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ABSTRACT

OFF-LINE NOMINAL PATH GENERATION OF 6 -DOF
ROBOTIC MANIPULATOR FOR EDGE FINISHING AND
INSPECTION PROCESSES

Nemer, Mahmoud
Ms., Department of Mechanical Engineering

SupervisorAssocPr of . Kl han E. KONUKSEVEN

June 2016157 pages

This thesis deals with the development of a Computer Aided Rdlatibining
Process Planning packagéhe main aim of the package is to generatesfdicient,
collision-free, nominal tool path needed for edge finishing and inspeptimresses by

utilizing a 6DoF robotic arm.

Automation of edge deburring and chamfering consists of two main parts. First
part is generating the overall nominal tool path. While the second part focuses on
controlling the material removalThe overall nonmal tool pathplanning involves
analyzing the geometry of the workpiece, determining and designing an efficient

collision-free tool path



and generating the tool path data for the robotfimadly verifying it. The generated tool

path can als be used for different robotimachiningprocesses.

One of the most popular Péased CAD software, SolidWorks, is chosen as the
userinterfaceplatform. A software package programmed in the application programming
interfaee (API) of SolidWorkggeneratesool path data for the robot. The ABB IRB2000
robot is chosen for executing the generated tool path. The programming language used
for developimg this software is Visual Basitltimately, such path is to be utilized as the
nominal tool path by any contrsirategy present in the literature for a complete automatic

edge finishing process.

Keywords: Offline programming, CAlbased tools, Edge deburring, Edge

scanning, Path generation.
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SON I KLEM TAKLAMASI VE Y| ZEY N
AMACIYLA, 6 SERBESTLIK DERECELI ROBOTIK

MANI PULAT¥R KULLANARAK ¢EVRI N
YORUNGE CIKARIMI

Nemer, Mahmoud
Ms., Department of Mechanical Engineering

Supervisor: Assoc. Prof . Kl han E.

Haziran 2016, 87 sayfa

Bu tezde Bil gisayar Dasesit Blanlama p&ktetb ot 1 k

irdel enmiktir. Bu paketin ana amacé, kenar
-arpekma riski ol mayan, takéem ucunun izl ed
il e geliktirmektir.

Mal zemenin kenar éndaki -apakl ar én al ér
ot omasyonu ki b°l ¢mden ol ukmakt adér . Kl
geli ktirmektir. Kkinci b°l ¢mde ise temel a
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etmektir. Aletin takibi+ i n gel i ktirilen nominal yolu ©pl an
ger - ekl ekmesi | azém: par-anén geometrisinin
°nl emek, robotun Kkullanmasé i-in aletin yol

i K| eori mulda.n mas

Arayuzp |l at f or m ol arak bil gisayar tabanl é& CAD
olan SolidWorks kullanél mekteér. Robotun yol Ve
il e bir yazéléem paketi gel i ktirilmiktir. Bu vy
se¢l mi ktir. Programlama dil i ol arak Visual Bas
tamamen otomati k bir kenar 1Kl eme prosesi -
ol arak kullanélabilir.

Anahtar Kkeli meler: ¢evr i aacknCapakpalmagr a ml a ma,

Capak taramarortinge uretimi
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CHAPTER 1

INTRODUCTION

1.1 Overview

Deburring processes have been identified as the bottleneck in many machine industries.
The burr removal methods can induce dimensioning errors to the workpiece if improperly
executed. Burrs are caused by many machining process including mdhtiong,

turning, and broaching. Edge finishing like chamfering is important for several reasons,
sharp edges may pose personal hazardous, since they can cause injuries tarweeker

Part mating may be more difficult due to clearance restrictioredamgburrs. High stress
concentration at sharp corners can cause product failures, reduce tool life during hard

finishing. Presently, manual finishing accounts for 12% of the total labofldost

Chamfering is performed at the final stage of manufacturing, where parts have their
highest added value, quality control is absolute necessity. Despite this requirement, even
in todaydés most f ul | &commonh sightaotsee dorsfofavorkeo r i e s
manually chamfeproduced parts. Edge finishing is typically performed manually using
hand held power tools with brushes, abrasive tips, or rotary files or by manual files and
knives. The techniques employed withgbe¢ools are not well documented and inspection

of these chamfered edges is not quantitativelyndd. Typically the worker runs the

finger over the edge to inspect the work. Improving both the efficiency and quality of

chamfering is a major concern. Chaning is labor intensive and can represents a



significant portion of the expense of manufacturing machined parts. In addition,
chamfering is frequently a dirty, noisy, and undesirable job and high turnover in terms of
personnelTraining personnel in pr@w chamfemg techniqueoupled with high turnover

rate adds to the overall expense of the chamfering. Variation in skill level of chamfering
personnel causes variation in the quality of the part. Errors encountered in the chamfering
operation which causéie part to be scrapped are costly, as the part is near the end of its
manufacturing cycle. Consequently, quality control and part inspection are key processes
in the lifecycle of a product. These processes are able to verify product quality; and can
provide essential feedback for enhancing other processes. No change is made to product
during inspection, in order to increase its value. Time and resources are spent on these
processes, without a gain in profit, making the reduction of the time spent on these

processes an attractive concept to manufacturer.

An amazing transformation of edge finishing has occurred over the past 50 years trying to
mimic adaptive nature of human intelligence in order to replace manual deburring.
Anthropomorphous robots are thesb state of the art compromise between performance
and flexibility for automated deburring taskd]. They provide larger work volumes,
safety and efficiency at a lower cost than CNC machines. Also they provide a greater

reachability and working capabilities on the complex paths of the deburring tasks.

1.2 Literature Survey

Two main topics were considered in the literature survey, namely, path generation of the

deburring process and path generation of laser scanners.

Starting with the first papeialente andliveira [3] definethree steps for creating and
controlling a tool path that leads to the desired deburring results. The first step mentioned

was the offline programming, in this stage the usanuallygenerates a nominal path



with the use of the 3D CAD model that the toehter point (TCP) will be following. The
second stepatled contact evaluation module this stage the contact between the tool
and the workpiece during the execution of the nominal path is evaluated using a modified
version of Mal kingmwhish detesniined thefgrinding gower nedded to
insure efficient deburring. The final step dalled the active path control.hiE stage
monitors and control the robot path during the actual deburring process in order to
maintain the power signal as sas possible to its target level. This control strategy is
based on two signals, Acoustic Emission and Power. This signal is compared with two
limits, a lower one (T1) and a higher limit (T2), and hence the nominal path is modified

by keeping the signéletween T1 and T2ee the figure belaw

Figurel-1: Strategy for tool path control

In their paper Murphy et al.[4] offer a technique to automate robot programming. The
technique uses CAD geometry data to automatically generate robot deburring path and
then corrects it using a force sensor attach to the tool head. Using a graphics interface, an
operator specifies the edges @ part to be deburred, the deburring tools to be used, the
speeds, feed rates and contact force desired. After that, a robot path planner generates an

initial deburring path for the robcthe initial path generation is done in two steps. First

3



step is edge organization. The deburring data developed by the graphic interface is an

unordered list of edges. Edges with the same deburring tool and roughly the same

deburring parameters are grouped in depaths. The path planner then divides each

delurr-path into one or more loops (a loop is a set of edges that can be deburred without

lifting the tool from the part). The second step is pose generation. Once edges are
organized, the path planner creates a sequence of poses which define the trajectory f
eachdeburpat h (the poses contain position and or
coordinate framefluring deburring the robehoves between these poses in straiihe

motion. There are two types of poses in a depath: Vertex pose, at whiclheé tool

makes contact with the part, andtgopose, used for approaching and depart trajectories.

After that these position are adjusted using a force sensor to compensate for offset errors.

Leali et al [2] discusses amff-line programing (OLP) approach to overcome the
disadvantage of the poHn-point teaching method. The main idea is to use a 3D CAD
model of the workpiece and define the teaching points on it. The first step concern the
analyses of the industrial praosh and the workpiece geometry and material, aiming at
clarifying the robotic tasks. The main robot operations are clarified, addressing finishing
tools, manufacturing parameters. The next matrase is the CAbased OLP. The

model must contain all the imfmation needed to simulate the robot woykle. In a
CAD-based OLP two types of software can be used. The first is based on general purpose
software platforms. They create the work path from the mathematical description of the
CADfeaur e s . S uronhthefiVRtdt lapp pfr oach i s very intuitive
manufacturing oriented. The second one represents an extension of the typical CAM
simulation, where the robot is typically regarded as a 5 + 1 axes tool machine. After robot
programming all the demed 3D modular models and subprogram modules are
assembled in a virtual workcell layout. A workcell virtual prototype is then available to
simulate and virtually optimize the process performances and generate the robot code. A
workcell calibration procesis finally required to define the exact position of the reference

frames.



