experi-
ence and physical limitations. With this process in mind, an upgrade on the primitive trajectory

generation was implemented with the general steps described in Figure 4.3.

— Rotated
Mesh ; . Rotated Primitive
- Aggregation Paiches Alignement - Patch
Triangles Mesh Trajectory Trajectory

Repeat for each patch

Spherical

Trajectories’ Inverse

Christofides :
(0,9) Center Alignement

Coordinates
Conversion

TSP

Connection Patch
Trajectory Trajectory

Figure 4.3: Diagram explaining patched trajectory generation algorithm.

As explained in the last section the height difference in a face can be critical for a successful
painting. It is thus important to subdivide a piece in a way that each patch is formed accord-
ing to the desired paint quality and paint speed. The designed aggregation algorithm performed
this operation by randomly placing a seed in one triangle and checking if the successive triangle
neighbors comply with the desired metrics, such as limiting the angle between the two normals or
limiting the distance variation (in the normals’ average direction). Then, for each patch the piece
is rotated in order to have the normals’ average pointing in the direction of the Z axis and, the
oriented bounding box is calculated by successively rotating along the Z axis and determining the
minimum volume of the axis aligned bounding box. These steps determine a rotation matrix that
positions the patch in a way that the primitive trajectory generated has minimum size and mini-
mum height variation. The inverse rotation is applied to the trajectory so that it is placed along
with the original piece location. In order to connect the paths several methods can be applied. The
chosen method must be scalable since an increase in number of patches is likely to occur when
considering complex painting targets. Thereby a simplification of the problem was assumed where
every patch center represented the patch itself and the connection of each center is a typical travel-
ling salesman problem that can be approximated by the Christofides algorithm with the minimum
path length guaranteed to be within 3/2 of the optimum. To guarantee that no collisions occur the
connections are restricted to a spherical surface with a constant diameter larger then the bounding
box diagonal. This also allows us to reduce the travelling salesman problem to two dimensions
simply by using the spherical coordinates system instead of the Cartesian’s. This algorithm is pre-

sented in Algorithm 3. As can be seen in the Figure 4.4 this approximation doesn’t provide enough
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detail to guarantee the minimum connection of trajectories, since the start and end of each patch
trajectory isn’t contemplated. As the complexity increases this is less important as most patches’
size decreases. However, this provides an important baseline that subsequent algorithms can be

compared with.

Figure 4.4: Patched trajectory generated on a sample cube, as the cube faces have the same size,
the trajectory connections are random.
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Algorithm 3: Patched trajectory generation

1
2
3
4
5

6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

24
25

26
27
28
29
30
31
32
33
34
35
36

37
38
39

// Create Patches
freeTriangles = triangles
patches = ||
while length(freeTriangles > 0 do
patch = ||
seed = random( freeTriangles)
toBeVisited = [seed)|
while length(toBeVisited > 0 do
seed = toBeVisited.pop()
freeTriangles.remove(seed)
patch.append (seed)
for neighbor In seed.neighbors do
metrics = updateMetrics()
if metricsWithinU serLimits(metrics, limits) then
‘ toBeVisited.append(neighbor)
end for
end while
patches.append(patch)
end while
// Create patches trajectories
patchesTrajectory = || for patch In patches do
alignmentMatrix = calculateAlignmentMatrix(patch)
extents = calculateExtents(alignmentMatrix x patch)
// using user parameters: BoxOffset, BoxUStep, BoxVExtend
rotatedTrajectory =
calculatePrimitiveTrajectory(BoxOf fset,BoxUStep,BoxV Extend, extents)
patchesTrajectory.append(transpose(alignmentMatrix) x rotatedTra jectory)
end for
// Create connection trajectories
tspPoints = []
for trajectory In patchesTrajectory do
shpericalCenter = cartesianToSpherical (calculateCenter(trajectory))
tspPoints = (shpericalCenter[1], shpericalCenter|2])
end for
path = christo fides(tspPoints)
completeTrajectory = homePosition for i In path do
connection =
calculateSphericalConection(completeTrajectory|—1|, patchesTrajectoryli][0])
completeTrajectory.append(connection)
completeTrajectory.append(patchesTrajectoryli))
end for
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4.4 Car bumper use case

In order to test the developed algorithms, a car bumper piece was chosen since this is a non
trivial piece that can’t be painted uniformly from a single plane. To include the car bumper in
the simulation, the CAD model was first preprocessed in Meshlab where the Isotropic Explicit
Remeshing algorithm was applied with 3 iterations, a edge target length of 24 mm and a crease
angle of 30°. This preprocess results in a model with 3361 vertices and 6261 faces (triangles) with
an average edge length of 17 mm. The model was saved in STL (Stereolithography) format and
the path was added in the XML configuration files with this model marked as a painting target.

