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ABSTRACT

MODELING FOR ROBOTIC SPRAY PAINTING

Dally, Ugur
M.S., Department of Mechanical Engineering
Supervisor: Prof. Dr. Tuna Balkan
Co-Supervisor: Prof. Dr. M.A. Sahir Arikan

November 2000, 126 pages

A model for the robotic spray painting process is presented and a computer
program is developed for the robotic spray painting simulation. The robotic spray
painting model provides the calculation of the resulting coating thickness on the
surface to be coated by considering the geometric model of the surface and spray
painting mechanics. Mathematical models are developed for the paint flow rate flux
in the spray fan and for the paint thickness distribution on the surface. The developed
spray painting simulator uses the CAD model of the surface to be coated together
with the mathematical model of the spray fan to simulate the robot tool path and
hence the robot program. The simulator provides a tool to the robot programmer for
the selection of the robot tool paths and optimization of the spray painting process
parameters in the sense of coating uniformity by accurate prediction of the thickness
of the coating layer on any free-form surface. The robot tool paths are downloaded
into the robot controller and automatic generation of the spray painting robot

programs are provided.

Keywords: Robotic painting, spray painting model, painting mechanics, spray

painting simulation, surface modeling for spray painting.
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ROBOTLARLA SPREY BOYAMANIN MODELLENMESI

Dally, Ugur
Yiiksek Lisans Tezi, Makina Miihendisligi Bolimi
Tez Yoneticisi: Prof. Dr. Tuna Balkan
Ortak Tez Yoneticisi: Prof. Dr. M.A. Sahir Ankan

Kasim 2000, 126 Sayfa

Robotla sprey boyama islemi igin bir model sunulmus ve robotla sprey
boyama simiilasyonu saglayan bir bilgisayar programi gelistirilmigtir. Robotla sprey
boyama modeli, boyanacak yiizeyin geometrik modelini ve sprey boyama
mekanigini dikkate alarak, yiizey iizerinde olugsacak boya kalinliginin hesaplanmasini
saglamaktadir. Sprey fam igerisindeki boya akig dagilimi ve yiizey tizerindeki boya
kalinhiginin dagilimi i¢in matematiksel modeller gelistirilmigtir. Gelistirilen sprey
boyama simiilatorii, boyanacak yiizeyin bilgisayar destekli tasanm modeli ile sprey
fanminin matematiksel modelini birlikte ele alarak robot takim yolunun ve dolayistyla
robot programinin simiilasyonunu saglar. Simiilator, serbest olugturulmus herhangi
bir yiizey uzerindeki boya tabakasinin kalinlifim1 dogru hesap ederek, robot
programlayicisina, robot takim yollan segiminde ve sprey boyama parametrelerinin
diizenli boya kalinhif elde edilmesi yoOniinden optimizasyonunda bir arag
saglamaktadir. Robot takim yollan robot kontrolciisiine gonderilmekte ve boylece
sprey boyama robotunun programinin otomatik olusturulmasi saglanmaktadir.

Anahtar kelimeler: Robotlarla boyama, sprey boyama modeli, boyama mekanigi,

sprey boyama simiilasyonu, sprey boyama i¢in yiizey modellemesi.
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CHAPTER 1

INTRODUCTION

In this thesis, robotic spray painting process is modeled and a simulation tool
is presented to accurately predict the thickness of a paint layer on any arbitrary free-
form surface. The model considers geometric modeling and painting mechanics to
output an optimal trajectory in the sense of coating uniformity based on CAD data
describing the shape of the object. The model generates a spraying path for the air
spray gun on the basis of CAD data of the workpiece, and provides necessary position
and orientation data along the spraying path that will be used to create robot control

commands.

1.1 Robots and Programming

Industrial robots have recently been introduced in various fields to cope with
the flexibility, high precision, efficiency and quality requirements with their high
performance. As the shape of products have become very complicated, robot
programming is increasingly recognized as being one of the most important factors for
the economical use of robots in the area of small and medium lot sizes. The trend
towards these small and medium lot sizes requires a strongly efficient and highly
flexible concept of the robot programming systems to achieve fast and cost-efficient

program development.



Present use of robots is concentrated in rather simple, repetitive, boring and
hazardous tasks which tend not to require high precision. Industrial robots should be
programmed to perform a specific action. However, robots are still too difficult to
use. Once a robot cell is constructed, the programming of the robot is time
consuming. The generation of long list of commands is tedious and automatic
generation of robot motions and process commands for a desired task requires much
study. A great deal of time and expertise thus is required to bring the system to
production readiness. On the other hand, the quality requirements imposed by the
market steadily increase and the life cycle of the products decreases. The lot size of
the products decreases and the robots need to be re-programmed more often and with
higher precision. There is the need for a reliable selection and control of the process
parameters. The robot programmer is too often not able to select the most
appropriate process parameters so that a lot of tuning is needed before the application
is ready for production.

The task oriented programming system automatically selects the process
parameters, plans the robot motions and generates the robot commands for the
execution of the task. Such systems are still part of current research and only available
for dedicated applications.

The two principle means of programming industrial robots are on-line
programming and off-line programming. On-line programming can be done by using
either walk-through or lead-through method. Walk through method is a typical on-line
programming method used for motion planning of the robot, in which, robot is moved
manually by the programmer, while the information on position, velocity and other
related variables are recorded by the control system of the robot. This recorded
motion can be played back whenever required.

In the lead-through method, programmer guides the robot along the desired
path by actuating its drive mechanisms, and these path positions are recorded by using
the teach pendant. The last recorded position is compared with the previous position
and the appropriate move command is automatically generated by the control system
of the robot.



Although on-line programming method is simple and has been widely used, it
has several drawbacks. The robots cannot be used during the teaching period, a
human is usually exposed to a hostile environment, and the motions are, at best, at the
human’s skill level. Teaching an opﬁxnal motion is difficult for the programmer, as the
shape of object becomes complex and tolerance requirements become tight.

On-line programming method seems to be suitable for pick-and-place or
materials handling type of tasks, but it becomes a time consuming process for

operations like painting or arc welding, in which the entire path should be input.
1.2 Off-Line Robot Programming Systems

Off-line programming is the generation and simulation of robot programs and
the subsequent down-loading of the robot program into the robot controller for
production purposes. Off-line programming system can be defined as a computer
program which adds graphical power to textual off-line robot programming to solve
robot task programming in a better way than teach-by-doing. Off-line programming
systems are therefore situated in the interdisciplinary field of robotics, computer
graphics, programming languages, virtual reality and process technology.

Graphical robot simulation systems allow to simulate the motions of a robot
and the robot periphery on a graphical computer screen. Using these simulations,
robot programs can be verified and optimized. Up to now, the programming time and
the programming effort was high since the robot programs are constructed by typing
the robot commands. These simulation systems however contain all data to generate
automatically, and with one button click, reliable robot programs.

Off-line robot programming consists of five different steps: modeling,
programming, program execution, simulation and program down-loading. In the first
step, the geometry of the robot, the workpiece, the robot tools and the robot
periphery are modeled using 3D solid modellers. Then the robot paths are assigned
and the corresponding robot programs are written. After that, the robot program is

loaded and the motions of the robot and the different devices are simulated and



verified. In a final step, and once the robot program is approved, the program is
down-loaded into robot controller.

In off-line programming, direct use of CAD design data might drastically
reduce the robot programming time. Additionally, the off-line programming system
will not tie up production equipment when it needs to be re-programmed, and hence,
automated factories can stay in production mode a considerable greater percentage of
time. The workcell can be designed, programmed and simulated before it is actually
built. Off-line programming can be advantageous to teach-in programming for tasks
which involve a lot of path points. However, the reached position accuracy in off-line
programming is quite often poor and only rarely achieves the position accuracy

obtained by teach-in robot programming.
1.3 Robots in Spray Painting

A lot of spray painting in industry are still applied manually. The lack of
skilled workers who are agree to work in a hazardous environment, hard labor
conditions and the nop-uniform coating quality due to human errors lead to the
automation of the spray painting process. The use of industrial robots for spray
painting operations is a powerful alternative as a means for automation and quality
improvement. Robots manipulators are used to handle the spray gun and the painting
equipment.

The range of application of robots in industrial spray painting is restricted to
situations in which the equipment is used to paint a small number of pre-programmed
standard components. Such equipment cannot be used economically to paint small or
even single runs in situations where the number of components is very large because
of the prohibitive cost of the programming involved. Such situations arise in car
repair, construction and shipbuilding industry with the same problem that
programming the robot takes the same time as performing the actual painting. Teach-
in methods also do not guarantee good painting qualities. A series of tests are needed



to obtain the appropriate coating quality and thickness. Small size paint jobs with high
coating quality demands, therefore do not pay.

A trend exist to program the robot paths off-line, using the CAD-description
of the surface to be painted. The robot paths are simulated and verified without
interrupting the robot. A spray coating simulator which predicts the coating thickness
for the proposed robot path, allows for testing of different coating strategies and
reduces the amount of coating tests. The coating simulator calculates the interaction
of the spray cone with the surface and the coating thickness is predicted for each

surface point.
1.4 Objective and Scope of the Study

The objective in this thesis is to develop a spray painting simulator for the
accurate prediction of the paint thickness for the robotic spray painting of arbitrary
free-form surfaces. Tile spray painting simulator will provide a tool to the robot
programmer for the optimization of the robot paths and the spray painting process
parameters.

Starting from a CAD model of the workpiece, a CAD model of the robot
tool path relative to the workpiece is generated. The resulting tool paths contain the
locations and orientations of the path points as well as the information on the process
parameters active during the motion along the path. A process model is used to select
the process parameters to obtain the quality specifications on the workpiece. An
accurate mathematical model is used for the spraying process, to calculate the surface
coverage for the given motion of the tool center. Different coating strategies, process
parameters and robot paths can be interactively selected. Eventually a process
simulation step is added to visualize the CAD-surface and the coating thickness
results for the verification and optimization of the selected process parameters.

The thesis focuses on the automation of small- and medium-size spray

painting batch jobs with industrial robots. The aim is to reach high process quality for
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the robotic spray painting by accurate selection of the process parameters and to make
these applications cost effective by reducing programming time and robot down-time.

1.5 Structure of the Thesis

The thesis consists of 7 chapters, Chapter 1 being the introduction and the
Chapter 7 being the global conclusions. Chapter 2 of the thesis gives an introduction
to the technology of spray painting processes. Different spray coating techniques are
reviewed and process of spray painting is studied in detail. The factors affecting the
robotic spray painting are investigated. Chapter 3 presents a mathematical model for
the spray painting process. An accurate model for the spray cone is developed and
paint flow rate flux in the spray cone is determined. Paint thickness distribution on a
flat surface is predicted and painting strategies are determined for high quality spray
painting. Chapter 4 briefly mentions about surface data extraction methods and
geometric modeling of workpieces. Surface mesh generation and surface curvature
analysis algorithms are described. Spray gun path planning tool is introduced and
paint thickness analysis and simulation algorithms are presented. Chapter 5 describes
the user interface and the functionality of the developed spray painting simulator.
Chapter 6 gives some sample spray painting operations on different workpieces with
arbitrary shape and curvature. Using the developed robotic spray painting simulator,
spray painting of sample workpieces are simulated and effects of some spray painting
process parameters such as spraying distance, spraying velocity and painting direction
are analyzed.