A teaching method using teaching support dewicesdevelopedy Sugita et aJ5] for a
deburringrobot. The main idea is to teach the robot usinga#s other than the robot

itself, so that there will not be a down time and the programming can be ddireeoff

Two kinds of teaching support devices were developed to prepare the tool path. One is a
threewire type teaching support device. The struetirthe device is shown in kige1-

2 a). This is a device that can measure a position in 3D coordinates, and it is composed of
a position measuring unit and a posture measuring unit. These units are connected with a
wire to measure the distance betwdsent, and the device can measure the position and
direction vector of the dummy tool on the
coordinates. Figurg-2 a) shows the structure of the second teaching support device. This
device is composed tko arms and a wrist, and has six axes of freedom. Optical encoders
are adopted as angle detectors for each link in order to reduce the influence of noise and
temperature fluctuation to the accuracy. The detecting resolution of each link is 17 bit.

This mehod can solve the wirdamping problem in positioning the device.

Positibn measuring unit

First axis

Wire reel Fifth axis

Back view

. Third axis
=,
hY

Fourth axis
Wire (Stainless, ¢ 0.5mm) Side view

Fourth axis (=Rotary angle around wire) First arm

:J Second axis .I
Sixth axis =g
- . =2
Posture measuring unit First axis {;i:'iﬁ-;@
a) b)

Figure 12: a) Threewire type teaching support device
b) Structure of aratype teaching support device.



El-Bestawi et al[6], presented an approach that focused mortheroftline planning

part I n particular, a fAihypothesis and testo met
discrete poses of the robotic hand were generated between the start and goal positions

while checling for collisions in these random poses. Afterwards, a smoothening algorithm

is applied to theollision-free poses to yield @ontinues pathNonetheless, it was pointed

out that a presence of a user is required, hence not fully automated, and titattdsire

takes about 3 hours on a normally sized workpiece.

Asakawa et al7] offers an approach to automate the nominal path needed for deburring
a hole on freeurved surface on the basis of CAD data. The 3D curve ofdbe s
equally divided by points P, depending on a chamfering condition. A normal vegtor N

is defined at the pointnPF, is the vector directing fromsRo Ph1, respectively. An outer
product of Nnand R corresponds to the tool axis vectardeeFigure 13. Doing this for

all the P points then transforming these information into robot control commands results
in a nominal path to be followed by the eeffiector. The paper also adds a touch sensor
in order to control the initially generated pathr@attime to make sure the end result of
the chamfering process is as desired.



Figurel-3: Generation of chamfering points.

Zhang and his teaf8] proposed a method for dime path generation for robot deburring

of cast aluminum wheels. The automated robot path generation system is developed to
automatically generate a 6 DOF robot path based on the vision, force and position sensor
fusion. Before geerating a path to deburr a wheel, the tool path is manually marked on
the surface of the wheel. The robot tool is controlled to continuously follow the center of
the marked tool path on the surface while the tool tip is kept continuous contact with the
suface using a force control strategy. Thus the z coordinate of the tool tip in the tool frame
can be directly obtained. From the images captured by the camera, the x and y coordinates
and the roll orientation can be controlled udimgvisualinput The dher two orientations

are determined by finding the local surface normal based qm,thigz) coordinates in a

local region which are obtained by moving the tool in a zigzag pattern. The position and
orientation are recorded and a path is generated fiflaivs the feature and is
perpendicular to the local surface. The generated path is then smoothed to obtain a final

tool path. The robot is then automatically programmed to perform a task.



Lee et al[9] worked on enhancintiie teaching and playback method of path generation

for deburring procesBy compressingand smoothinghe initial path using Douglas
Peucker (DP) algorithrthe pathbecomes less noignd vibrations that magrisedue to

the physicalimitationsof the obotic manipulata¥ s | oi nt sMoeover, ddeganp e d
the unexpected shape of the burrs, this research presents a method that protects the tool
from damage by reducing the tool velocity based on the measured reactiomitade

was measured and utédid at the tool with a force sensor, and it offered information on
the estimated size of the burrs. That is, when the burr was big, the mefasoeedas

also large The size of the tangential force at the tool had to be controlled so that the tool
would rot be damaged. The larger the burrs were, the more slowly the manipulator had to
move in the tangential direction to maintain a relatively constant tangential force so as to
tear off the plotted burrs; and when it encountered a burr, the slower speeeodpioint

along the surface implied a constant volume of material that had to be removed for every
unit of time, which made the force constant in the tangential direction. The tangential force
was found to have been linearly related to the tool velosttythat even though the
material removal rate decreased, the operator had to slow down the tool velocity to

overcome this problem.

Song et al[10] proposes a hybrid offne path generatiomethodfor minimizing the error

offset that may arise due to imperfections, Furthermore, impedance control is used to
avoid applying excessive contact foroe reattime. Tool path generation based on
matching between the tool paths from the CAD model to tegghomt is proposed to
minimize the position and orientation errors of the workpiece. The basic tool path for
deburring can be generated by @&M software with a CAD model by extracting the G

code and converting its commands into the initial tool pa#indJdirect teaching based

on impedance control, some contact points between the tool and the actual workpiece are
manually selected as the teaching points, which are the minimum number of points to
feature the shape of the workpieces. Based on matchengah path extracted from the
CAD model to the teaching points, the transformation matrix reflecting the position and
orientation errors of the workpiece can be achieved. Then, the tool path can be modified



to minimize the position and orientation errorberefore, the proposed method can take

the advantages of both the teaching method and the CAD/CAM approach.

A paperwritten by Ziliani et al [11] deals with the implementation of a mechatronic
methodology for the robotic derring of planar workpieces with amknown shape
performed by an industrial manipulator. The approach is based on the use of a hybrid
force/velocity control lawand on a correlated suitable design of the deburringbyol
utilizing a contour tracking method that aims to control the normal force and the tangential
velocity of the robot probe along the normal and tangential directions on the contacting

point, respectively.

Princely and Selvardjl2] developed a teachirigss robot system for deburring planar
workpieces having burrs on the edges using image processing system. This system does
not require the contour shape data from the CAD profile or by manual entry of the data by
the robot opeator. In this work a vision sensory system is used to capture the image of
the workpiece. This image of the workpiece is then processed to acquire the edges to be
deburred by segmentation of the edges into straight lines. The robot language program for
eah workpiece is generated automatically from the workpiece shape data and finishing
condition data. The main advantage of this method is that it provides the orientation,
position, and shape of the workpiece on the deburring workstation in a short time,
overcoming the offset errors that may arise from mounting the workpiece on pallets and/or

working tables.

For laser scanning related topic, no paper that utilizes a point laser scanner discussed the
generation of the scanning path itself for piece inspedtl@] and[14] show an example

of such papers where the main concern is the algorithm used for scanning and organizing
the collected data from the scanner itself. On the other hand, line lasezrscamrwidely

used for freeform surface inspectiofi et al.[15] proposed path planning method that

utilizes the CAD model of the considered workpiece. By determining the surface profile,

9



the method considers how to set fledd of view of the scanner in order to achieve a
maximum coverageson et al[16] developed an automated laser scan planning system
for the multipatched freeform surfaces. The scan plan includes scan directions, scan
regionsand the corresponding scan patk®rozov and his team are developing a custom
MATLAB toolbox in an ongoing projedtL7]. Their goal is to achieve an automated path
generation system for natestructive testdHowever, nonef these researatonceder the

objective of scanning thedgesf a given workpiece

1.3 ThesisMotivation and Objective

Going through théiteratureof the automatiedge finishing one can notice that thajor
concernis directedtowardsthe realtime path planning of the ereffector of the robot
while peforming the action of deburring.dss attention is given for the initial (nominal)
path or motion of the robot, which is done before the actual finishing process.
Furthermoe, themotion neededor scanning the edges of a part skanany features with

that of the edge finishing motipmaking it possible to develame algorithm capable of
generatingboth kind of motions

Hereby, the main objective of this study isutlize a 6DoF industrial manipulator and
generatea nominal collision-free pathfor a given workpiece from its CAlhodel. This

path is therused for either scanning or finishing the wanted edges on that workpiece.
Howe\er, if the path is generated fedge finishing processes then a reale control

strategy has to be applied on the generated path in order to achieve the desired end results

on the workpiece.

It is necessary to point otitat this study aims to proof the concept of generatingfan o
line path for an automatic edge scanringhing. On the other hand, this does not mean
that the offered solution the absolut@ptimal one. There are othalgorithms for both

10



collision-free path generation and solving the Traveler Salesman ProblemtfESBan

be appliedo this problemNonetheless, the proposed method in this thesis significantly
reduces the complexity of the problem. Yet it offers an efficient overall solitigh.one
disadvantage that it might overlook some edgkeg$ound unreabable by the robot

manipulator

ABB IRB2000 model is assumed throughout the thesithe 6DoF manipulator
SolidWorks D14 is used as the CAD softwark. software developed in the API
environment of SolidWorks and written in visual basic programminguageserves as

the main program to perform the main goal of the stidlyally, the generated path is
converted into motion commands and sent to the ABB IRB2000 by an independent

software that is developed in C++ language.