4.4.1 Trajectory’s parameters optimization

The generation of trajectories can be optimized by adapting the trajectory generation algorithm’s
parameters according to the simulation results in an iterative process. The patched trajectory
algorithm has parameters for patch aggregation and for the patches’ primitive trajectory. Since
the car bump model doesn’t have any sharp edges or discontinuities in the places that the paint
will be applied, the patch aggregation was set to not limit the normal’s angle, only varying in the
maximum distance difference allowed in the same patch. Each primitive trajectory was set to have
fixed parameters in order to not increase the complexity of the optimization because their effect is
more stable. As such the chosen value for the BoxOffset was 500 mm, 100 mm for the BoxUStep
and 300 mm for the BoxVEXxtend. The velocity along the trajectory affects the total amount of
paint that is spent in each coat, scaling linearly the paint thickness disregarding the path taken.
For this reason, it was chose a fixed value of 0.3 m/s for the connection paths and for the painting

paths.

44.1.1 Maximum distance difference of 100 mm

As can be seen in Figure 4.5, the generated trajectory is quite complex and the end result isn’t
uniform. However, when observing the metrics in Table 4.1 and the histogram presented in Figure
4.6, the resulting trajectory did indeed result in full coverage of the piece and the variations in
paint thickness, although not optimal, have a smaller impact with further layers of paint, as can be

seen in Figure 4.7 where the piece has been painted twice with the same trajectory.
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Figure 4.5: Patched trajectory generated on the car bump model with the respective paint applied
and the result in heatmap mode.
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Figure 4.6: Histogram of the painted car bump with the generated patched trajectory.

45

Figure 4.7: Painted car bumper after two paint applications by the patched trajectory.
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4.4.1.2 Maximum distance difference of 150 mm

With the maximum distance difference of 150 mm, there are less generated patches thus resulting
in longer individual trajectories that aren’t capable of painting curves with the previous level of

detail, as can be seen in Figure 4.8.

Figure 4.8: Patched trajectory generated on the car bump model with the respective paint applied
and the result in heatmap mode.
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4.4.1.3 Maximum distance difference of 200 mm

With the maximum distance difference of 200 mm, there are even less generated patches thus
resulting in a smaller trajectory as can be seen in Figure 4.9. At this point, there are some areas
that are ignored as they belong to a patch that doesn’t point directly towards them, as can be seen

in Figure 4.9

Figure 4.9: Patched trajectory generated on the car bump model with the respective paint applied
and the result in heatmap mode.
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4.4.2 Results’ comparison and conclusions

In the Table 4.1 the metrics implemented in the simulation are presented for the three chosen
maximum distance differences. The generated paths reached the 100% spray coverage only with
the maximum distance difference of 100 mm this means that the ability to create smaller patches
forces the trajectory to cover every bit of the piece. However, the standard deviation is much
inferior in the case with less patches, with a spray coverage still near 100% (~=99%) and with
less than half the number of waypoints needed to cover the full model. The significantly large
maximum spray thickness and the large standard deviation values that are present in the 100 mm
and 150 mm trajectories, come from the fact that, to paint a small patch, the nearby areas are
also affected, thus leading to locations with a disproportional amount of paint. As the patches are
created by random placed seeds, the generated path is also random and this effect can be more

severe arbitrarily, as can be seen in the 150 mm trajectory.

Table 4.1: Car bump trajectory metrics

Maximum distance difference (mm) 100 150 200
Average spray thickness (ttm) 7.602 13.951 4.079
Standard deviation spray thickness(um)  5.727 11.700  2.866
Minimum spray thickness (um) 0.006 0 0
Maximum spray thickness ((m) 139.211 133.596 12.561
Spray coverage (%) 100 99.968  98.977
Number of waypoints 260 227 120
Duration (min:s) 5:42 6:24 3:18

Average spray thickness/duration (nm/s) 22.22 36.33 20.60

In conclusion, with the utilities developed in the simulator it is possible to make an informed
choice about what parameters to use in the algorithm, and what trajectories are the best. In this
case, the trajectory generated by the 200 mm of maximum distance difference provides a simpler

and more uniform trajectory, that can also be visually validated.

4.5 Compressor cover use case

In order to further test the developed algorithms, and to explore different parameters, a second use
case was used. The preprocess procedure was similar to the previous section, with the resulting

model having 5067 faces and 3496 triangles with an average edge length of 18.4 mm.