CHAPTER 2

SPRAY PAINTING TECHNOLOGY

Most products manufactured from metallic materials require some form of
painted finish before delivery to the customer. Painting processes are applied in
industry for a variety of reasons, most notably to provide the solution to aesthetic and
protective problems. The technology for applying these finishes varies in complexity
from single manual methods to sophisticated automatic techniques. The common
industrial painting methods are divided mainly in two catégories; immersion and flow-
coating methods and spray coating methods.

Immersion and flow-coating methods are generally considered to be low
technology methods for applying paint to the product. Immersion involves simply
dipping the part or product into a tank of liquid paint. Spray coating method involves
the use of spray guns to apply the paint to the object.

2.1 Spray Painting Process

The spray painting process can be defined as the atomizing of a liquid into a
fine nebula in order to deposit this nebula in a directed pattern onto an object. The
paint nebula and the directed pattern are produced by a spray gun. The paint is
supplied liquidly to the spray gun at a constant and relatively low pressure. The paint
passes through a calibrated nozzle and is dispersed or vaporized into small paint drops
in the near vicinity of the spray gun nozzle. The disintegration of a liquid jet is



promoted by turbulence in the flow of the liquid from the orifice and by the action of
air forces. The disintegration of the paint liquid results in a cone-like fan of air and
paint droplets. The paint particles are swept along in the fast air streams and fly with
high velocity to the surface to be painted. On the surface, the droplets burst asunder,

disperse and flow out to form a coherent coating film.
2.2 Spray Painting Techniques

Various techniques are used for the atomizing of the paint liquid and for the
direction of the paint particles to the surface to be painted. These techniques are
applied to improve different phases of the spray painting process.

Low-pressure spray painting is the classical method to obtain high quality
paint for moderate and high capacities and at a moderate price. The paint is supplied
to the spray gun at a constant and relatively low pressure, usually between 2 and 6
bar. The paint nozzle is surrounded by fast air flow streams or jets (Figure 2.1). These
jets create an under-pressure and turbulence at the paint nozzle which atomizes the
paint liquid into fine paint drops and a soft jet of air and paint particles result. The
spray gun needle controls the paint flow as well as the air flows. The stroke of the
spray gun needle is tuned by an adjustable screw. This allows for a first rough tuning
of the spray flow rate.

In airless or high pressure spray painting method, the paint passes through a
narrow orifice. Very high paint pressures ranging between 60 and 350 bar are applied.
The paint is fed to a special wear resistant nozzle. Little paint nebula is formed since
no air is involved in the vaporization of the paint. This method allows for high
production capacities, good coverage and thick paint coatings in single passes. The
method is especially suitable for applying thick coats to large areas and the coating of
highly viscous paints.

The air mix systems are a future development to the airless spray painting
systems. The spray jet is generated airless via a special nozzle. The spray jet is mixed

with additional compressed air supplied through bores close to the gun nozzle.



Compared with the airless process, the working pressure may considerably reduced,

thus minimizing wear both at spray gun and pump.
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Figure 2.1 Spray gun for low-pressure spray painting.

Electrostatic spray painting method use electrostatic field forces to atomize
the paint liquid and guide the paint particles to the surface. The electrostatic
pneumatic spray systems use low-pressure air flows to vaporize the paint liquid,
electrostatic field lines and the additional air flow to guide the charged particles to the
surface and the air flow to guide the paint particles to depressions and cavities. The
electrostatic spray painting process is characterized by a strong electrostatic field
between the spray gun and the workpiece to be coated. The paint particles deposit on
the grounded workpiece more or less according to the field lines of the electrostatic
field. This electrostatic field extends in the volume all around the workpiece, so that
paint particles may deposit at the back side of the workpiece which is called as wrap-
around effect. The electrostatic spray painting method allows for considerable savings



in the paint consumption. Paint savings up to 30% can be obtained by hot low-
pressure electrostatic painting compared to low-pressure spray painting. The
disadvantages are the high installation costs and the risks imposed by the high
tensions. Additionally, the method is less suitable for surfaces with high curvature.
Oddly shaped workpieces might deform the electrostatic field and contain high field
line densities at sharp edges. The deposit of the loaded paint particles may become
uncontrollable. Besides, the penetration capacity in cavities is minimal.

Additionally, hot spraying technique is applied to improve these spray
painting processes and coating quality. Heated paint liquid can be used in all of the
above systems. The resulting coating generally has a better quality, less thinner is
needed and the time to dry the coating shortens. Alternatively, the workpiece is
heated in a furnace before coating.

2.3 Robotic Spray Painting

In robotic spray painting, robots manipulators are used to handle the spray
gun and the painting equipment. The use of industrial robots for spray painting
operations is a powerful alternative as a means for automation and quality
improvement.

The smooth and constant motions of the robot might assure repeatability in
the spray painting quality and reduce the non-uniform coating quality introduced by
buman errors. An optimization of the spray painting process might result in the
significant reduction of the coating material. The introduction of a spray painting
robot implicitly reduces the time and expenses to train the workers. Moreover,
automation removes operators from potentially hazardous environments. Industrial
robdts can work in conditions unfit for humans: they are not bothered the irritating
odors, high noise levels due to spray gun, darkness or light and extreme temperatures.
While the robot can operate in colder rooms, the use of robot might result in a
reduction of the energy consumption. Besides, due to the absence of a human painter

inside the booth, air supply and exhaust volumes can be reduced to levels required for
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control of volatile materials. Recirculated exhaust air, air composition and lower
operating temperatures might become more practical due to absence of the humans.

Robots can consistently duplicate the best work performed by skilled
production spray painters, provided that sufficient time is allowed to adjust and refine
the robot programming. Once the robot is programmed, by providing good equipment
and taking special precautions to keep the paint quality constant, the robot can repeat
the exact motions of the skilled painter and provide quality results.

24 Robotic Spray Painting Process Parameters

The quality of the robotic spray painting depend to a high degree on the
extent to which the process parameters are controlled. In contrast to manual spray
painting, robotic spray painting faces the lack of reliable sensor systems to
characterize the paint quality. The resulting coating is qualified by measurable
characteristics such as coating thickness, optical brilliance, coating hardness etc., but
also by hard to define characteristics as the coating integrity or wear resistance ability.
A careful tuning of the process parameters and a proper selection of all process
parameters are necessary to reach an optimal paint quality in robotic spray painting.
The parameters of the low-pressure spray painting process can be classified into eight
groups. Figure 2.2 gives a schematic overview of the parameters of the low-pressure
spray painting process.

The quality and the thickness of a coating on a surface is partially the result
of the preparation of the paint. The relative amount of solvent, solid particles and
some other additives affect paint properties. The paint mixture must have a well-
adapted viscosity. A low viscosity results in insufficient covering, a waste of thinner
and sagging due to large fluidity. A large viscosity causes improper atomization of the
paint particles. The temperature of the paint directly affects the viscosity of the paint.
Surface tension opposes the atomization of the paint liquid and an increase in surface
tension causes a deterioration in atomization. Paint pressure, together with spray gun

nozzle aperture and paint viscosity defines the paint flow rate.
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Figure 2.2 Robotic spray painting process parameters.

High atomizing pressure results in too much paint loss due to uncontrollable
paint cloud and too many thinner loss due to strong evaporation. Low atomizing
pressure, on the other hand, leads to a poor atomization which results in a coarse,
speckly spray pattern. Atomizing air temperature influences the evaporation of the
thinner out of the liquid paint drops. Atomizing air humidity and oil content affects
the pitting of the coating and should be avoided. Flat spray air controls the shape of
the produced cone.

The spray gun body contains an adjustment screw for the needle lift,
controlling the paint flow rate. Additionally, valves for fine tuning of the atomizing air
pressure and the flat air pressure are added. The selected nozzle and air cap determine
the shape of the produced spray cone. The paint flow rate is controlled by the position
of the spray gun needle in the gun nozzle, by the paint pressure and by the paint
viscosity. The fine tuning of the paint flow rate is made by controlling the paint
pressure. The spray pattern may be defined as the cross section of the spray nebula
cone perpendicular to cone axis. The pattern depends on the air cap type and several

spray patterns, varying from circular to elliptical cross sections can be obtained.

12

UG, YOKSEKGGRET I3 T Ly
DOKURIANTASYOR BRI




The spray cone is characterized by the flow rate of the paint particles and
thinner, the air flow rate and the distribution of paint droplets in the spray cone. Shape
of the spray cone is defined by the selected spray gun nozzle and the flat spray air.

The robot positions and orientates the spray gun to the surface. The motion
of the spray gun along the surface immediately influences the coating quality and
thickness. A spray gun positioned too close to the surface causes sags of the coating.
A spray gun positioned too far to the surface results in a dry coating or orange peel.
To avoid dry coating or orange peel at the bounding of the paint strokes, the spray
gun should ideally be moved perpendicular to the surface. The spraying velocity is the
velocity of the spray cone relative to the surface. Good spray strokes are the result of
smooth motion of the spray cone along the surface. A small velocity results in the
sagging of the coating. When the gun is moved too fast, an insufficient covering of the
coating results. Overspray might create a considerable loss of paint and should be
avoided as much as possible.

The quality of the painting process is to a high degree dependent on the
preparation of the surface. The surface must be clean, free from rust, dirt, wax, oil or
other foreign matters. Surface roughness affects the mechanical adhesion between the
coating and the surface. If the surface roughness is too low, the coating may not
adhere. If the surface roughness is too high, the surface may not be covered enough.
Surface temperature influences the flow-out of the coating on the surface.

The resulting coating is influenced by the number of paint strokes, the
relative overlap between the neighboring paint strokes and the quality of the previous
runs.

Finally, the coating quality is influenced by the conditions imposed by the
environment such as temperature, humidity, dust in the spray booth and air flows due
to the ventilation of the spray booth.

The spray painting process quality and paint thickness can be changed
directly by the settings of the spray painting equipment, but the change of one setting
may result in several unforeseen side effects. To obtain for example a thicker coating,

the distance between the spray gun and the surface can be lowered. Due to pressure
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of the atomizing air, this may result in flow-outs and whirl patterns in the coating. So
one can decide to lower the atomizing air pressure, which may result in specks or
drops of paint on the surface because of the insufficient atomization of the paint. On
the other side, a bad coating quality may be caused by several factors. A speckle on
the surface may be resulting from a low viscosity of the paint, a badly cleaned spray
gun, a non-optimal atomization pressure, a too small distance between the spray gun
and the surface. Therefore, the tuning of spray painting equipment is complex and
requires a lot of practical experience. However a good understanding of the set-up
and of the operation principles of the painting equipment certainly helps in the
successful completion of the spray painting job.

The art of tuning of the coating equipment becomes especially important in
robotic spray painting and in the off-line programming of the spray painting robot,

where little or no in process feedback is provided.

25 Survey of Previous Literature

The subject of robotic spray painting and spray painting simulation has been
studied by different authors and various spray painting simulators have been
developed. The work is listed in chronological order.

Klein [1] has described an off-line programming tool for painting robots. The
author presents a well elaborated system incorporating workpiece modeling, robot
modeling, spray fan modeling, paint thickness simulation and interactive design of the
spray gun path. The model of the paint distribution assumes a conical pattern with
uniform thickness within an inner cone and sinusoidal falloff to an outer cone. The
model of the spray fan is not experimentally verified.