1.4 Thesis Outline

In this thesis, thenain components of the developmentan off-line path generation

system are introduced and hoveytare constituted is described

Chapter 2 includes basic concepts of robot kinematicsBB IRB200Q Forward and
inverse positional kiematic analyses are derived. Implementations of these analyses to

the computer program is also discussed.

Chapter 3 explainshe path planning procedure of the tip point of the robotic arm.

Collision detection test is also discussed in this chapter.

Chagper 4 describes the developed programs covering all parts of the software except for
those explained in the previous chapters.

11



Chapter 5 tscusses the outcome eperimental tests to verify the working procedure of

the study.

Chapter 6concludes the thesis by summarizing the work done and discupsssible

future work

12



CHAPTER 2

KINEMATIC ANALYSES

Kinematics is the science of motioABB IRB2000 is considered as a series of links
connected by joints. Joints of rais have one degrees of freeddrhe user/programmer

is interested in the position and orientation (pose) of theeéiedtor. However, the robot

is controlled by the joint actuators and actuators controls the joints in terms of angles.
There are two main parts of tlesinalyses, forwardnd inverse kinematicdn the
kinematic analyses, the translational and rotational relations between adjacent links must
be described. Hartenbeegnd Denavit proposed a matrix method for this purpose. First
HD convention parameters will be expressed aoditipn analyses will be done

accordingly.

2.1 Hartenberg-Denavit (HD) Convention

A systematic technique for establishing the displacement matrix for each two adjacent
links of a mechanism was proposed by Hartenberg and Deinat®55. The same

convention will be used in this investigatifi8].

13



The HD convention is mainly implemented in robot manipulators, which consist of an
open kinematic chain in which each joint contains degree of freedom and the joint is
either revolute or prismatic. The HD convention is impleteerthrough the following

steps:

1. Number the links and joints, starting at the base. The stationary base is denoted as
link 0 and the end effector is link m, asndonstrated ifrigure2-1. Link n moves

in respect to link AL around (for revolute) or along (for prismatic) joint i.

2. Establ i sh | systdnsad eachofdhe ppintgi at e

3. Define the joint parameters, which are the four geometric quantities [In+1, Ch+1,

an+1, [n+t

Figure 21 Schematic of the Denavifartenberg convention parameters of a link.
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Using these parameters, the orientation magrix

h

and the relative position of link n

with respect to link 1l is given by (2.1) and (2), respectively:

# " A A
P 5 A® Ad®
Where,
T 3 £
£ € T € if
3 3 T
And,

p o m T
A n AT -0 OELA
n OB+ Ai1-O

£

3

£
AT-©O
T P
OE} m

O\

P

>

o

2.1)

(2.2)

Al-6 OEL m
OE+F AT-O
Tt Tt p

According to the robdt Bnks and distance definitions Figure 22, the HD parameters

areas shown in table-2:

Table 21: DenavitHartenbergparameters of ABB IRBO00 manipulator.
Link ® aa | Q aa —
1 0 “¥c Q xvum —
2 W XpTm 0 —
3 w pQuU | “ 7 0 —
4 0 V(S Q YuTm —
5 0 | “7Tc 0 —
6 0 Q pmum —
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Figure2-2: Reference frames of ABB IRB2000 Manipulator.

The orientation matrices between each two consecutive links can beusingd2.1)as:

#h A A T (2.3)
#h A (2.4)
# 0 A A- (2.5)
#h A A T (2.6)
#h A A~ (2.7)
#h A (2.8)
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The |l ocation of each I inkdés origin with

as follows:

a;; AT (2.9)
d;, AR © (2.10)
a;; AR A © (2.11)
a;; Q0 (2.12)
a7 (2.13)
a;; AT (2.14)

2.2 Position Analyses

2.2.1 Forward Position Analysis

The position and orientation of the eaeffector isdetermined using joint angles. This is
named as forward position analysis. This analysis is done symbolically. Found position
and orientation elements are used in other kinematic analyses. In robotic applications,
generally inverse kinematic analyses ased, because, generally the pose (position &
orientation) of enekffector is known values but joint angles are unknown values. The

orientation can be found first, because, part of the position is found using orientation.

Orientation of the enéffector s found by multiplying all rotation matrices, because, the
lengths of the links and offsets cannot affect the orientation. The orientation matrix is then:

17
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#h g hg hag by hghyh

#h A A - A A ATA A - AA

A A TA A~ A A A A A

Then,

#h A A A A A

Where— — —. AlsorecallthatA A A -~ A

Using(2.2), the equation of thiégp point position relative to the base is:

ir @ @ #0"@n #0@Qn #0an # Dy

# 0y

Substitutingfrom (2.3)(2.14),

ir A A A o0 A A &0 A A QO
A-A A A QT

18
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2.2.2 Inverse Position Analysis

Inverse position analysis is to find joint angles from given pose of theféector. First

we must determine rotatidia translation matrices withiven position and orientation.

After the matrices are formed, using the detailed expressions of the elements, we can find
the joint variables of the robot. The elements in the position matrix are independent, but
in rotation natrix, only 3 of 9 elements are independent. This means, there are 6

independent equation for 6 unknown joint variables.

The first thing to do is to convert tip point position to wrist point positidris can be

done by subtracting from by :

A A A ®0 A A &0 A A QO

A
Leto® 0 AD A A &0 A &OC A QO (2.17)

[ can be found by Prmultiplying (217) byO A , as explained belaw
First, premultiply (2.17) by A

A v A &6 A &6 A QO (2.18)

Next, postmultiply by (2.18) byD :

~

OA o 0o TA 00 A &0 A Q0 =
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On the other hand,

AlO OEL 1 0 0 AT-6 0 OEF
A o° OBt A6 nn U 0 AT-6 v OE}H
T n p b Q 0 Q

Theno AT-© 0 OB+ 1

Consequently

[ ®O0GEgLvh O HMM,Q p (2.19)

In this thesis, will always be taken as +1. The reason is that the parts to be processed

will be positioned in the global coordinate system suchfthiat o T 11 .

Now|[ can be found from (28)

Ao A &0 A &0 A QO

AlT-© OE+ AlT-©
) T W T Q T
OB} AlT-© OE+

So, the first and third componentsfbf 0 ° are:

0 ATO 0 OEF OAT-O ®OF1T QAI-S (2.20)

0 Q OOEF GAIT[O QOEH (2.21)
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Multiply both (220), (221) and add them:

0 AT-©0 0 OB+ 0 Q
O O Q v AT-O0EF OEFAT-O
cvow AT-OAT-©6 OEIOEH C& ¢

Utilizing the trigonometric identities, AT| A 11O OBIOET AT|O 1 and
OEIATIO ATI@ET OET 1 , (222 can be simplified into:

0 AT-0 0 OB+ 0 Q
O O Q cCWQOEF comAi-O & O

Dividing (223) byc® <« 'Q and rearranging,

0 AT-©O 0 OB+ 0 Q O O Q

CO O Q
Q R () o
OE+ Al-© & T
Cw w 10Q Cw 0w 0Q
LetAT1O ———andORBT ———

Then (2.24 can be rewritten as:

0 AT-© 0 OB+ v Q O & Q

CO ® Q

OE+

So,

21



... 0UAT-© v OE}F 0 Q O O Q
— OEI [ cq v

Where; A OAI h

Note that (225) gives two possible solutions fer; however, since only an upper arm
configuration is needed throughout the motion the solution that gihiesthe second or

third quadrant is taken. Thatis; N w g x 1TJ

Finding can be done by going back t®2@.and (221). Rewriting them in maix format,
© QOE+ ®AI-O QAT-O6 O OEF AT-©
QAT-© & OB+ » QOEF OAT-O6 OEH
0 AT-©0 0 OB+
0 Q

Al-O
OB+
» QOEBEL HAI-O QAT-©O OB+ 0 AT-© 0 OEL
QAT-O &OOE+H O QOEF OAIT-O 0 Q
O QOEBEF OAIT-O QAT-O HOEL 0 AT-©0 0 OBL
QAT-©O & OB+ » QOEBEL HAI-O 0 Q

Where,0

Notice that the denominator of A can never be zero.
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Then,

Ail-©
O QOEF OAIT-O0 A0 0 OEF QAIT-©O OOEL 0 0Q
®» QOB+ OAT-O QAT-©O &OOEF

OB+
QAT-© OOEL 0 AT-©6 0 OBF & QOB+ OAT-©O0 1
» QOB+ WAI-©O QAT-© & OE+

So,—canbefoundas- AOAOEIRAT-O 0]

The remaining three joirngles will be found from the orientation of the exifctor. At

this point—h— and— are known; hence, the following operation can be performed on the
orientation matrixt N :

|—

@

*,

™

To

3+

™

™

™
ErCatr
EIERER
EIERER

Then— AOQA] p Al GRAT-O 0Mi,Q p c& X
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Note that, points to a wrist flipambiguity, meaning that the physical configuration of
the endeffector in both cases are the same. Hepcehas no effect on the physical
orientation of the enéffector. For the sake of completeness tb be taken as +1 in this

work.