4.5.1 Trajectory’s parameters optimization

The same fixed parameters used in section 4.4 were set, with the exception of the maximum
distance difference that was now fixed at 300 mm and the normal’s angle varied sequentially. The
normal’s angle is useful in this piece, since it provides a way to deal with the border between the

side and the top, while also helping define the patch’s size on the curved side surface.
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4.5.1.1 Maximum normal’s angle difference of 20°

With the maximum normal’s angle difference of 20° there are specific locations with a lot of

detail, resulting in an excess of paint in those areas, as can be seen in Figure 4.10.

Figure 4.10: Patched trajectory generated on the compressor’s cover model with the respective
paint applied and the result in heatmap mode (@ < 20°).

4.5.1.2 Maximum normal’s angle difference of 30°

With the maximum normal’s angle difference of 30°, there are fewer patches, but in this specific

trajectory, they were mainly concentrated on the top part of the piece, which led to a lack of paint
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in some side locations, as can be seen in Figure 4.11.

Figure 4.11: Patched trajectory generated on the compressor’s cover model with the respective
paint applied and the result in heatmap mode (o < 30°).

4.5.1.3 Maximum normal’s angle difference of 40°

With the maximum normal’s angle difference of 40°, there are even fewer patches. Each patch
paints a specific part of the model, and only the center of the top has an excess of paint, as can be

seen in Figure 4.12.
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Figure 4.12: Patched trajectory generated on the compressor’s cover model with the respective
paint applied and the result in heatmap mode (@ < 40°).
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4.5.2 Results’ comparison and conclusions

In the Table 4.2 the metrics implemented in the simulation are presented for the three chosen
maximum angle’s normal differences. The generated path reached the 100% with the two smaller
values for the maximum normal’s angle difference. Although the varying parameter is different
than section 4.4, the end result is similar: the ability to create smaller patches forces the trajectory
to cover every bit of the piece. Also, the standard deviation is inferior in the cases with fewer
patches. The trajectory with the least number of waypoints, covered the full model faster and with
relatively low standard deviation, as can also be seen in the histogram presented in Figure 4.13.
This way, the better trajectory to paint the compressor cover is the one generated by the patched
trajectory algorithm with the maximum normal’s angle difference of 40°.

Table 4.2: Compressor cover trajectory metrics

Maximum distance difference (mm) 300 300 300
Maximum angle difference (°) 20 30 40
Average spray thickness (tm) 24737  17.589  28.707
Standard deviation spray thickness(um)  20.428  15.203  15.896
Minimum spray thickness (pm) 0.036 0.063 0.013
Maximum spray thickness (tm) 120.635 101.305 113.156
Spray coverage (%) 100 100 99.941
Number of waypoints 371 308 234
Duration (m:s) 7:04 5:58 4:47

Average spray thickness/duration (nm/s) 58.31 49.13 99.93

Paint thickness per triangle

1000 A

800 1

600 1

400

Number of triangles

200 1

T T T
0.0 6.3 12.6 18.9 25.2 31.5 37.8 441 504 56.7 63.0
Paint thickness (um)

Figure 4.13: Histogram of the painted compressor cover with the generated patched trajectory
(o < 40°.



Chapter 5

Conclusion

This work describes the development of a spray painting system, including a simulation tool and
trajectory generation algorithms for industrial spray painting applications. The advantages of this
simulation tool include fast and easy testing of algorithms in the developing stage, optimization
without paint, energy and pieces being wasted, availability of qualitative and quantitative metrics
without real world hassles. The accuracy and validity of the simulation system was tested with
several real world experiments and an image processing pipeline that facilitates the tuning of the
spray parameters was developed.

The trajectory generation algorithms presented, provide a baseline capable of painting 3D
pieces with varying paint quality levels. For the selected use cases, the trajectory generation
algorithm achieved 99% paint coverage, with a standard deviation of 2.9 um in paint thickness,
and 99.9% paint coverage with a standard deviation of 17 pm in paint thickness, for the car bumper
and compressor cover models respectively, which proved to be acceptable amounts of uniformity

by visually inspecting the end result.

5.1 Contributions

This new simulation system, provides an open source implementation that is capable of real time
spray simulation with validated experimental results, a calibration tool, qualitative and quantitative
metrics and baseline trajectory generation methods. This work resulted in the accepted paper, "A
simulation tool for optimizing a 3D Spray Painting System", for the conference OL2A, Interna-
tional Conference on Optimization, Learning Algorithms and Applications, 2021 July, regarding

the simulation system and the calibration tool.

5.2 Future work

Future work includes better occlusion algorithms in order to allow the simulation to work with

more complex parts that have cavities of varying sizes. More trajectory generation algorithms are
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also necessary for those pieces with intricate shapes. Another essential feature is the ability to post

process the generated trajectories and test and use them in the real world.
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