Duelen et al. [2] have made a model of electrostatic powder spraying and
presented a coating simulator which predicts the coating thickness for the proposed
robot path, allows for the testing of different coating strategies and reduces the
amount of coating tests. Computing the development of the thickness of the layer, the
system defines the optimal trajectories of the spray gun using the geometrical
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description of the surfaces to be coated from a CAD module. A method is presented
for the photometric determination of the density distribution of the paint droplets in
the spray fan. The method is to a high degree automated and is reported to be very
accurate. |

Goodman and Hoppensteadt [3] provide a tabular technique to represent the
paint thickness distribution within the spray fan. They presented an empirical
technique for measurement of the spray distribution emerging from the robot and for
use of these measurements to parameterize the simulator, which allows the user to
simulate the robotic application of spray coatings. No experimental data are provided
on their work.

Suh et al. [4] developed a semi-automatic trajectory planning system for
painting robots. The system considers geometric modeling, painting mechanics, and
robot dynamics to an optimal trajectory based on CAD data describing the shape of
the objects. A very simple spray fan density distribution is used and an elliptical paint
thickness distribution is proposed. No experimental validation is given.

Berg and Hertling [5] made a study of robot painting in an industrial
environment, partly with a view to evaluating the reliability of a commercial
simulation tool, PaintMaster (Technomatix Inc.). Their conclusion was that either the
algorithms used by the tool were inadequate or that the equipment was not very
reproducible. Some of the coverage profiles measured by them is parabolic in shape.

Ngo et al. [6] developed a model involving surface and coating parameters to
relate their effects on the formation of the paint/air interface. The results showed that
initial roughness, film thickness, and viscosity of the resin have the most influence on
the roughness of the topcoat.

Persoons and Van Brussel [7] proposed a simulation tool to predict the
thickness of a coating layer on curved surfaces. Starting from the theoretical model of
an infinitely long spray cone and using the diffusion equation to define the paint
concentration in the spray cone, paint thickness distribution in the spray cone is
derived. This model is not accurate enough to model the flow-out of the paint on the

surface due to the internal pressure of the spray cone atomizing air. Reference or
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calibration tests are used to evaluate the influence of the process parameters like the
spraying distance, spraying velocity, paint flow rate, paint pressure and atomization
air pressure. Starting from the prediction of the paint thickness on flat surfaces, the
simulation is extended to surfaces with arbitrary shape and curvature.

Hertling et al. [8] proposed a mathematical model for the paint flux field
within the spray cone and presented a parabolic density distribution. It is shown that
the flux field can be derived from experimental measurements performed by robots.
Using the model they predicted coverage profiles for different situations when the
height of the spray gun is altered or when the spray gun is no longer perpendicular to
the target surface. Only data for well defined process parameters are supplied but no
data are reported on the variation of process parameters such as the coating velocity
and the spraying distance. The extension of the model to free form surfaces and the
automatic generation of the robot paths is reported to be a part of future research.

Asakawa and Takeuchi [9] developed an automatic spray painting system for
sculptured surfaces using an industrial robot on the basis of CAD system. The robot
control commands are generated on the basis of CAD data without any special
knowledge of spray painting. It is reported that the total spraying time by the
developed system is decreased by 50% comparing it with the teaching by skilled
workers.

Several commercial robot simulators able to help with off-line preparation of
robot programs have been written, and several commercial products exists like IGRIP
and UltraPaint (Deneb Robotics Inc.), Robcad and PaintMaster (Technomatix Inc.)
and Silma Cimstation (Adept). The commercial simulators mentioned all provide
rudimentary spray simulation capabilities. Since empirically-based parameterization of
these spray simulators is not an integral part of their design, these simulators make
strong simplifying assumptions about the shape of the spray distribution emerging
from the tool tip. No data is found on the implementation of the algorithms and on the

verification of the algorithms with the experimental results.
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CHAPTER 3

SPRAY PAINTING MODEL

In spray painting, the paint is applied to the surface through an atomizing
medium, the air. The paint is supplied as a liquid to the spray gun nozzle at a constant
and relatively low pressure from the pressurized paint container. The paint passes
through a calibrated nozzle. At the same time, atomizing air is supplied to the spray
gun and it is used to form fast air streams at the paint nozzle tip. The paint nozzle tip
is surrounded by fast air flow streams and they create an underpressure at the paint
nozzle which evaporates the liquid paint into fine paint drops. The paint drops are
swept along, accelerated and blasted towards the surface to be coated. The paint
drops mixed in the air stream build up a conical spray stream.

The spray cone is characterized by a decreasing velocity of the paint droplets
from the inner side of the spray cone towards the outer bounds. This phenomenon is
caused by two reasons: First, the paint drops do not have equal weight. The heavier
drops with relatively high kinetic energy flow directly towards the surface. Lighter
drops with smaller kinetic energy deviate from the main stream due to the internal
pressure of the spray cone. Secondly, the chemical composition of the paint drops
changes along the spray cone and in time because of the evaporation of the thinners
and paint solvents. The evaporation starts already at the origin of the spray cone. The
smaller paint drops therefore tend to become increasingly lighter and smallest may

even not reach the surface, but float through the coating cell.
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Experimental results point for an important flow-out of the coating layer due
to the internal pressure of the spray cone [12]. In the paint thickness distribution
model to be developed, the flow-out behavior shown schematically in Figure 3.1
should be taken into consideration. An improved paint thickness distribution model
and accompanying paint flow rate flux distribution model should model the flow-out
and evaporation effects and incorporate limits to the process parameters as well as

modeling the density distribution of the paint particles in the spray cone.

velocity lines of
paint flow

flow-out of wet
paint stroke

flow-out over

(wet) neighboring

ok flow-out over
stroke of paint dry surface

pressure of spray
fan on surface

Figure 3.1 Schematic representation of the flow-out of newly applied paint

strokes on the coated surface.
3.1 Paint Thickness Distribution Model [14]

In this thesis, beta distribution is utilized to make a general solution in

modeling the thickness distribution of a paint layer on a flat surface. Beta paint
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thickness distribution is able to model various paint thickness distributions and
provides a shaping factor B to consider the flow-out of the paint.

Paint thickness is the cumulative result in time of paint particles building up
at the surface. The resulting thickness distribution T(x) of a paint layer on a flat
surface along the x-axis perpendicular to the motion of the spray gun passing with a
constant spraying velocity v, at a constant spraying distance d and oriented normal to
the flat surface can be expressed by making use of the following beta distribution
(Figure 3.2).

2
T(x)= Tmax(l_ 4x2
w

A
] , —w/2<x<w/2 3.1)
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Figure 3.2 The spray cone and the spray painting parameters.

In the Beta paint thickness distribution given in the equation (3.1), Tpax is the
maximum paint thickness, B is the shape factor and w is the width of the painted
region or the diameter of the spray area for the circular spray areas. In spray painting,
circular cross-section spray areas can be obtained when the flat spray air valve of the

spray gun is closed and elliptical cross-section spray areas are formed when the flat
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spray air valve of the spray gun is opened. In this study, only circular cross-section
spray areas are considered.

In the Beta paint thickness distribution, the parameters Tn, W and B are
dependent on the spray parameters such as spray gun velocity, spray gun distance to
the surface to be painted and paint pressure. These parameters Tma, W and  can be
found by using experimental data to be obtained after actual spray painting tests and
can be determined by measuring the thickness at different points along the x axis and
by making a least squares curve fit to the measured data.

The Beta paint thickness distribution model given by equation (3.1) makes
use of two basic and independent parameters, the width of a single paint stroke, w and
the maximum paint thickness, Tmax. The model also provides modeling various
distributions using different shape factor ’s for the same w and Ty as shown in
Figure 3.3. Parabolic paint thickness distribution can be obtained for § = 2 while an
elliptical paint thickness distribution can be obtained for § = 1.5.

The paint thickness distribution model, therefore is found to be successful to
satisfy the experimentally obtained parabolic or elliptical distributions proposed in the
literature provided that the proper shape factor B is used.

1.0
T}/ Tmax
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T(x,p=1.5)

T(x,ﬂ=2) 0.6 4
Tx,p= ) / .
T(x;B—S) ’ i

T(x, 3—10)
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Figure 3.3 Effect of shape factor  on the paint thickness distribution.
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Paint thickness distribution along the x axis can be found by considering a
point P at the intersection of the two circles and at a distance x from point O as
shown in the Figure 3.4. During the motion of the spray gun, no paint will accumulate
until the cone reaches this point (at time -to). Paint will then continue to accumulate
there until time t, when the cone will have moved on. At each time interval, the point
or axis has a different r value with respect to the spray gun axis since the gun is
moving, and therefore, a different q(r) is acting on the point or axis chosen.

Spray gun is moving with constant speed v along the y axis, at a constant
distance and oriented normal to the flat surface. Paint accumulates along x-axis or on
point P between time -t and to. The time to can be calculated using the spray gun

velocity v, and the initial position of spray gun along y axis, y, as follows:

=22 (.2)
v
where

Vo =4 (W /4)—x (3.3)

spray area .-~

painting path

t=-t, t=0 t=t,
r=wl2 r=x r=w

Figure 3.4 Painting of a point P on the surface.
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During the painting process, the x coordinate of point P does not change
while the y coordinate of point P continuously changes, and therefore, its radial
distance measured from point O changes. At any time, the radial distance of point P

measured from point O is calculated as follows:

r___(xZ +y2)1/2 =(x,2 +v212)1/2 (34)
The resulting paint thickness at point P is found by integrating the paint flow

rate flux q(r) within the painting period -t; and to.

T(x)= j q(ryde =2 j q(r)dt (3.5)

-ty

Time t can be written in terms of r by using the equation (3.4).

2 _2\12
T ox) (3.6)
v
Then,
r
dt = ) 3.7
Using equation (3.7), equation (3.5) becomes:
2 w/2 r
T(x) == j m-q(r)dr (3.8)

Similar to the paint thickness distribution T(x), the paint flow rate flux
distribution q(r) can be expressed again by using the beta distribution, but with a
different 3, which is denoted by B'.
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4
q(r):qm(l—;)—z—] , 0<r<w/2 (3.9)

For x = 0, equation (3.8) should give the maximum paint thickness Tmpax.
When the integral is taken by using a trigonometric transformation, the following

equation is obtained:

o ¥i2 %2 4r? A w 72

T, =— Iq(r)dr:— J. qm(l——zj dr = 29ms J‘coszf’v‘1 gdgp  (3.10)
v 0 v 0 w v °

The last integral in equation (3.10) does not have any closed form solution

and for more compact equations, it will be expressed as Iz as shown below.

zi2
I, = [cos™ ¢ dg (3.11)

0

Then, equation (3.10) becomes:

w I
T, = dmep (3.12)
y

When the paint flow rate flux is integrated over the spray area, the result

should give the flow rate of paint, Q. Therefore,

M}

w/2 4r2 ﬂ"l ﬂ'q 2
0= dA = 1——— 2rr)dr = —Amex 3.13
0=[q(r) {qm( wzj @rrydr === (3.13)

Paint flow rate Q can also be expressed in terms of the painting velocity and
the area under the paint thickness distribution as follows. When the integral is taken

by using a trigonometric transformation, the following expression is obtained.
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2

wi2 wi2 2\A-1 xi2
Q=2v [T(x)dx=2v j Tm[p‘i] dx=vwT, j cos?? ¢ dg (3.14)
0 0 w 0

As defined in equation (3.11),

z/2

1,= [cos® ¢ dg (3.15)

Using equations (3.14) and (3.15),

Q=wT,1, (3.16)

The maximum value of paint flow rate flux distribution, qma can be found as

follows using equations (3. 13) and (3.16).