Similarly, — can be found as follows:

oOo#0 OA A A © G©A A © OE+AT-O @
Oo#0 OA A A & GA A O OEIOEF &

So— AOAIGh, & MEF n & P
Same procedure to fine-:

ot OA A A T GA A T OBEFAI-O &

Oo#0 OGA A A & OGA A T OEIOEF G

So,— AOAJ&ShH & MOEF m & w
IncaseO G1 Tmthismean§ mé 1 “.Howevef cannotbe “ due to physical

constraintsTherefore, one scenario is possible, whgrbecomes:

# A A A A A A R T
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(2.30) means that at this singularity it is not possible to findnd— separately, but only
their sum. Fortunately, this will not affect the collision check test, as will be further

explained in the next chapter. NonethelessGdf1 m — —are found as shown
below:
Al — OEF — 1 & & &
# A OE+ — Al — n & d d
T i 0 W § o
Then— — AOA® RS C® p
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CHAPTER 3

PATH GENERATION

This chapter is the heart of the thesis. Here, the overall path of tkeffentbr is going

to be generated in order to be later executed by the robotic manipulator. Starting with the
preparation stage, the edges needed to be scanned or deburred tack dedet, for each
selected edge the corresponding needed motion of thefferatior in order to procesdisat
specific edge is generatedic® motions will be referred to as processing motions. Then,
all possible combinatn of motions that connedeparéed processing motionare
calculated and generateBuch motions will be referretb as non-processing motions.

After that, a search algorithm ugilized to select a subset of the Rprocessing motions

that yield an efficient connected path along with the pracgssotions. Lastly, this

overall path will be translatadto motion commands and setwtABB IRB2000

26



3.1 Preparation Stage

This section discusseabe parameters that the user need to input to the progitaese
parametersvill serve as the foundation or basis that the software will ugerieratehe

overall motion of the robot.

3.1.1 Setting the Global Coordinate System

The user is expected to defiaglatum reference frame. The frame is to be an orthogonal,
righthanded and i soscaled fAequally scaled in
the paths, edges and points will be expressed in this coordinate system throughout the
study. Such reference coordinate system can be easily defined using the reference

geometry tool provided by the softwarehich can be reached frofinF e at ur es/ Ref e
Geometry Ref er enc e C o asshibwnriféEgure3-1S\pte that thieddefined

coordinaes caresponds to a given position on the working space.

~

2| imetc

Figure3-1: Defining the location and orientation of the part with respect to the global coordinate system.
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The necessarytransformationscan be performed using the reference frame (RF) to

correctly position the workpiece with respect to the global coordinates of the robot.

Viewing RF from the global coordinates as a surface represented byplangwith a
normal parallel toz-axis, thefollowing reasoning can be followed to easily create the

needed rotatiomatrix.

First, replace the xaxis components d&®F in the first column, which result in rotating the
axistotheglobalsa x i s. Then, -place lieroa theglobahxglane, they udit
vector per pen¢glane isltoabe oriented towares the @lpb@xis. This
means t hat t h exiscsoonoigphbe placedtinghe thifd caduénn of the matrix.
Finally, in order to assure that all axes are perpendiculactoaher the third axis is the
result of t heaxir® saigsrfaiunc tt hoef nzebnt i oned
y @xis to be placed in the second column of the rotation matrix. This procedure is
illustrated in the following formulae:

® ® HOHOQ (3.1)

w W HOHOQ (3.2)

a & Ha HaQ (33)
W W «

Y © o « (34)
W w a

Wherex 6, y 06 and zRF viewedefron theeglolzalxceosdinatet and R is the

rotation matrix.
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Such rotation matrix R can be converted or represented in three basic rotations. Here these
rotations are taken about the three global axes in the sequenceNbte that such
sequence is arbitrarily chosen and other sequences can be used to end up with the same
overall rotation. Therefore, the multiplication of theatain matrices will be equal to R

as shown in equatio3.5).

W W a
Y oo & & YY'Y
AinO 0BTl nm AT-O6nn OEF p T T
ol AInOn n p n 1 AifO0 OEIl
Tt n p OBEFn Ai-6m OEl Airo

ATSAT-O OBAATTO ATWDOEIOET OBAOET ATWDEIAITO
OBMATOATURAITO OBIOEIOET ATUDET OBAOEIAITO
OBt OEIAT-© AITAAT-O

Where R, Ry and R are the rotation matrices about z, y and x axes, respectively.

Fromthe abovesquationthe three rotation angles can be found as follows,

s N o~ 2z oA

— AOA®DEI od

Note that equation3(5) will yield two possible solutions fay. Both are valid however,

once an angle is chosen to be ¢berect angle it will affect the other two angles. Here the
angle between9®, 9] is chosen. Next,

A w o
OB ——— MRIi-O m
Al% —. MRAIT-O 1
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%0 O OO BEA T %

Similarly, for y,

I OO OOEBEIMRAITO

In case cog=0 the solution discussed above is not valid and hence this case must be treated
specially. However, in such cagés directly found and is equal to eith@0° or 9C°, and

from (3.5) this ambiguityiss | i mi nat e dais 1thangis 9CFiared;90°ii ffsisx @
1.Physically, t hi saxisismmellelnoeaainand by fotating arobnd x 6
y-axis by either 90or -90° x -&xis will be brought tosaxis. From the last sentence, it can

be deduced that after rotating aboedxis, rotating about-axis in a specific angle will

align RF to the global coordinates without the need to rotate areaxid.ZThat ig/ = (°.

Note that this case is actually a singularity point.
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W W a
Y ® © a Y'Y'Y
W W q
”"l'r,q Qﬁﬁ n AT-O0n OE+p T T
OBd AITO 1 mop M T 'If,OA QEEI
T m p OB+ m 1© m OEFEl AI[O
p mm Al-6n OB+ p T T
mp o mop o M AIO ORI
mmnp OB+ m i©m OEI AITO
Al-©O OEOEI OEJAITO
Tt Airo OFE1
O Ed DETAT-©O AITAT-O
Al-©6 OBEIOEI OEHAITo
Y Tt Alro OEIT o
O Ed DETAT-© AITAT-O

So,y can be determined from3.6),

Os

ET «

p>]

ITd o

I OO0 WOBEIMRITO

Lastly, dter rotating the pary these angles, It will be translati@tearly in e&h axis to

bring the origin ofRF to the (0, 0, 0) poindf the global coordinateby the simple
following equations,
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30 0
3W 0
3 0

WhereO is theRF origin expressed from the global frame point of view Bxdy and
Dz are the linear translation along the x, y and z axes, respeciihelyelative distance
of the RF with respect to the global coordinate systenis entered by the user through
the graphical user interface (GUI) of the software. A complete explanation ab&itithe
is presented in chapter 4

3.1.2 Selecting the Edges to be Processed

Before starting wittpath generatigrfirst the edges on the part that are to be processed
(scanned ofinished is to be selected. The user need to first define the planar faces that
will be in direct contact with thevorkingtableor fixture, such faces will be referred to by

Ground FacedHgure 3-2 below shows an exaple of a selected ground face.
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Figure3-2: Selecting a ground face by the user

In edge finishing and scanning it is tbenvex edgeshatneed to be processed. Using
Power Select Utility in SolidWorks, a filter can be set in order to select only convex edges
out of all the edges in a part, this is done automatically by the software. After selecting
the convex edges, the ones laying on the gréaces are recognized and eliminated. The
reason for it is that the tool will not be able to reach such edges due phytbieal

constraints imposed by the working table.
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Figure3-3: Result of the automated convex edgedcibn
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3.2 Processing MotionGeneration

As discussed before, the overall motion of the robot consists of twis, pamely,
processing and neprocessing motiongkach processg motion corresponds to one edge
on the part; therefore, these motionsfated, as will be seen ithis sulsection. For that

reason, each of these motions needs to be checked to be cdtbsion

An edge is said to be reachable by a robotic manipulatdre ifdbot and the tool holder

do not collide with the part throughout the needed motion to process that edge. Checking
the reachability of an edge can be done in two steps. ¢afstilate the processing motion

for the selected edg8&econdlysimulate the calculated motion in SolidWogksd check

if there are any collisiondn case no collisions occurs then that edge will be marked as
reachable, otherwise it will be discarded from the process.

The robot mani pdeledhas aboiiisas showm ik Bigua Sech model
is canservative, which can accommoddta some deviations. 8o, it is faster to
maneuver cuboids in SolidWorks which will require fewer memory and time compared to

using an actual geometric model.
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Axis 2

Figure3-4: the geometric model of the robotic arm used instbdy for performing the collision detection test.

The following subsections describes the detailed procedure for generating the processing

motions that corresponds to each ofpheviouslyselected éges.

3.2.1 Calculating Processng Motions

Two types of edges are considered in #higly, namely, Straight line and Circular edges

In case of a straight linghe motion can be sufficiently defined ltlye start and end
positions of the enéffector These positions can Beund by taking thedesiredoffset

value anddirection @pproach ang)efrom bah ending vertices of that edge. The offset
value is the relativeistance between the edge asntteffector dumg the processing
motion, such parametes inumerically entered by the us®/hile the offset direction can

be chosen asitherthe average of the adjacent faes n osy civegK igure 35 a), or
normalto thedirection of thformedburr, Hgure 35 b). Generally, the burr forms in the
direction normal to both the normal vector of the later machined face between the two

adjacent faces and the direction of the atigf [19], as shown irfrigure 3-6.

35



ml'h

It
Quy

3!
N

=
N
my A

a) b)

Figure3-5: a) lllustration of an offset direwn, ® that is equal to the average of the two normals of the adjacent faces
of the edge® and® b) lllustration of an offset directioi® in thenormaldirectionto the formed burr.
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Figure3-6: lllustrationof formed burrgdirection[19].
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Mathematically ®can be found for the two case as follows:

1 For the average direction case,

b b
Q2 0— — o

m OHE

Where Qis the offset value

1 Normal totheburrformation direction,

0 0b o)

Where,Qis the offset valuand® is thenormal of the face machined last

Note that in the second case a small of@stintroduced in order to position the tool tip
on the burr itself instead of the edge attached to it, the value and direction is calculated as

shown below,

.. 9D . o wb )
WwQ——— h —— & ™n
o o b o b oo
R - N 2/ . o b .
! H h e & Tt
r o o o oD

Whereei s equal t o hal f oadsfthe titeaion bfdhe édgehirespaded s wii
and & is the normal of the face machined last. Note #hatan have two opposite
directions; therefore, the correct direction is the one that ¥eidhich have an angle

between {90°, 9] with & .

37



Now, the position of enéffector is defined by its location in spa&,and orientation,
6 N . The locatio can be calculated for both starting and ending positions by simply

adding the position vector of the corresponding vertex and the previously calculated offset

vector,® See kgure 37.

a) b)

Figure3-7: a) The location of thendeffector's starting position byhe location of the endffector's ending position.

As for the tip point orientatignt is found as follows. fie opposite direction of the offset
vector,&his taken to be the-axis of the eneeffector. The yaxis is oriented such thatit
parallel to the edge.hEsign of the directiomf y-axisis decidedsuch that the-axis will
be pointingdownwardswith respect to the global coordinatesingthe righthand rule.

Figure 38 gives a god example ofuch calculation.
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Figure3-8: a) Taking the offset desired from a straight edge for generating the correspondingipgaoes®n d is
the offset vector, nand n: are the adjacent faces normals, the shown coordinates dsientation of the ereffector
of the ABB IRB2000b) The CAD simulation of the corresponding motion in a)

In the case of a circular edges, the edge will either be a full circle or.a8ilace, ABB
IRB2000 can creatarc motions that are less than 180a time, full circles are going to
be divided into four equahrc segments Partial arcs will bedivided into two equal
segmentsEacharcsegmenmotionneeds to beepresented by three positions of the-end
effector,the start and end positions along wath intermediatg@osition. This position is

used by the robot to decide on tfieection of circulation.

Similar to the straight edge scenario, the offset vector is addled éaulgdocation to give
the location othe tip-point of the robotic hand. As for the orientation, thaxis will be
in the opposite direction of the offset vector. Thaxys points towards the tangent at the
given point. Note that-gxis can have two opposite direction, the one that givesaxis

pointingdownwards, according to the rightand ruleis selected.

39



Th

Figure3-9: Taking the offset desired from a circular edge for generating the corresponding ipgpregon

Note that the angle between adjacetges needs to be considered while calculating the
processing motions. A small mdidation on the starting and/@nding positions of a
processing motion is to be perform@tcase the corresponding edge has an adjacent edge
that forms an angle less tHEQ® with it. For instance, the edge givenkigure 310 has

two adjacent edges that both creates an angle ©fT9@refore, due to the physical
thickness of the tool, both the starting and ending positions of the corresponding
processing motion will behifted by an amount equal to half the width of the todhe

direction oftheedge see Figure-30.
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Figure3-10: An example of &traight lineedge that has adjacent edges that form angles less tifani8@ and how
it affects the corresponding processing motion.

Similar approach is also cadsred forcircular arc edges. The main difference from a
straight edge is that the performed shift is an aingkead of a pure translatioseerigure
3-11. The angle is found by A O A-G8Wiherew is half the width of the tool and R

is the radius of the arc motion.

Figure3-11: An example of a circular arc edge that hasdjacent edgthat form an angléess than 180with it and
how it affects the corresponding processing motion
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This concludes the calculation procedure for each selected edge to find its corresponding

processing motion. Reking in one processing motidar each selected edge.

3.2.2 Collision Detection Test

In the previous sugection, a processing motion for each of the selected edges was
calculated. Now, these motions need to be verified to be colliséen Note that such
motions are necessary to perform the task, either scanning or deburring. iHang@f

these motions turns to have a collision it means that the corresponding edge cannot be

processedThereforesuch edges amgoing to be marked as unreachable

Each of these motions are divided into discrete poses of the robotic manipulatberin
words, a discrete motion approach is adapted éotest of collisions. fany given posture

the position of each link of the manipulator is going to be calculated, using inverse
kinematics, and then check if any link collide with the part at thengposture. Such
approach although not continuous in nature, it actually covers the veimge ofmotion

as farascollision is concerned.

The procedure for discretizing the straight and circular motions are somewhat different.
For the straight line main, note that the orientation of thedeeffector is actually
constant. lence all of the intermediate poses will also have the saimaetation. The
number ofposescan be directly found using equation (3.1Bpsically, the equation

divides the straightne into equally spaced parts.
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Figure3-12: An illustrationof discretizing the processimgotion corresponding to a straight edge

U O
4 ERROI AiAmI OIAKOA A AA ) p op T
Where Lis the length of the straight motiamd wis half the width of the todiolder.
In case of an arc edge, the swept angle of the edge is divided agaiguatéanerement
angles ging equation(3.11). The orientation of each pose found by rotating the

orientation matrix of the previous pose along tixis of the arc edge by an anglas
given in (3.2).
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Figure3-13: An illustrationof discretizing the processimgotion corresponding to an arc edge

Figure3-14: The trigonometry used to derive the formulas below.

4 EROI AIABI OALOA A AA |—_ op p
Wherg COE— oP q
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Where—and R are the swept angle and radius of the arc motion, respectivelyjsand
half the width of the todholder.

Figure3-15: Example for a straight edge collosion detection test

Figure3-16: Different snap shotor an arc edge collosion detection test
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Figure3-17: An example of a detected collision.

Whil e checking for collisions, the program wi
an angle exceeds its physical limitation then such motion cannot be performed by the
robot.

3.3 Introducing Critical Positions Concept

This part is important for thenderstanithg of the following subsection. A critical position
(CP) refers to the starting or ending position of the-gffigctor in a processing motion.

Figure3-18 gives a good example of some critical positions.
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Critical Position

Critical Position

Figure3-18: Each processing motion has two critical positions. a) shows the critical positioasaifjhat edgé)
gives the critical positions of an arc edge

Noticethat each processing motion will have two criticaliposs. Any nonprocessing
motion has to connect two critical positions fromo differentprocessing motias In this
way, nonprocessing motions will complete the gap and create, together with pngcess
motions, an overall continuous path to be executed by the robot.

Finally, in order to keep the consistency, the home position (initial pose of the robotic

hand before start executing the motion) is alsaictared as a critical position.

3.4 Non-Processing Motion Generation

Recall that the overall motion of the robotic manipulator cardiided into two main

motions. he processingnot i on At he modan omr neéeldedr ta@an se (
nonprocessingnot i on fia moti on of thebndetfdetor pasition e e d e d
after processi ng anTheldttgnmotianadoegnot have anyactoat h e r
processing and therefore it is not bounded to a specific trajectory as far as the trajectory is

collision-free.
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3.4.1 Calculating Non-ProcessingMotions

Such paths can be found using many different known algasiiitine literaturg20] to

yield an efficient collision-free path.Some of the famous approaches for the case of
robotic manipulators in statienvironmentsare theprobabilisticroadmaps planndg1],
which is probabilistically complete algorithm. Khatilj22] offered a very interesting
algorithm krown as arficial potential field approactHowever, the maimrawbackof

this method is the possibility oticking in local minima, that is, the algorithm is not
necessariy ompl et e. Another algorithm inspired fron
approach. Many papers discuss slightly défeé models of such algorithn23] is an
example nonetheless, the main idea is tbbstaclespplies forces on the robot links in
sucha waythat they repel the robot dynamically. Unfortunately, this method have the
possibilty of stickingin a local minima, similar tthe artificialpotentialfield method.On

the other handdue to the nature of the problemhanda simple yet effectivapproach is
going to be discussed in this secti®his does not mean that anytbéalgorithms found

in the literatureelated to this topic cannot be applied to this proldechimplemented in

the main program

One may take an adntage from the nature of the working space in hand. Notice that if
the manipulator assumes an upperfigamation throughout its motion, trewill not be

any collisionwith the partat any position above a certain elevatibofind such elevation,
imaginea bounding box that the piece caniri Figure 319illustratesan exampl®f the
bounding box of an arbitrary part. There are eight vertices of such box, the ones adjacent
to the top face share an elevation of vajue & . Adding half the width of the last link,

it can beguaranteedhat the manipulator will not collide witlhé part as long as the end

e f f e ceevatio® goint (zaxis component of théocation of the endeffectol) is

aboved a T@®UV , whereb isthe maximum width of th€ool holder
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Figure3-19: The bounding box of an arbitrary part

Hence, if both the starting and ending posgiofthe nomprocessing motion are above

the aforementioned elevation, a straight line motion (which is also the shortest) is
available However most start and engbstions are not above the safetlevation level.
Therefore, a retraction motion is to éeecutedo transfer the endffector from starting
positionto a position above theafety level.Similarly an approach motiois neededo

bring the enekffector from free-space to the ending position

Free Motion

Approach Motion

e

Safety level
Z =2y + 0.5wg ! :

Z =2

Retract Motion

Figure3-20: Outline representation of the npnocessing motion generation algorithm.
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There ardwo scenariosvhen the engffectold s | oiscuader the safety level. First,
only the last links belowd & m@®0 . The secondcenarigis to have the last link to

be fully immersed and a portion of the fifth libebelowd & T@0 .