ST P,

Tw

(3.17)

D max

Finally, the following expression can be obtained by using equations (3.12)
and (3.17),

T
o= 3.18
al 41, (3.18)

which, for all B values gives the following relation between 3’ and f8.

B'=B-0.5 (3.19)

Then, the equation (3.17) takes the following form, when B’ is replaced with

the above solution.
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4T, (B-0.5),

Tw

(3.20)

Therefore, the paint flow rate flux distribution corresponding to the final
paint thickness distribution can easily be found by measuring the spray width and paint
thicknesses at various points across the stroke direction resulting from a single
painting stroke of the gun moving above a flat surface with painting velocity v. Tpa

and B are determined by using the least squares curve fitting technique.
3.2 Optimal Offset Between the Two Painting Strokes

An important parameter determining the quality and the thickness of the
coating is the relative offset between the neighboring paint strokes. An optimal offset
between two neighboring paint strokes should be given to obtain a uniform coating
thickness on the surface. The paint thickness distribution for the overlapping paint
strokes is shown in Figure 3.5.

The paint thickness distribution resulting from a single paint stroke on a flat
surface along an axis perpendicular to spray cone axis is given by equation (3.1). Paint
thickness distribution T, as a result of two successive and overlapping strokes with an

offset A between them can be determined by the following equation:

T, (x) = T(x)+ T(x—A)

2 A1 2 \A1
T, (x) = Tm(l -i"T] +Tm(l —i‘(—x"f—)J (3.21)
w

For the two successive and overlapping strokes, the offset A between the
two strokes should be between w/2 and w. If the offset is taken to be less than half of

the spray cone width w/2, then at least 3 or more paint strokes is to be applied. An
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offset distance greater than the cone width is useless since in that case some points on
the surface will not be painted.

TE)

»| |«
I w2 ‘l overlap region
overiap, A
Figure 3.5 Paint thickness distribution for the overlapping paint strokes.

Y
y

A uniform paint thickness distribution on the surface to be coated is a
measure of the quality of the coating. In order to have a uniform paint thickness
distribution within the overlap zone resulting from two successive and overlapping
strokes, the thickness difference between the peaks and the valleys of the paint
distribution should be minimized. For the two strokes of the spray gun and for an
offset value between w/2 and w, the maximum paint thickness within the overlap zone
is formed at x = A/2. The optimal offset value can be found by equating the maximum
paint thickness within the overlap zone obtained at x = Ag/2 to the maximum paint
thickness of a single stroke Ty The optimal offset value is calculated as:

A,
Ty ()= Ty

2 2 max

w w

2\ 2\
TM(I—M)—] +Tm(1—4(A°P’/2—A°P')) =T (3.22)
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Solving the equation (3.22), the optimal offset between the two successive

painting strokes is found to be:

1 1/2
A, = w[l —2"# ] (3.23)

The maximum paint thickness within the overlap zone is Tnax and obtained at
x= A/2. The minimum paint thickness within the overlap zone occurs at x= A-w/2 and

using the optimal offset given by equation (3.2), it is calculated as:

T, =T (3.24)

A,max max

B£-1

1 1/2 1
Ty min = Do 4{1—2”’ j —4[1—2”’} (3.25)

33 Painting Strategies

The motion of the spray gun along the surface immediately influences the
coating quality. Quality spray paintings can be obtained by considering some basic
rules and by applying certain techniques.

One of the most important rules of spray painting is the rule of holding the
spray gun at a proper distance from the work. Spray guns are designed to be held 200
to 300 mm from the work for ordinary work. When the gun is held too close, the air
pressure tends to ripple the wet film, especially if it is too thick. On the other hand, if
the distance is too great, a greater percentage of thinner will be evaporated in the
spraying operation, and orange peel or a dry film results, because the spray droplets
will not have opportunity to flow together.

Therefore it is very important to determine the optimum distance and to hold
the gun at the specified distance from the work. In addition, the gun should always be
perpendicular to the work. It should not be tilted or held at angle. The gun should not
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swung in an arc, but should be moved parallel to the surface. In spray painting of
automotive vehicle surfaces, as an example, where practically no surface is flat, to
maintain the proper distance between the spray gun and a curved surface, it is
necessary that the spray strokes conform to the contour of the surface.

Proper overlapping, the distance between successive strokes, is essential in
producing a uniform film thickness. The optimal offset determined at section 3.2
should be used to give the finish uniformity desired.

The trigger controls the action of the spray gun. Triggering serves two
important purposes, the needle valve actuation cleans the fluid nozzle of paint
deposits which otherwise build up around the orifice, and the application of heavy
paint films at the beginning and end of each stroke is avoided. For proper painting, the
stroke should be started off the work, and in the same manner, the trigger should be
released at the opposite edge of the painted area but the stroke should be continued
for a short distance before reversing the direction for the next stroke.

For a successful spray painting, the spray cone centerline should accurately
hit the edge of the work with the first spray of paint stroke, maintaining full coverage
over the surface without overspray.

In spray painting of curved surfaces, a proper selection of painting direction
is important for better paint thickness distribution and smooth motion and easy
programming of the robot. The curvature of the surface is to be considered in
selecting the painting direction on the surface. Painting direction should be the
direction having the least curvature. Once the painting direction is determined, offsets
between the successive paint strokes should be given in offset direction, the direction

perpendicular to the painting direction on the surface.
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CHAPTER 4

SURFACE MODELING AND ROBOT PATH PLANNING

4.1 Geometric Modeling of Surfaces

The first step in robotic spray painting simulation is constructing a CAD
model of the workpiece to be coated. The CAD-data of the workpieces to be coated
are used to generate the paths of the spray gun and hence also those of the robot.

In general, the workpiece to be painted is modeled directly using the surface
generation tools of various CAD softwares. The robotic spray painting simulator
developed in this thesis uses Autodesk Mechanical Desktop software package
contained within the AutoCAD environment for geometric modeling of surfaces.

The Autodesk Mechanical Desktop is an integrated package of mechanical
three-dimensional design tools that helps conceptualize, design and document
mechanical products. Each tool in the package provides the ability to perform specific
design activities such as assembly, part and surface modeling.

AutoSurf, as a part of the Autodesk Mechanical Desktop, is a three-
dimensional surface modeling system that incorporates a sculptured surface
technology for developing mechanical parts from conceptual design through
manufacturing. It is meant for design situations where free-form surfaces are needed
to represent contoured and sculptured shapes. Surfaces created with AutoSurf are

based upon non-uniform rational B-spline (NURBS) surfaces.
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The surface description methods used in the surface modeling program can
be depicted as inter-relationships among the geometric entities as shown in Figure 4.1.
In general, a geometric entity is defined either by its primitives or with respect to
other types of geometric entities. An arrow into a geometric entity indicates a method

of defining the geometric entity.
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Figure 4.1 Anatomy of surface modeling.

There are various methods to create CAD model of the surfaces. One
approach to surface modeling is to create a 3D framework of wires. Wire is a generic
term for lines, arcs, circles, ellipses, 2D and 3D polylines, augmented lines, and
splines. This framework is called a wireframe.

Wires and surface parts can be intermixed to construct the framework of the
3D model. This initial step in creating a surfaced model is called wireframe modeling,
Once the 3D wireframe model is created, the next step is to cover the frame-work
with a surface. This task is called wireframe surfacing. This technique is one approach
to creating surfaces.

In AutoSurf, there are four ways of constructing surfaces as primitive,

motion-based, skin and derived surfaces. Primitive surfaces created by specifying
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values while motion-based surfaces are created by moving wires through space. Skin
surfaces are applied over a wireframe and derived surfaces are generated from
existing surfaces.

Primitive surfaces like surfaces of cone, cylinder, sphere, and torus do not
require wireframes for their construction. To create a sphere surface, for example, the
center of the sphere is determined and then a value for its radius is entered. Primitive
surfaces are most often used for conceptual design. Some primitive surfaces are

shown in Figure 4.2.

(@) ()

Figure 4.2 Some primitive surfaces: a) cone, b) cylinder, c) sphere.

Some surfaces are created by moving wires through space. These motion-
based surfaces are revolved, extruded, and swept. The revolved surface is created by
the motion of a wire shape through space. A revolved surface uses two wires: one
establishes the constant shape of the surface, and the other is the axis about which to
spin the shape. As shown in Figure 4.3a, the curve (1) revolves about vertical line (2)
and a revolved surface is constructed. An extruded surface is created by a 3D wire
shape moved along a straight line. A line, polyline, arc, or spline is selected to
extrude, and the direction and magnitude of the extrusion are specified. A swept
surface is a wire cross section moved along a curved line that is called rail. Figure
4.3b shows a swept surface constructed sweeping the curve(2) along the curve(1).

A skin surface drapes over a wireframe model. Afier the wireframe is

removed, the surface retains the shape of the wireframe. Skin surfaces can be ruled,
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Figure 4.3 Some motion based surfaces: a) revolved, b) swept surfaces.

planar, lofied U, and lofted UV surfaces. A ruled surface is a straight, flat shape
stretched between two wires of any 3D shape. A ruled surface can be created between
any two nonintersecting wires that can represent the top and the bottom. The top and
bottom can be open or closed wires. A planar surface may be constructed from lines,
arcs, splines, polylines, or simply two locations, if the selected objects are closed and
on the same plane. A lofted surface can be created from one or two sets of wires, each
with similar attributes, such as having approximately the same direction. A lofted U
surface is stretched between any number of wires that share similar characteristics as
shown in Figure 4.4. A lofted UV surface is stretched over two sets of wires. Each
wire in one set crosses every wire in the other set. Two sets of wires can accurately
describe a complex surface.

Derived surfaces are generated from existing surfaces: blended, offset, fillet,
and corner fillet. A blended surface can be created between two, three, or four wires
or surfaces. The blended surface is tangent to the surfaces or wires from which it is
created. An offset surface is a duplicate of an existing surface, offset by a specific

distance. When an offset surface is constructed, the original surface can be kept or
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Figure 4.4 A skin surface created by lofted U method using a set of U wires.

removed, as needed. The new surface offset from the original surface is normal to the
original surface at all locations.

Since there is seldom one software package that can provide all the design or
construction functions required for a given surface model, a variety of CAD softwares
can be used in design process. Therefore, it is necessary to conveniently share
information in the data base among numerous software packages. The Autodesk
Mechanical Desktop software provides many options for importing or exporting other
file formats. One of the most common file formats used by 3D software packages is
IGES (Initial Graphics Exchange Specification) which is the ANSI standard that
defines a neutral format for the exchange of information between dissimilar CAD or
CAM systems. With its IGES-compatible translator, the model created using other
CAD systems can be translated to the AutoCAD. The 3D solid and surface model
geometric information created using other CAD softwares in DXF, SAT, 3DS and
MOD file formats can be imported into AutoCAD.