For the first case, since the manipulator has six degrees of freedom, it is possible to retract
the endeffector with a constant orientatiatong® from the start position to the safety
level with aguarante¢ha this motion icollision-free.Mathematically theorientationof

the endeffector remainsconstantthrough the motiond 06 0 h . While the

location of the end position i$[ i[ {6 "o . { is found using simple
trigonometry as follows:
e L o o
| ——

AlTO
WhereA 16 L1 0P 1

1  isthethird component of [and0  is the third component af .

W13,

z =7y + 0.5wg

T

Global z-axis

T3

Figure3-21: Trigonometry used to find the value of s.
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For the second case, this motion can be divided imtosegments. iEst one moveghe
endeffectorfrom the start position to therist pointwith an orientation sinhar to the
initial orientation of the fith link. A collision test is to be performed at this case to make

sure it is a safe motion. As for the seceedment,iie endeffectormoveswith a constant

orientationalongthe new® until it reachesafety level.

Mathematically, the end position of the first segment motion can be defined ibititie

orientation of the fifth link® & " . While the location iqual tothe initial wrist

point,if i[ Q0O ho . Consequently for the second segment, the start position
is basically the end position of the first segment. The end position, on the other hand,

consists of the same orientation as with the start posifion, 6 , and the location

pointilf il {6 "o .iisfound from (3.8) and (3.4).

‘- ‘-

a) b)

ha T I,

c) d)

Figure3-22: Different snap shots of the first segment of the retraction motion from a critical position where both last
two links are under the safety level.
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a) b)

Figure3-23: The first and last positions of the second segment of the retraction motion from a critical position where
both last two links are under the safety level.

It can be realized that the approach motion to the same critical position can be generated

by simply reversing its retraction motion.

Therefore, given atartingand an ending positions to generate a-pitessing motion
between them, all is needed is to first generate the retraction and approach matien for
corresponding positions.hEn connectthese two motions wita straight line motion in
free-space. Such algorithm will beeferredto as the ReactionFreeApproach Motion
(RFA Motion). This approach significantly reduces the complexity that most coHision
free path generation methods suffem.

The RFA motion may not be the shortest possible collfiies path between two given
positions,nonethelessit offers a very efficient solution regarding CPU time and path

length.

In some special cases the shortest collifiea path is very easy to finglirstspecial case
is when both start and end positions share the same vtk Figure 24. The motion
is a direct one (straight line in the configuration space). Such mistallisionfree since

the shared vertex is reachable.
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a) b)

Figure3-24: lllustration of the norprocessing motion when both start and end positions point at the same vertex

The second case is when both positions shaeaghable edgé direct motion can be
made by utilizing the previously generated procgssotion of the shared edgsee
Figure3-25. This motion isalsocollision-free since it is construet of smaller collisior

free motions

—_—y

a) b)

0 P

c) d)

Figure3-25: lllustration of the nomprocessing motion when both the start and end positions share a reachable edge.
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For generating the neprocessing motion between two given positions, the algorithm will
first check if these two pdsns share aertexor an edge.flso, the method explained
above is used to generate thath of the endeffector Otherwse, an RFA motion is

generated.

This approach reduces the complexity of finding all possiblegmooessing motions from
O(r?) to O(n). Instead ofeneratinga motion between each pair of critical positions, the

problem is reduced to calcutadne retraction motion for each critical position.

Define two Critical Positions (CP)
for each Processing Motion

Generate a Retraction Motion for
each CP

Do the following for each pair of
CPs

Does the
pair share
a reachable

Does the
pair share
a vertex on

the part? edge?

Generate RFA

i Generate motion .
Generate motion Motion

Store generated motion

Figure3-26: Flowchart of generating all possibienprocessing motions.

Lastly a 2D array of neprocessing motions is constructed. This armagiudes all
possille norrprocessing motions between each pair of critical positidny of these

motions is represented by twadices The first irdex repreent the number of the critical
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position that the aheffector will start from. Tie second index is for the end position

of theendeffector

3.4.2 Collision Detection Test

As in the case of processing motions, the-pmtessing motions generated betweach
two postions need to beollision-free Only the retraction and approach (ot the RFA
motionneed to be checkedir$e the portion of thRFA motion made irfree space is by
definition free of colligons.

It is critical to realizethat both the approach and retract motions for a gordital
position is in fact the same motion but reversed in the order of execution. Therefore, the
collision detection test boils dowto checking the retraction motion of each critical

position sepaately.

The test nature is similar with the operformed on processing mate That is the
motion is discretizedthto a number of poses that in turn covers the whole range of motion

Figure 322 and 323 showan example of such discretization of a retraction motion.

If the retraction motion from a critical position is collisiree, then itscorresponding
edgeis reachable from any other position in free space. Otherwise, the given edge is

considered unreaable.

While checking for collisions, the program will also fmenitoringt he j oi nt s& an
an angle exceeds its physidanitation then such motion cannot be performed by the

robot.
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3.5 Planning the Overall Path

After generating all possibleon-processing motions next step is to select a subset of them
that creates a connected path together with the processing motions. In fagiodlem

is aTSP (TravelerSalesman Problem).

The Traveling Salesman Problem, or TSP, is an ongoing stuayriputer science. The
TSP has along histper r angi ng b a 24]. Thisoprobldmebecan® pd@pdlas
after it was publicized by a mathematician named Merrill Flood at the RAND corporations
in 1948[25].

The TSP problem is defined as the following. Given a complete graph G with Vertices V
and edges E, where each edg;e € has an associated coEim:urred when traversing

from vertex iN 'V to j N V, find the optimal, or cheapest, Hamiltoniaycle of G. The
vertices can be considered buildings, landmarks or other geographical locations. Thus, a
Hamiltonian cycle of G is also considered a Tour. In this study, these vertices represent
the crtical positions of engffector. The edges represemiotions of the robotTherefore,

a Hamiltonian cycle represents the overall path of the robot.

To further understand this representation reféfigure 327. Notice that each node in the
graph represents a critical position of the-efféctor, labeled as Pogg The connected

edges represenfsgrocessig motions PMg and the dashed ones is feon-processing
motions. So the problem statement wouldsbrilar to that of the TSP problem (each
position is to be passed @@ with the addition thiathe connected edges are also to be
passed one time each. Unfortunately, general TSP is known to be -annibiete
problem. Hence, thers not a systematic approach to reach the optimum solutian

polynomial time algorithm.
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Home Position

Figure3-27: An example of a three processimgtions (PM) and the representing graph for figdioute solution of
theTSP ATheowmessing motions between the home position

There ardlifferent variations of the TSP. In the general case, there are no restrictions on
the edge costs. Therefore, each edge may have two associatedjcostsaied gN P,
which may not necessarily be equal. Thus, G can be a directed graph and the edge cost

can be negative.

Another variation is the metric TSP, the main feature of this type is that the triangle
inequality holds on all the vertices, which means that for any three vertices A, B and C, if
you wish to go from vertex A to vertex C, it is alwayseaper to go from A directly to C
rather than passing through B. This added restriction gives a possibility to find
approximated solutions, which is not pibés for the generatase These solutions can be
found in a polynomial time scale, one of these algorithms is knowragprdximation
algorithm. As the name implies, it gives a solution that is at most twice the length of an
optimal tour. 3/2approximation algorithnj26] is another approach that guarantees the

founded tour to be at most 1.5 times longer than an optimal solution.

A third variation is the Euclidean TSP. Along with the validity of the triangle inequality,
all of the vertices are poinis space. The plane can balitnensional, or alimensional
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in general. The edge costs are the Euclidean distances between the points. Since the
problem here takes place in Euclidian space, there are restrictions on the edge costs, and
some assumptions cae made, which simplify the problem. Making it possible to apply
even better approximated solution in polynomial time. A[@7d presented a polynomial

time approximation solution (PTAS) algorithm for the two dimensional aadeshortly

after two years generalized the algorithm tdimhensionq28]. The accuracy and CPU

time depends on the approximation parameter c. Where the accuracy is -(1+1/c)

approximation and the processing timelis¢ 1 T£C a . In the same time

period Mitchell[29] independently proposed a PTAS algoritiwherehe was able to

achieve p _ -approximation that runs it & time.

Unfortunately, the TSP representing the problem of this section is neither Euclidian nor
metric in its nature. As mentioned before, general TSP does not have any polynomial time
approximatioralgorithms. The practical approach is to apply hegratjorihms to find

a solution There are many heuristic algorithms that can be found ititérature The
nearesheighbor(NN) algorithmis one exampleNN always choose to visit the nearest
vertex to the current reachedrtexuntil all vertices has beansited This approach will

often keep its tour within 25% of the Hellcarp lower bound. Another heuristic known as
Greedy algorithm gradually constructs a tour by repeatedly selecting the shortest edge and
adding it to the t ouwyclewaithledsthandN edgss, orihcreasese snot cr
the degree of any node to more than 2. This algorithm normally keeps the solution within
15-20% of the HeleKarp lower boundKahng and Red§B0] proposed a heuristic they
called Match Twice and Stitch (MTS). Their approach offers four different variations
where a tradeff between accuracy and run time is present. As they reported, the
algorithm on average yield a solution thati8% of the HeleKarp lower bound.

In thisstudy, the nearesteighboralgorithm is adopted and implemented in the software.
Starting from the home pdsn, the red node shown indure 3-27, the shortest nen

processing motion W be selected, where the distance is the length of the trajectory of
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each motion. Next, the processing motion connected to the reached node is taken. After
that, the shortest ngorocessing motion is selected and so on so faonth all the nodes
are reahed. Lastlythe endeffector is brought bdcto the home position using the last

available norprocessing motion.

Posel
. Pose3
PM2 Posed
I
r PM1 - - ‘ Q
' . 1
L Pose2 7/
I . //
| /
4
| e Pose6 Y
- ”
‘. - Pose5
Home Position PM3

Figure3-28: The solution of the TSP graph givenFigure 327 usingnearest neighbalgorithm.
In conclusion, the solution of the TSP given in this subsection will correspoad to

collision-free motion trajectory which represents the overall path texieeutedoy the

robotic manipulator.
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CHAPTER 4

COMPUTER PROGRAMS

4.1 SolidWorks Add-Ons Package

Here, all the previously discussed points are developed and applied in this software. First
part is a user guide to give the reader the appropriate way of using the software. Second
part explains the general working procedure okthfevare. Refer to appendixfor more

details on the structure and main methods used in the program.
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4.1.1 User Guide of Software

Preparation Stage

In this stagethe parameters that the user is expected to specify before generating the path

are enteretb the program. lgure4-1 shows the main indow of the software.

| Off-line Path Generation Add-On X

Please select a refrence frame to be set as the glebal coerdinate system and the
faces of the part that will be directly contacting the mounting table.

Specify the part's offset from the origin of the global
coordinate system

x-component [meters]: | g g5
y-component [meters]: |
z-component [meters]: | p.g

Update Working Table Dimentions |

Update Spindle's/Scanner's Dimensions |

Update Tool's Dimensions |

Process Type

(% Edge Finishing

" Edge Scanning

Offset Value

Offset distance from edges [millimeters]: 1

Approach angle:

(@ Average vector of the normals of the two adjacent faces.

" Mormal to the normal of the adjacent face milled lastly.

Specify the order of which the faces were machined... | Run

Figure4-1: Main window of the SolidWorks Ad®ns Package.
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As mentioned in earlier chapters, the user hastbrdefine a reference frame (RF) and
attach it to the workpiecer to the fixture if presentefer to section 3.1 for a detailed
explanation of RF. Staring from the top, the user can specify the origin of RF by simply
entering the x, y and z componentsteiocation in respect of the global coordinate system
of the ABB.

Entering the dimensions of the working table can be achieved by first clicking on the
Update Working Table Dimension button. Clicking on this byttanother window,
shown in Figure €, gppears and the user then can enter all three dimensions of the table.

Clicking Update will store these values and bring the user back to the main window.

:Working Table Dimensions x

Enter the dimensions of the working table below in
meters:

Length (in the direction of y-axis):
Width (in the direction of x-axis):
Thickness (in the drection of z-axis):

Cancel | Update |

Figure4-2: Setting the working table dimensions.

In the Proces3ype frame the user choose between finishing and scanning. The main
reason for this is for the software to decide whether to include a finishing tool or not. In
case the user selects the finishing process he/she needs to enter the dimensions of the
deburrn g/ chamf ering tool by clicking on the
clicked a window pens as shown inigure 43. Then, after entering the dimensions the

user clicks on Update.
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X

Tool's Bounding Box Dimensions

Enter the length and width of the tool in
millimeters below:

width (in the dirction of the minor axis):

Length (in the direction of the major axis):

Cancel | Update |

Figure4-3: Setting the tool's dimeions.

TheflUpdateSpi ndl e 6 s/ Sc an n éuttansalloviddhe nseritansgecifip thex o
cuboid that represents the umaling box of the spindléscanner Figure 44 shows the

window appearing after clicking on the aforementioned button.

X

Spindle's/Scanner's Bounding Box Dimensions

Enter the dimensions of the bounding box of
the spindel/scanner in meters below:

Length (in the direction of the major axis):
Width (in the dirction of the minor axis):

Cancel | Update |

Figure4-4: Setting the tool's body box dimensions.

Offset value frame is simply for entering the magnitude distance of theffeator while

processing the edges.

Approach angle frame is for selecting between approaching the edge with a direction equal

to the average of its adjacent facesd norn

the adjacent faseRefer to section 3.1 for more details.
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Lastly, if thesecond option in the approach angle is selected, the user need to give the
order in which thedces of the part where machin@this can be done by first clicking on
the button next to Run button. After the user clicks on the button he/she starts selecting
the faces of the part in the order thegre machinedFigure 45 shows the mentioned

window.

Selecting Faces >

Please select all the faces of the part in the same order that
they were machined.

Go Back Abort

Figure4-5: Confirming the selection of faces.

Edge Selection

After entering all the necessary information the user clibkdRun button in the main
window. The software then selects tt@nvexedgesof the part At this point, all the

default selected edges are highlighted on the workpiece and the software is paused. The
user is asked to check if the selection is satisfacad if he/she would like to edit the
selection by either selecting more edges or deselecting some of the alrecidyl seles

After that the user click on Proceed button.
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Confirm Edge Selection pd

Check the auto selection of the edges to be processed. You
can modify the selection by selecting and/or deselecting any
edges you wish. Once done click Proceed.

Abort |

Figure4-6: Window for confirming the selectestiges.

Getting Results

Now, the display of the part temporarilytured off to make the program rdaster.
Calculatingall thenecessary motions and checking for collisighe program at the end

will creates a text file in the same directory wiktte topened SolidWorks part. This text

file will include the overall nominal path to be executed by the robot. The syntax is similar
to that used by ABB IRB2000 when generating paths by the teaching method. The only
difference between these formats is tima®8 controller the information of each position

is implicitly given While here the position is explicitly given after the POS keyword, e.g.
POS=(x, Y, z, § (g, Oz, (k) Where X, y and z are the Cartesian coordinates of tipeiiy
location and @ sre the four quaternion components that desctit®e endeffector
orientation[31]. Figure 47 gives an example of a program path opened from such text
file. Refer to the programming manual of ABB IRB2000 for detailed explanafitime
syntax{32]. Lastly, a message box pops up to inform the user that the path has successfully

been generated.
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POS=(795.0,0.0,879.0,0.000000,-0.382683,0.000000,0.923880) V=100% PATH
POS=(764.1,0.0,848.1,0.000000,-0.382683,0.000000,0.923880) V=100% PATH
POs=(764.1,52.7,848.1,0.000000,-0.382683,0.000000,0.923880) V=50% CIRCLE
POS=(750.0,66.8,848.1,0.653281,-0.270598,0.270598,-0.653281) V=100% PATH
P0OS=(633.9,66.8,848.1,0.653281,-8.270598,0.2708598,-0.653281) V=50% PATH
POS=(619.8,52.7,848.1,0.923880,0.000000,0.382683,0.000000) V=100% CIRCLE
P05=(619.8,0.0,848.1,0.923880,0.000000,0.382683,0.000000) V=50% PATH
POS=(619.8,-14.1,834.0,0.653281,-0.653281,-0.270598,0.270598) V=108% PATH

Figure4-7: A portion of a path program generated by the software and stosext file.

412 Codebs Working Procedure

The main function of the overall code fAmain
MainWindow and PathGeneratorEngine classes. MainWindow class coordinates the flow

of the software as a whole. Responding to ugartgit organizes the variables needed to

be set before starting the actual path generation. It also schedule the calling of main

methods in the PathGeneratorEngine. Lastly, it creates the final output of the software as

a text file that is stored indepantly from the program on the working computer. On the

other hand, PathGeneratorEngine class is responsible for all the background calculations

of the different motions. It also checks each motion segment for collisions. And lastly

generates the overalafh and pass it to the MainWindow class.