There are many manufactured parts with complex surfaces where the surface
model of the part to be painted may not originally be available. There are some
situations such as painting of car body components in car body repair shops, where
only some deformed regions are to be painted and only the surface model of the
region to be painted is needed. In these situations, the concept of reverse engineering
provides a feasible solution. The process of reverse engineering starts with the
digitization from the surface of an existing part. The CAD model of the part is

obtained after transferring these digitized points to the CAD software.
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Various measuring devices are available for obtaining 3D model of a surface.
The digitization techniques of such devices fall into two categories: contact probing
and non-contact sensing. Non-contact digitizers utilize laser, optics and CCD sensors
and are capable of obtaining a large amount of data within a short time. Besides, they
are not destructive to part surfaces. However they are sensitive to shiny and dark
surfaces and usually have poor accuracy. Laser digitizers are difficult to calibrate and
have limited accessibility to concavities or undercuts that extend beyond the probing
angles. The contact digitizer, e.g. coordinate measuring machines (CMM) provide
much higher accuracy and resolution than non-contact ones. By touching the part
surface with a probe mounted on a CMM, the X, y, z coordinates are obtained.
However, the CMMs have slower measuring speed, intense labor in manual
digitization, and possible deflections or deformations when measuring plastic or
elastic parts.

The digitized data points as shown in Figure 4.5a can be obtained by using

one of the mentioned digitization techniques and they are used to create the splines or
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Figure 4.5 Surface generation using digitization techniques, a) Measurement

data points, b) Interpolated section curves, ¢) The skinned surface model.
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wireframe polylines in CAD software. A spline is a smooth curve passing through a
given set of points. AutoCAD uses a particular type of spline known as a non-uniform
rational B-spline (NURBS) curve. A NURBS curve produces a smooth curve
between control points obtained by digitization as shown in Figure 4.5b. After having
splines or curves representing the surface, skinning, or lofting methods of the CAD

software mentioned are used to generate the surface model as shown in Figure 4.5c¢.

4.2 Surface Mesh Generation

The spray painting simulator developed presents a simulation tool for the
accurate prediction of thickness of a coating layer on any arbitrary free-form surfaces.
The simulator basically calculates the interaction of the spray cone with the surface.
The previous sections describe the spray cone using a flow rate flux distribution to
calculate analytically the thickness of a coating stroke on a flat surface normal to the
spray cone axis. However, the thickness of a coating on a free-form surface hardly can
be calculated analytically. For the prediction of the coating thickness on a free-form
surface, a numerical simulation imposes. The analytic formulas resulting from the
theoretical model are to be discretized in time and in space. For this reason, the CAD
model of the surface to be coated is to be subdivided and approximated by surface
meshes. The resulting paint thickness is calculated as the average thickness of these
small surface areas.

A general 3D surface can be modeled by dividing it into triangular or
rectangular meshes. Triangular surface meshes add more flexibility in surface
modeling because they do not require ordered rectangular arrays of data points to
create the surface as rectangular meshes do. Triangular surface meshes are useful if
the given surface data points form a triangle or if a given surface cannot be modeled
by rectangular meshes only and may require at least one triangular mesh. When the
input data are obtained from a physical model such as by a coordinate measuring
machine, it is not easy to have a regularly arranged data set imposed by the

rectangular surface mesh generation scheme. The triangular surface mesh generation
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scheme, however, can take any data set and then can process it almost automatically.
As a result, after having the CAD model of the workpiece, the developed simulator

divides the surface to be coated into triangular meshes.

4.2.1 Triangulation of CAD Model of the Surface

Surface mesh generation is made much easier when the initial model is
defined by surfaces in a CAD system. When a 3D solid model of the workpiece to be
coated is available or it is input to the CAD software, a faceted representation of the
model can easily be obtained in the STL file format. The STL file format is the de
facto industry standard, widely used for rapid prototyping purposes with stereo-
lithography apparatus (SLA) and almost all CAD softwares have STL translators.
Stereolithography is a process that uses lasers under computer control to make
physical models consisting of many thin layers made from resins or heat sensitive
materials. STL file is a faceted representation of the CAD model and therefore is
always an approximation to the real surface of the object. The facets consist of a set
of triangles with outward pointing normals that approximate the surfaces of the
model. The Autodesk Mechanical Desktop software creates STL file of the solid
model. The STL file format consist the list of the triangles, i.e., normal and three
vertices of the triangles. Each triangle within the STL file meets all adjacent triangles
along common edges. In other words, every triangle shares exactly two common
vertices with each adjacent triangle. Some system variables within the Autodesk
Mechanical Desktop software determines how software triangulates the solid
workpiece. Finer meshes that more accurately represent the model can be obtained by

proper setting of these variables.

4.2.2 Triangulation of the Digitized Surface

The simulator developed can take CMM or laser digitizer data consisting of

regular arrays of points and creates surface meshes using these points. Coordinate
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measuring machines equipped with analog (proportional) scanning probes digitize the
surface semi-automatically. By specifying the start and end points, the probe can trace
unknown surfaces in a three-dimensional space or on a specified plane. In digitization
process, the surface is divided into several cross-section planes that are equidistant as
shown in Figure 4.6a. At each section, by touching the part surface with a probe
mounted on the CMM, the x, y, z coordinates of points are measured according to the
uniform rule, i.e. the distance between any two consecutive points along the tip
traveling the direction is equal. (Figure 4.6b). Laser digitizer can be programmed to
use the same principle and digitization process can be performed on several cross-

sections of the surface without intensive manual labor.

Cross-section curve A
VA

Constant pitch

Cross-section plane . X )
@) ® X

Figure 4.6 Surface digitization, a) Cross-section planes, b) The digitization

process on each cross-section.

The cross-sections on which measurements are performed are indexed as
rows, and each point in the cross-section of the surface or the row is regarded as a
node and indexed as column. The x, y, z coordinates of the measured points are
recorded to the three matrices CX, CY and CZ, respectively, with rows being the
plane or cross-section on which the measurement is performed and column indicating
the order or location of the point on the cross-section. As a result, once the data

points are all obtained either by using CMM measurements or laser digitization, the
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data is recorded into the matrices, and surface data become ready for triangulation.
After the data set is prepared, a Z-map model of the data is constructed. In Z-map
model, all the surface points are projected to the xy plane where the x-direction is the
CMM or laser digitizer measuring direction and y direction is the direction vertical to
the measuring direction or the direction along which equidistant cross-sections of the
surface is taken for digitization process. The Z-map model is a very special case used
for surface triangulation where surface data consists of regular arrays of points like
CMM or laser digitizer measurements. Using Z-map model, triangulation is performed
in 2D domain instead of 3D domain and meshes created in 2D domain are easily
transferred to the 3D domain by re-assigning the original z-coordinates or heights of
each node.

One of the most important questions in triangulation is that where the
triangulation should start. In order to determine where the triangulation should start,
the first two nodes in the first row, i.e. first cross-sectional plane is taken which are
(1,1) and (1,2) elements of CX and CY matrices and the closest (n)th point (2,n) on
the second cross-sectional plane is found. In triangulation, it is desirable to form
triangles as equilateral as possible, so as to avoid thin and long triangles. In order to
satisfy this equilateral criterion, the closest point on the other cross-sectional plane is
selected. As a result, the three nodes (1,1), (1,2) and (2,n) are assigned to be the three
vertices of the first mesh (Figure 4.7a). Once the first triangular mesh is constructed,
the other meshes can easily be constructed between the nodes of first and second
cross-sectional planes because the distances between the consecutive nodes along the
cross-sectional planes are equal. So that, the second triangular mesh is constructed
with second and third nodes (1,2) and (1,3) of first cross-sectional plane and (n+1)th
node (2, n+1) of the second cross-sectional plane. Using this incremental approach,
every two consecutive nodes or vertices on the first cross-sectional plane is linked to
the third node or vertex on the second cross-sectional plane and by doing so, half of
the triangulation between first and second cross-sectional planes is completed (Figure
4.7b). The other half of the triangulation starts with (n)th and (n+1)th nodes (2,n) and

(2,n+1) of the second cross-sectional plane and the second node (1,2) of the first
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Figure 4.7 Progress of the digitized surface mesh generation algorithm.

cross-sectional plane (Figure 4.7c). Using the same incremental approach, every two
consecutive nodes or vertices on the second cross-sectional plane is linked to the third
node or vertex on the first cross-sectional plane. Each remaining two consecutive
nodes on one of the cross-sectional planes are linked to the first or last node of the
other cross-sectional plane and all the triangulation is completed between the first and
second cross-sectional planes (Figure 4.7d). Each consecutive cross-sectional planes
are handled as in the first two cross-sectional planes and the same algorithm is applied
to construct triangular meshes between the other cross-sectional planes. As a result,
the digitized surface to be coated is divided into triangular meshes with each node of

the triangular mesh being one of the measured data points (Figure 4.7¢).
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4.2.3 Surface Mesh Quality Improvement

The surface mesh generation algorithm presented at the above section
provides the triangulation of both the CAD surfaces and digitized surfaces of the
workpieces to be coated. The spray coating simulator calculates the average coating
thickness for each of the surface meshes. If the surface meshes are too big, local
variations in the paint thickness can not be predicted and distinguished. A fine mesh of
triangles therefore is required for accurate simulations. However, decreasing the size
of the meshes and thus increasing the number of meshes is limited by the power of the
hardware and the graphical system. A compromise should be made between the
number of the meshes, shape of the meshes, the computing power and the graphical
display speed. For these reasons, it is desirable to divide the existing set of surface
triangles in a sufficient set of equilateral or almost equilateral triangles, fully covering
the surface.

The algorithm ‘presented below starts from an existing set of triangles and
divides them into smaller triangles until all edges of the all triangles are below a user
definable limit. The triangles that are resulting from the surface mesh generation
algorithm presented on the previous section, are divided into smaller sub-triangles.
The algorithm firstly obtains the longest edge of the triangle. For each triangle, the
longest edge is compared to a user-definable maximal edge length L. If this edge
length exceeds the user-definable maximal edge length, then the edge is divided into
two halves, and two smaller triangles result. The algorithm proceeds until the lengths
of all edges of all triangles are below the user-definable limit. Figure 4.8 shows the
progress of the algorithm. The largest edge in each step is indicated as a thick line.
The number of triangles, edges and vertices increasingly grows.

A small reduction of the user-definable length limit might exceed the display
capacity limit, resulting both in a long time to prepare the surface and a slowing-down
of the spray painting simulation. On the other hand, an accurate painting simulation
only can be reached with a fine mesh. A simple rule of thumb for the relationship

between the number of meshes and the user-definable maximal edge length is that: If
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the maximal edge length L., is divided by two, the resulting number of triangles

approximately quadruples.

Figure 4.8 Progress of the triangular mesh size control algorithm.

Shape control is another important criteria as well as the size control of the
resulting triangular meshes. Long narrow triangles are to be avoided and equilateral or
almost equilateral triangular meshes are to be preferred. Although all the edges of the
resulting triangular meshes are below the user-definable maximal edge length using
the above algorithm, there is no control on the shape of the triangles because some of
triangles can still be long narrow triangles. In order to avoid long narrow triangles, the
shortest and longest edges of the each triangle are compared and their ratio is
calculated. If this shortest to longest edge length ratio is below the user definable
minimum allowable shortest to longest edge length ratio LR, then the longest edge is
divided into two halves and two smaller and better shaped triangles are obtained. This
algorithm proceeds until the shortest to largest edge length ratio of all triangles are
above the user definable minimum allowable shortest to longest edge length ratio LR.
If the LR is set to be equal to 1, then all the resulting triangles are forced to be
equilateral triangles and LR ratio closer to 1 results in triangles closer to equilateral
triangles.

The bﬁ‘-line programmer performing the spray painting simulations is forced
to ma.ke a compromise when triangulating the surface of the workpiece to be coated.
On the one hand, accurate coating simulation is desirable. Accurate simulations are

only possible with a sufficiently fine mesh of triangles on the surface. On the other
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hand, too many triangles drastically increase the simulation time. In the size control of
the triangular meshes, as a rule of thumb, the maximal edge length should be one fifth
to one tenth of the spray cone width. In the shape control of triangular meshes, it is
usually very difficult to make all triangles equilateral or almost equilateral triangles by
dividing the triangles into two. For this reason, it can be advised that in defining the
shortest to longest edge length ratio LR, shortest edge to be between 1/10 to % of the
longest edge length. In order to increase the speed of the simulation, it is a good
practice to remove all unnecessary details before the surfaces to be coated are
triangulated. To speed up the simulation, the triangulated surface might be rendered
as a wireframe during the simulation. For the examination and final inspection of the

painting results, the surface can be rendered again.
4.3 Spray Gun Path Planning

Spray gun path planning for robotic spray painting operations is inherently
complicated as it involves geometric modeling of the surface, painting mechanics, and
robot dynamics. Therefore, the problem of determining optimal trajectory must be
approached by an iterative process i.e., selection of painting parameters and
evaluation of the resulting coating quality in terms of coating uniformity and painting
time. The spray painting simulator developed in this thesis allows spray painting
operator to generate and try several spray gun paths The simulator also provides
opportunity to alternate both spray painting path and the spray painting process
parameters by displaying the distribution of the coating thickness on the surface by
color maps.

Spray gun path planning for robotic spray painting process is composed of
five steps: determination of painting and offset directions, parallel path generation on
the workpiece surface in the painting direction, generation of control surface on which
path planning is done, projection of parallel paths on the workpiece surface to the
control surface and formation of continuous robot path on the control surface by

joining of individual painting paths and by adding approach and overtravel paths.
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4.3.1 Selection of Painting and Offset Directions

The first step in spray gun path planning of a spray painting robot is to
determine the painting and the offset directions on the surface to be coated. There are
generally two main directions for a given geometry of the surface, horizontal direction
(u-direction) and vertical direction (v-direction) as shown in Figure 4.9. Based on the
geometry of the surface, several other directions can be chosen. Determination of the
painting direction is therefore somewhat arbitrary. However, it should always be
considered that, for a uniform paint thickness distribution, smooth motion of the
robot, energy consumption and easy programming of robot paths, the direction having
the least curvature should be the painting direction. In the spray painting simulator,

Figure 4.9 The two main directions that can be selected as painting direction.

user can define two or more directions in the form of augmented lines in length and
width directions of the surface. The augmented lines created cuts a single cross
section or a group of cross sections from the surface. The augmented lines are
associated with surface normal vectors at each point on the surface. These surface
normal vectors at each selected direction are used to calculate the curvature at each
point along that direction. After that, an average curvature and its standard deviation
is calculated for that direction. In some cases, the average curvature along the
selected direction may not give reasonable results. When a surface is composed of
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convex and concave parts such as a sinusoidal surface, the average curvature may not
reflect the actual curvature of the surface along the selected direction. In order to
avoid this problem, the rms (root-mean-square) of the curvature at each point along
the selected direction can be calculated and a more reasonable curvature information
can be obtained. It is obvious that a path or direction on an arbitrary free-form surface
can not be defined with one curvature except some well-defined geometric surfaces
like cylinder and sphere. The average and rms of the curvatures along a direction are
calculated just to provide some idea, information and help about the surface curvature
to the robot path planner. Several methods can be developed and used to determine
the curvature along the selected direction and to compare the several directions in
terms of their curvatures.

Several directions can be analyzed in terms of their curvature and the
direction with the least curvature is chosen as painting direction. After deciding the
painting direction, the offset direction, the direction along which offsets between the
successive paths are given is determined to be the direction perpendicular to the

painting direction on the surface.

4.3.2  Parallel Path Generation on the Workpiece Surface

The second step in path planning of robotic spray painting is generation of
parallel paths on the workpiece surface in the painting direction. All of the path
planning work is carried on the workpiece surface. In the spray painting process, the
spray gun should move along a path that is always parallel and at the same distance to
the workpiece. In addition, the spray gun should always be perpendicular to the
workpiece surface. The spray painting simulator developed in this thesis uses
Autodesk Mechanical Desktop software tools to create parallel surface paths for
spray gun motion. The simulator creates surface flow wires in the specified direction
and these flow wires are used in spray gun path generation. The AMSECTION
module of the software creates a group of incremental parallel paths along the



direction desired. In creating a group of incremental parallel paths, the software uses
the method of creating parallel sectional cuts along the surface.

To create the spray gun paths along the surface, the section cuts should be
oriented by establishing the initial plane. The initial plane is the base cutting plane for
making the first section cut and is established as a plane defined by two points and
perpendicular to the plane of the current view direction. The initial plane is specified
along the painting direction by a two-point cut line that cuts the surface straight into
the screen and the initial plane can be defined at any angle on the surface. Once the
initial plane, i.e. the first path on the surface is established, all other paths are
constructed relative to this path. After the location and orientation of the first path is
established by defining the initial plane, multiple paths parallel to one another and to
the initial plane are created using multiple cut option of the AMSECTION module of
the software (Figure 4.10). Parallel paths begin at the initial plane and terminate at the
specified distance from the initial plane. The Step and Stop options under Multiple

Cuts define the remaining section cuts and determines how far past the initial plane to

Start and end points

// Initial section cut
N
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Workpiece Surface \\_\:7

Figure 4.10 The parallel tool paths created on the workpiece surface.
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continue constructing parallel paths and the space between the paths, respectively.
The Stop option sets the total distance to be covered with parallel paths starting from
the initial plane and therefore, the width of the workpiece should be used as stop
distance. Locate Stop option displays prompts to graphically locate (instead of typing
in) the distance covered with parallel paths. The Step option sets the incremental
distance between parallel sections. The step value must be less than or equal to the
stop value.

The optimal offset value Ay found in section 3.2 should be used as step
distance to have a uniform coating quality on the workpiece surface.

The multiple cut option of the software not only creates multiple parallel
paths along the surface but also adds surface normal vectors at each vertex of each
multiple parallel path.

4.3.3 Control Surface Construction

The third step in path planning of robotic spray painting is generation of a
control surface on which all of the path generation work is done. Control surface is
formed above the workpiece surface and is offset to the workpiece by the desired
spraying distance, d. The spray gun nozzle tip i.e., the end effector of the robot moves
on the control surface and therefore all of the path generation work should be carried
out on this surface. The spray painting simulator developed in this thesis uses
Autodesk Mechanical Desktop software tools to create a surface offset from the
selected surface. The simulator creates a copy of the workpiece surface an equal
distance at every point from the original surface in the positive or negative direction
of the surface normals. The control surface offset from the workpiece surface is
normal to the workpiece surface at all locations. Figure 4.11 shows the control
surface constructed above the workpiece surface by offsetting the workpiece surface
by the spraying distance. Entering a positive or negative spray distance value creates
the control surface in the same or opposite direction to the surface normal of the

workpiece surface, respectively and this determines whether the inner side or the
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outer side of the workpiece surface is to be painted. Creating the control surface as
above and generating the path of the spray gun on this control surface provides
holding the spray gun always at the specified spray distance to the workpiece.
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Figure 4.11 Control surface constructed by offsetting the workpiece surface.

4.34 Path Generation on the Control Surface

Generation of the robot tool path on the control surface is the fourth step in
path planning of robotic spray painting. The parallel paths created on the workpiece
surface are the paths along which the spray cone axis should move on the workpiece
surface to provide a uniform coating on the workpiece surface. The path of the spray
gun, i.e., the end effector of the robot on the control surface should be planned such
that the resulting spray cone axis path on the workpiece surface is exactly the desired
equidistant parallel paths. In spray painting of planar surfaces, the offset distance
between the parallel paths of the spray gun on the control surface is the same as the
offset distance between the parallel paths of the spray cone axis on the workpiece
surface. However, in spray painting of curved surfaces, the distance traveled by the
spray gun on the control surface is not the same as the distance traveled by the spray
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area on the surface of the workpiece. Therefore, the offset distance between the
parallel paths of the spray gun on the control surface should change according to the
curvature of the surface and offset distance may be different for each parallel path on
the control surface depending on the curvature. Furthermore, the robot paths
generated on the control surface may not be parallel to each other also, depending on
the curvature of the workpiece. The most important factor in generating the robot
tool path on the control surface is to provide the desired parallel and equidistant cone
axis paths on the surface of workpiece for a uniform paint thickness distribution.

In order to create the robot tool paths on the control surface which result in
the desired parallel equidistant spray cone axis path on the workpiece surface, the
parallel paths created on the workpiece surface (Figure 4.10) are projected on the
control surface along the workpiece surface normal direction. The AMPROJECT
module of the software is used to project the paths created on the workpiece surface
normal to the surface on the control surface (Figure 4.12). For curved surfaces, the
relative size of the paths on workpiece surface may be stretched or shrunk.

Figure 4.12 Parallel unmodified tool paths created on the control surface.
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The resulting paths on the control surface are associated with.the surface
normal vector at each vertex of the path. These surface normal vectors defined at each
vertex on the path along the control surface are used to create the robot tool position
and orientation data and they provide to held the spray gun always perpendicular to

the workpiece surface.
4.3.5 Continuous Path Generation

The last step in path planning of robotic spray painting is formation of
continuous robot path by joining of individual parallel painting paths and by adding
approach and overtravel paths. In the fourth step of the path planning, spray gun
paths are created on the control surface from one edge to the other edge of the
workpiece. If the spray painting operation starts and finishes exactly from one edge to
the other edge of the workpiece in painting direction along the path element, the
required maximum paint thickness can not form at the edges of the workpiece surface.
For proper painting, the paint stroke should be started off the work, and in the same
manner, the trigger should be released at the opposite edge of the painted area but the
stroke should be continued for a short distance before reversing the direction for the
next stroke. Therefore, the path elements on the control surface along the painting
direction should be extended. As shown in the Figure 4.13, painting paths should start
before the spray cone hits the edge of the part and should continue until the spray
cone completely leaves the part from the across edge. These extended parts of the
paths are named as approach and overtravel. The length of both approach and
overtravel depends on the spray cone width and they should not be less than half of
the spray cone width, w/2.

When the spray cone is not on the workpiece, the paint supply should be
stopped to save the paint. For most of the spray guns, depending on their structure,
there is a time lag between the controller signal to switch the spray gun on or off to
the moment at which the spray gun is actually turned on or off and this time lag
should be considered in path planning. Besides, triggering should also be considered
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Figure 4.13 The spray gun path on the control surface.

in extending the paths. The trigger controls the action of the spray gun. Triggering
serves two important purposes, the needle valve actuation cleans the fluid nozzle of
paint deposits which otherwise build up around the orifice, and the application of
heavy paint films at the beginning and end of each stroke is avoided.

In order to compensate the time lag and prevent unperfected strokes as
mentioned above, both approach and overtravel can be increased by about 5 to 10
percent of the spray cone width.

After adding the approach and overtravel paths to the initial spray gun paths,
the extra spray gun paths have to be added to the existing paths, since the existing
parallel paths includes no path from the end of one path element to the beginning of
the next path element. Addition of these extra spray gun paths provides a continuous
spray gun path on the control surface. There are several options to link the end of one
path element to the beginning of the next path element depending on the spray
pattern, spraying speed, painting time, energy consumption and robot controller
interpolation mode. These extra spray gun paths should be optimized as well as all
other parts of the spray gun paths. Trajectory planning in this interval is finding the
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minimum-time trajectory subject to the joint-limit constraints and torque limit
constraints. Paint is not coated on the surface during the motion of the spray gun
along these extra paths. As far as the robot path is concerned, the robot can take any
path as long as the boundary conditions on position and velocity are satisfied.
Therefore, the extra path connecting the two parallel paths is decided to be a straight
line whose starting and end points are the end of one path element and the beginning
of the next path element as shown in Figure 4.13. The straight line extra painting path
provides a relatively fast motion of the spray gun from one parallel path element to

the other.
4.4 Painting Simulation and Paint Thickness Analysis

The spray painting simulator developed in this thesis presents a simulation
tool to predict the coating thickness accurately and to check the coating quality on
any arbitrary free-formlsurface using the selected path of the spray gun and specified
painting parameters. The thickness of a coating on a free-form surface hardly can be
calculated analytically and its calculation imposes a numerical simulation process.
Therefore, the analytical formulas derived to calculate the paint thickness are
discretized in time and in space. The CAD model of the surface to be coated is
subdivided and approximated by triangular surface meshes. The resulting paint
thickness is predicted as the average value of these small surface areas. The simulation
process discretizes the originally continuous spray painting process as if the paint is
applied only at some specified points on the painting path. For each time step, a small
amount of paint volume is projected to the coated surface. Based on the paint flow
rate flux, a mean coating thickness is calculated for each surface mesh and this step
thickness is added to already applied paint thickness.

The discretization of the CAD model of the surface to be coated is
performed by the surface mesh generation module of the developed simulator. In
order to discretize the path of the spray gun, the painting path is divided into equal arc
segments with step length Lg,. Decreasing the step length between the points and

51



therefore increasing the number of segments on the painting path certainly increases
the accuracy of the simulation.

The spray painting simulator developed assigns a coating thickness to center
of the triangular surface mesh elements on the surface to be coated. Figure 4.14 gives
an overview of the involved simulation parameters. The surface is represented by a
cloud of surface points which are located at the center of the triangular surface mesh
elements. The surface triangle has a surface area A; and a surface normal n;. The
single step simulation consists of two steps. In the first step, the surface points are
selected whether they are coatable or not. In the next step, an appropriate coating

thickness is assigned to the selected surface points.

spray gun path
on control surface

spray cone axis

meshed workpiece surface

Figure 4.14 Some of the geometrical parameters used in painting simulation.
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The spray painting simulator assigns an amount of paint to coatable surface
points at every simulation step. A surface point is coatable if it is located within the
spray cone, do have an appropriate orientation of surface normal to the spray cone
axis and is not masked by other surfaces from the spray gun nozzle’s viewpoint.
Besides, the spray cone has a limited range, which further reduces the number of
coatable surface points.

In order to select the coatable surface points from the set of surface points, a
number of successive checks are performed. The sequence of the checks is as follows:

1. The surface mesh elements having appropriate orientation to the spray
cone are coatable. The surface normal, n, of the envisaged point p; at the center of
mesh element should be consistent with the normal of the spray cone, ng in the spray
cone axis direction. If the dot product of surface normal and spray cone normal
vectors gives a negative value, then it means that the surface element is faced towards

the spray cone and therefore it is coatable. The first test to be satisfied is:

ii iy <0 (4.3)

2. Only the surface points located within the spray cone are coatable. For this
reason, the angle between the spray cone axis and the axis that passes through the
envisaged point p; and gun center point should be less then half of the spray cone
angle. The unit vector ngp along the axis that passes through the envisaged point p
and gun center point should be calculated to perform the second test. The unit vector

ngp and its angle Bp with the spray cone axis is calculated as follows:

dgp :"J(xP _xc)z "'(VP _yG)2 +(zP _‘G)2 (44)
_1 . . _
Hgp =_[(xp - G)I +()’P—yc).1+(zp _“'G)k] (4.5)
dep
G, =cos™ (71,.7i;) (4.6)
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The second test to be satisfied is:

6,<6/2 | (4.7)

3. The surface point p; should be at an acceptable distance to the spray gun
center point. Since the spray gun has a limited range, surface points beyond a
predefined range limit d, are considered to be not coatable. Therefore, coatable

surface points should satisfy the following test:

dgp <d, (4.8)

The surface point p; positioned too close to the spray cone causes sags of the
coating or ripple and the surface point positioned too far to the surface results in a dry
coating or orange peel. Rippling coating distance, dgc is the distance between the
spray gun and the surface point p; at which the internal pressure of the spray cone
causes the coated surface to ripple. Orange peel distance, dop is the distance between
the spray gun and the surface point p; at which too much thinner is evaporating from
the spray cone so that the coating is not flown out properly on the surface and a
coating resembling an orange peel results. For the desired paint quality, the surface
point satisfying the condition given by equation 4.8 should also be at a distance
between the rippling coating distance, drc and orange peel distance, dop. The test to

be satisfied for the desired paint quality is:

dpe <dgp <d,p (4.9)

Some of the surface point satisfying the equation 4.8 but not satisfying the
equation 4.9 can still be considered as coatable, but the quality of the paint will be
poor in that case.

After all the three test are satisfied, in order to calculate the paint flow rate
flux through, the radial distance rp of surface point p; to the spray cone axis is

calculated as follows:
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r, =dg, sin(6,) (4.10)

The flow rate flux q; given by equation 3.9 represents the amount of solid
particles passing the point p; in a direction parallel to the spray cone axis per second
and per unit of surface area. Along the spray painting path, a paint stroke is applied
when the spray gun center is at the spraying point and paint is sprayed for a period of
At. The incremental thickness of paint supplied during the simulation step At to the

point p; is calculated as:
AT, =g, i, iig| At (4.11)

For the elements that are not perpendicular to the spray cone axis, the factor

|ﬁp.ﬁ6\ takes into account the orientation of the surface mesh element to the spray

cone axis. The time interval At during which paint is applied in a single simulation step

is calculated as:

Lste
Ar =2 (4.12)

where the Ly, is the length of equal arc segments that the painting path is
divided into and v is the velocity of the spray gun.

The surface point p; is located at the center of gravity of the surface triangle.
The calculated thickness therefore represents the mean thickness of paint applied to
the surface triangle in consideration. The total thickness of paint at the surface point,
i.e., at the surface mesh area is updated using this additional coating thickness applied
in the one simulation step.

The final thickness of the applied paint layer is the cumulative result over
time of paint particles building up at the painted surface. The total mean coating
thickness in surface point p; at the center of a triangular surface mesh is denoted as

T.; and calculated as:
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T, = iqi’ﬁp.ﬁG'At (4.14)
t=0

The total average thickness of coating on all of the surface elements is
calculated by appiying the above incremental coating thickness calculation procedure
at all of the spraying points and by adding all of the incremental coating thicknesses
resulting from paint strokes along the entire spray painting path.
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CHAPTERSS

ROBOTIC SPRAY PAINTING SIMULATOR: ROBOCOAT

5.1 Introduction to the Developed Software

In this thesis, a robotic spray painting simulator software, ROBOCOAT is
developed. The simulator, ROBOCOAT provides a tool to the robot programmer for
the optimization of the robot tool paths and the spray painting process parameters by
accurate prediction of the thickness of the coating layer on free-form surfaces.

ROBOCOAT uses the CAD description of the surface to be coated together
with a mathematical model of the spray fan to simulate the robot tool path and hence
the robot program. Once the spray painting simulation is successful in the sense of
coating uniformity, the robot tool path is downloaded into the robot controller and
automatic generation of the spray painting robot programs is provided. Using the
ROBOCOAT, different coating strategies, process parameters and robot tool paths
can be interactively selected, verified and optimized. The robot programmer is
provided a visual feedback of coating quality with a color map showing the thickness
distribution on the coated surface.

The developed spray painting simulator is fully integrated in the full-featured
computer aided design program Autodesk Mechanical Desktop version 3.0 built on
AutoCAD Release 14. The Autodesk Mechanical Desktop in AutoCAD is an
integrated package of mechanical three-dimensional design tools that helps

conceptualize, design and document mechanical products. Each tool in the package
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provides the ability to perform specific design activities such as assembly, part and
surface modeling. All the simulations, geometric modeling of the object to be coated,
triangulation of the surface and determination of set of points and approach vectors
defining robot path is performed using AutoCAD software package. Any surface can
be generated using AutoCAD Mechanical Desktop and surface data points and
surface normals are available with this software. The AutoCAD sofiware package has
widespread usage around the world and is relatively cheap in price. One of the
advantages of AutoCAD is its open architecture. AutoCAD supports several
programming languages, which be can used to add additional functionality for specific
applications. AutoCAD can be programmed with a special tool VBA Visual Basic for
Applications which enables program to construct any algorithm and use the power of
Windows in simulations and in user interface.

The robotic spray painting simulator ROBOCOAT is developed using VBA
Visual Basic for Applications tool. VBA sends messages to AutoCAD by the
AutoCAD ActiveX Automation Interface. AutoCAD VBA permits the VBA
environment to run simultaneously with AutoCAD and provides programmatic
control of AutoCAD through the ActiveX Automation Interface. This coupling of
AutoCAD, ActiveX Automation, and VBA provides an extremely powerful interface
not only for manipulating AutoCAD objects, but for sending data to or retrieving data
from other applications.

There are three fundamental elements that define VBA programming in
AutoCAD. The first is AutoCAD itself, which has a rich set of objects that
encapsulate AutoCAD entities, data, and commands. The second element is the
AutoCAD  ActiveX Automation Interface, which establishes messages
(communication) with AutoCAD objects. Programming in VBA requires a
fundamental understanding of ActiveX Automation. The third element that defines
VBA programming is VBA itself, which has its own set of objects, keywords,
constants, and so forth, that provide program flow, control, debugging, and

execution.
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52 Running the Simulator

The spray painting simulator ROBOCOAT is fully integrated in the
AutoCAD software and runs under AutoCAD software package. In order to run the
simulator, firstly, the menu developed for the simulator should be added to the
existing AutoCAD menus. The ROBOCOAT menu that should be added contains a
group of standard AutoCAD commands which are used during the simulation steps.
(Figure 5.1). The source code of ROBOCOAT menu is in the file “Robocoat.mnu”
which should be under the “Support” directory of the AutoCAD or in one of the
library directories. The user can develop his own menu and can create other
customized menu files. Using the “Menu” command in AutoCAD, the ROBOCOAT
menu is loaded to the AutoCAD. The “menuload” and “menuunload” commands can
be used to load and unload additional menus and add or remove individual pull-down
menus from the menu bar. The “Load Simulator” command under the ROBOCOAT
menu shown in the Figure 5.1 is used to load and initialize the simulator.

When the “Run Simulator” command under ROBOCOAT menu in

AutoCAD window is activated, the “Module Selection Menu of the Simulator” shown
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Figure 5.1 The ROBOCOAT menu added to the existing AutoCAD menus.
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in Figure 5.2 appears on the screen. The user can switch to one of the desired
modules of the simulator directly by selecting the module to be activated and using
the “Run” button. If the “Run” button is activated without selecting any of the
modules, the simulator automatically selects and activates the module following the
last activated module in the simulation program. When the simulator is loaded and run
first time, the simulator splash window shown in Figure 5.3 appears on the screen and

following this, the first module of the simulator activated automatically.
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Figure 5.2 Module Selection Menu of the simulator.
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Figure 5.3 The ROBOCOAT splash window.
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53 Description of the Functions of the Simulator

The spray painting simulator ROBOCOAT consists of seven parts:

e The first part is the geometric modeling of the workpiece surface. The
CAD model of the workpiece is generated for robot tool path planning and for the
visualization of the resulting coating distribution on the surface.

e The second part is the surface mesh generation part at which the workpiece
surface to is divided into triangular mesh elements. These meshes will be used to
calculate the interaction of the spray cone with the surface.

e The third part consists of the selection and determination of the spray
painting process parameters based on the recorded experimental data. The influence
of the process parameters on the paint thickness distribution on the surface can be
analyzed in this part.

e The fourth part is the analysis of surface curvature. Several directions can
be analyzed in terms their curvature and one of the directions is advised to be selected
as the painting direction.

e The fifth part consists of trajectory planner that provides planning of the
robot tool trajectory on the control surface above the workpiece surface.

e The sixth part is the calculation of the resulting thickness on the surface
mesh elements for the selected robot tool path and for the selected process
parameters. A set of tools is provided in this part for visualizing the coated CAD
surface and coating thickness distribution.

e The last part is the transferring of the resulting tool paths to the robot
controller. The tool path data contains the locations and orientations of the spray gun,
the robot end effector path points as well as the information on the process
parameters active during the motion along the path.

In order to enhance the user interface of the ROBOCOAT and to make the
simulator more user friendly, the user forms in the simulator are designed in a wizard
structure. The “Next” and “Back™ buttons in all of the forms provides navigation

between the forms. The “Return to AutoCAD” button, when it is active, provides a
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switching from the simulator to the AutoCAD main window. The “Exit” button
terminates all the applications.

5.3.1 Geometric Modeling Module

The simulator ROBOCOAT starts with the geometric modeling of the
workpiece surface to be coated. In the dialog box shown in the Figure 5.4, the user is
prompted to select the type of surface data to be used in geometrical modeling of the
workpiece surface. The user has given three options for the surface data type
selection, which are using “CAD Model of Surface”, “CMM Surface Data” and
“Laser Digitizer Surface Data”.

Figure 5.4 Surface data type selection dialog box.

The “CAD Model of Surface™ option provides the direct use of the surface
generation tools of various CAD softwares. As shown in Figure 5.5, the user can
input an existing surface model created by using Autodesk Mechanical Desktop
software using “Input an AutoCAD Mechanical Desktop 3.0 Model” option.

Since there is seldom one software package that can provide all the design or
construction functions required for a given surface model, the surfaces created by
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using variety of CAD softwares other than AutoCAD can be imported using “Import
Surface Model in IGES File Format” option. IGES (Initial Graphics Exchange
Specification) is one of the most common file formats used by 3D software packages
and it is the ANSI standard that defines a neutral format for the exchange of
information between dissimilar CAD or CAM systems. Using the “Browse” button in
the dialog box, the surface model data containing file is selected for both of the
surface CAD data type selection options.

Figure 5.5 CAD Surface data type selection dialog box.

After selecting the file using “Browse” button, the translator automatically
loads the surface model from the specified file to the AutoCAD window using “Next”
button. “Return to AutoCAD” button provides the visualization of the workpiece
surface in the AutoCAD window. ROBOCOAT uses AutoCAD IGES Translator
software to import the surface model in IGES file format to the AutoCAD. The
translator is activated after pressing the “Next” button and translator dialog box
appears in the screen. After checking the name of the file in the dialog box and using
“0.K.” button, the IGES data of the workpiece is translated to the AutoCAD.
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“CMM Surface Data” and “Laser Digitizer Surface Data™ options in the
surface data type selection dialog box shown in the Figure 5.4 provides the use of the
process of reverse engineering. Using Coordinate Measuring Machines or Laser
Digitizers, complex surfaces are digitized. The CAD model of the part is obtained
after transferring these digitized points to the AutoCAD using the ROBOCOAT. In
both of the digitization methods, the x, y, z coordinates of surface points are obtained
in regular intervals along the parallel cross-sections of the workpiece. The only
difference between the two digitizer data from the point of view of the developed
simulator ROBOCOAT is that, the laser digitizers provide the data in several file
formats like DXF file format while the CMM data can be provided as a text file
without any format. User should select the “Laser Digitizer Surface Data” option if
the surface is digitized using laser scanners and if the digitized data is recorded in
DXF file format. User should select the “CMM Surface Data” option if the digitized
surface data is recorded as a text file no matter whether CMM or any other digitizers
are used for the workpiece surface digitization.

When the “CMM Surface Data” or “Laser Digitizer Surface Data™ options
are selected, the dialog box shown in the Figure 5.6 appears on the screen. Using the

Figure 5.6 CMM or Laser Digitizer surface data import dialog box.



“Browse” button, user selects the digitized data-containing file and using the “Next”,
button, the digitized data transfer starts. The digitized data points are used to create
the splines passing through the given set of points. AutoCAD uses a particular type of
spline known as non-uniform rational B-spline (NURBS) curve. The NURBS curve
produces a smooth curve between control points obtained by digitization.
ROBOCOAT provides automatic generation of all the splines representing the surface
in AutoCAD. The Figure 5.7b shows the resulting splines created in AutoCAD.

Figure 5.7 a) The digitized workpiece surface, b)Surface lines created by using the
digitized data points.

After having splines or curves representing the surface, the skinning, or
lofting methods of the AutoCAD software are used to generate the workpiece surface
model. When the surface lines are created, the dialog box shown in Figure 5.8 appears
and user is guided to create the workpiece surface using these surface lines. For the
generation of the digitized workpiece surface in AutoCAD main window, the “Loft
U” command in “Create Surface” sub-menu under “ROBOCOAT” menu is used. The
surface lines are selected in the correct order and the workpiece surface is created as

shown in Figure 5.9. The resulting workpiece surface model is going to be the base
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for the surface mesh generation, spray gun path planning and paint thickness
calculation algorithms.

Figure 5.9 Workpiece surface model created by using CMM or Laser Digitizer data.
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5.3.2 Surface Mesh Generation Module

After the geometric model of the surface is created, the surface is divided
into triangular mesh elements in order to calculate the interaction of the spray cone
with the surface. Using the “Run Simulator” command under ROBOCOAT menu in
AutoCAD window, the simulator runs again and the surface mesh generation dialog
box shown in Figure 5.10 appears on the screen.

Figure 5.10 Surface mesh generation dialog box.

This surface mesh generation module provides the triangulation of both the
CAD data or digitized data of surfaces to be coated. In order to have a fine mesh of
triangles for accurate simulations, mesh size and mesh shape control constraints are
placed for the resulting surface meshes.

The “Mesh size control” constrains the maximum element size over the
whole meshes. The surface mesh generation algorithm starts from an existing set of
triangles and divides them into smaller triangles until all edges of the all triangles are
below a user definable limit. “Free mesh elements” option under the “Mesh size
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control” places no size constraint on the mesh elements and arbitrary sized triangular
surface meshes are obtained. This option can be selected for the first, but fast and
rough triangulation of the surface.

The maximal edge length L.w parameter puts a constraint on the size of the
mesh elements. In the surface mesh generation algorithm, for each triangle, the
longest edge is compared with L., and if this edge length exceeds the Ly, the mesh
is divided into two halves, and two smaller triangles result. The algorithm proceeds
until the lengths of all edges of all triangles are below the Lmax. The user can select the
“Default maximal edge length” option or define the desired maximal edge length using
“User defined default maximal edge length” option. The user defined L.« should be in
the specified range, otherwise a warning is given to the user to define the Lua
parameter accordingly.

The “Mesh shape control” constrains the shape of the resulting triangular
meshes and avoids obtaining long narrow triangles. In order to avoid long narrow
triangles, first, the shortest and longest edges of the each triangle are compared and
their ratio is calculated. If this shortest to longest edge length ratio is below the user
definable minimum allowable shortest to longest edge length ratio SR, then the
longest edge is divided into two halves and two smaller and better shaped triangles
obtained. The user can select “Free mesh elements” option if no shape constraint on
the mesh elements is desired and if arbitrary shaped triangular surface meshes are
acceptable.

The user is provided to use the default SR ratio by “Default shortest/longest
side length ratio” option or define the desired SR ratio using “User defined
shortest/longest side length ratio” option. In defining the SR ratio, user should select a
proper value within the specified range so as to obtain almost equilateral triangles. In
the shape control of triangular meshes, it is usually very difficult to make all triangles
equilateral or almost equilateral triangles by dividing the triangles into two. For this
reason, it can be advised that in defining the shortest to longest edge length ratio SR,
shortest edge is to be between 1/10 to ¥ of the longest edge length. If the SR ratio is

set to 1, then it is required to have all triangles to be exactly equilateral triangles
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which is not always possible for each triangle. Selecting an SR ratio closer to 1
usually caused the failure of algorithm due to infinite loops or infinitesimally small
triangles obtained which increase the computation and simulation time drastically. The
upper value of the SR ratio is selected such that, the resulting meshes are better
shaped with respect to the initial triangulation of the algorithm and no overflows are
allowed.

If the geometric model of the surface is obtained by using CAD model of the
workpiece, the triangulation of uncoated surfaces is unnecessary and increases the
simulation time. When the “Unmeshed Surface Selection” button is pressed, the
“Unmeshed Surface Selection” dialog box shown in Figure 5.11 is activated and the
surfaces that are not coated and therefore not meshed are selected by entering their

normal vectors to the list.

Figure 5.11 Unmeshed surface selection dialog box.

After deciding the mesh control constraints and surface to be coated, the
“Create Mesh” button shown in Figure 5.10 is used to start surface mesh generation
and the resulting triangular surface mesh elements are drawn in the AutoCAD as
shown in Figure 5.12.

If the resulting meshes are found to be unsuccessful, then the simulator can
be run again and by changing the mesh constraint parameters, the desired mesh quality
can be obtained.
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Figure 5.12 Meshed workpiece surface.

Process Parameters Selection and Paint Thickness Analysis Module

The process parameters selection module of the simulator provides the

selection of spray painting process parameters based on the experimental results

obtained. When the “Process Parameters” module is activated, the dialog box shown

in Figure 5.13 appears on the screen.

Figure 5.13 Process parameters data source selection dialog box.
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