For the preparation stage, the procedure was indirectly explained in the user guide section.
This step is simple as it,isnly assigning the inputs of the user into their corresponding

variables that will be used by other parts of the program.

First main method that gets called is the EdgeSelection(SelectionScheme) function. Here
by utilizing the PowerSelect utility, proved by SolidWorks, all the convex edges of the
workpiece get selected. Then, by checking each selected edge the ones that are adjacent

to a ground face are deselected.
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After the user click Proceed. A PathGeneratorEngine instant is created which then takes
al the selected edges and calculate a processing motion for each one of them. Next, each
of the calculated process motions is checked for collision. In case a process motion found
to cause a collision then the corresponding edge is discarded along wighotiess
motion. Then, both starting and ending ifibctor positions of all the collisiofiree
process motions are stored properly, such poses are referred to as critical positons. After
that, the retraction motion from each critical position is caledlaand checked for
collision. Any critical position that pssessesa retraction motion that includes a collision

is marked and their corresponding edges are taken as unreachNdle.
PathGeneratorEngine creates a-poocessing motion between every twdical poses

and store these motions in2® array. The indices indicatihe starting and ending
positions of each motion, respectively. What is left is a search algorithm to connect all the
processing motions by finding a suitable fmocessing motionsrdm the 2D array
previously created resulting in an overall connected phaitmally, this path is then

translated into motion commands and stored in a text file to be later uploaded to the robot.

4.2 ABB User Interface Software

This software was developedrfthe general purpose of communicating with the ABB
IRB2000 robot. A more specific function of this program is uploading the previously
generated path from tH&olidWorks AddOns package. [ie first subsection serves as a
user guide. Second silection describes briefly the procedure adopted by the software to
function properly. Refer to appendixfor more detailed explanation of the structure and

main methods of the software.
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4.2.1 User Guideof Software

Serial Port Connection

The very first thing need to be done when launching the software is to open the serial port
between the computer and ABB robot. This step has been simplified from the user point

of view. That is, all of the seridl o mmuni cati onés configuration
the software according to ADLP10 communication protocol. The user only has to select

the COM number that the ABB is connected to. The software will also search for the
available COM prts and show thero the user.
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Such step can be easily doas shown in the figures below:

1 First, select Open Serial Port from File.

|8 ABB User Interface — O
File = Help
Open Serial Port
MNumarical Base in Use * patic Communication Off-Line Path Uploading
Exit
T ABB Response
Number of Bytes Number of Bytes

Destination Address Destination Address

Source Address Source Address

[ ]
[ ]
Function Code l:l Function Code
[ ]
[ ]

Function Suffix Function Suffix

I

Send to ABB

Massege Box

Figure4-8: Selecting open serial port from File tab.
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Second, select the port connectedBB robot.

W7 ABB User Interface — [} pet
Manual Communication Automatic Communication Off-Line Path Uploading
Command ABB Response
Number of Bytes Number of Bytes

Destination Address Destination Address

Source Address Source Address

Function Code Function Code

Function Suffix Function Suffix

" Select The .. ? n

COM Name | COMS .|
0K Cancel

L
I

Send to ABB

Massege Box

Figure4-9: Selecting the corresponding COM port connecting the ABB robot.
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1 Finally, in case the uselesire to close the serial porte/dhe can click on Close
Serial Port in Filgah

[m ABB User Interface — O 1%

File Help
Close Serial Port
Numarical Base in Use * patic Communication Off-Line Path Uploading
Exit
OTTITTATT ABB Response

Number of Bytes Number of Bytes
Destination Address Destination Address

Source Address Source Address

[ ]
L]
Function Code l:l Function Code
[ ]
1]

Function Suffix Function Suffix

T

Send to ABB

Massege Box

Figure4-10: Closing the serial port from File tab.

Numerical Bases Available

In the manual communication mode, the user can choose between hexadecimal and
decimal bases for writing and receiving telegsafe/she can also switch betwetbe

two bases while writing the telegram in case some bytes were calculated in different base.
The selection of the numeal base can be found in Fiumercal Base in Use, as shown

in Figure 411.
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[m7 ABB User Interface — ] b

File | Help
Open Serial Port I

Numarical Base in Use * Hexadecimal Off-Line Path Uploading
Exit ~  Decimal
B L =L L ABB Response

Number of Bytes Number of Bytes
Destination Address Destination Address

Source Address Source Address

[ ]
[ ]
Function Code l:l Function Code
[ ]
[ ]

Function Suffix Function Suffix

UL

Send to ABB

Massege Box

Figure4-11: ChoosingNumerical Base for Manual Communication.

Manual Communication

As the first mode of communication offered by the software, such mode requires the user
to be familiar with ARAP ProtocdB3]. The manual communication tabdwided into
three regions, namely, Command, ABB Respond and Massage Box. As for the user, the

command to be send is filled in the command region according to ARAR:EIroto

As an example consider a user desire to know the status of the ABB robot. thence,
corresponding function for such task is function 19 in ARAP Protocol. Assuming the
computer addressisOandABB i s 99.

72



[m7 ABB User Interface — 0O 1%

File Help
Manual Communication Automatic Communication Off-Line Path Uploading
Command ABB Response
Number of Bytes Number of Bytes

Destination Address Destination Address

Source Address Source Address

Function Code Function Code

Function Suffix Function Suffix

A0
L

Send to ABB

Massege Box

Figure4-12: Function 19 in ARAP Protocol filled in the command region
After filling the command the user click Send to ABB button. ABB will respond by a

telegram that will be shown in ABB Response region. Note that the Massage Box gives

feedback to inform the user about the status of the communication continuously.
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[m ABB User Interface — ] be
File Help

Manual Communication Automatic Communication Off-Line Path Uploading

Command ABB Response
Number of Bytes Number of Bytes
Destination Address Destination Address D
Source Address l:l Source Address
Function Code Function Code
Function Suffix D Function Suffix D
0 ~
2
255
0
0
0
32
0
15
0
0
0
0
145
123
0
0
Send to ABB 0
end to 60 v

Massege Box

Establishing contact acknowledged! Computer is the Master
Telegram acknowledged !!

ABB Requisting Mastery !!

ABB is the Master Now !!

Contact is terminated by ABB !!

Figure4-13: Response of function 19 in ARAP Protocol filled in the command region.

Automatic Communication

The second mode of communication is called Automatic Communication. The reason is
called this way is because insteaddnuallytyping thetelegram of the function to be
executed by the ABB, the user only fill some parameters to be sent to ABB. While the
software itself generates the telegram according to ARAP protocol. However, only the
most common functions are considered in this mode, lyastatus request (function 19),
requesting the six joint angles (part of function 44), maneuvering of ABB (function 24)

and lastly running a program inside the ABB registers to let it go to the home position
(using function 2).
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[m ABB User Interface — O .

File Help
Manual Communication Automatic Communication Off-Line Path Uploading
ABB Current Status ABB Joints' Angles

First Joint:

Orientation Type:
Second Joint:

Currently Active Program:

Third Joint:
Currently Active Instruction:
Fourth Joint:
Currently Active TCP: Eifth Joint:
Currently Active Frame:
Sixth Joint:

Mode:
Get Current Joints' Angles
Operation Mode:

Manoeuver ABB

P-Unit: i
Coordinates: |Robot <
Interrupt:
p Velocity [mm/s]: l:l
Local/Remote:
/ Percenatge Velocity %: l:l

End-effactor Coordinates

End-effactor Coordinates
X Component [mm]:

X Component [mm]: I:I

¥ Component [mm]:
P Y Component [mm]: I:I
Z Component [mm]:
Z Component [mm]:
End-effactor Quaternion P [ ! I:I
First Component: End-effactor Quaternion
First Component:
Second Component: P l:l
Second Component:
Third Component: P l:l
Fourth Component: Third Component: l:l
Fourth Component: l:l
Update Status Move

Massege Box

Go to Home Position

Figure4-14: The GUI of the Automatic Communication Mode.

In order for the user to get the status of ABB all he/she has to do is click on the Update
Status button, the software will automatically fill the parameters in the ABB Current
Status boxSame goes for the joint angles. On the other hand, for maneuvering of ABB,
the user has to first specify if Robot or Rectangular coordinates is to be used and also fill
the velocity of the eneffector and its desired position and orientation with redpetbie

base coordinates of ABB. Lastly, Go To Home Position button lets the user command the
robot to change its configuration to the home position posture. It is also worth nreption
that the massage box will be informing the user useful informatiociedipen case some

errors arise while communicating with ABB.
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Off-Line Path Uploading

The third, and most important part for this thesis, is the uploading of themagram

from the computertéd BB | RB2000. There are two types of
defining the path program. First one is used only in cases where the user is very
experienced witls3 controller assembly languadédne user has to set each byte separately

to be sent by theoftware to the robofhe main goal of this option is to make the software

more flexible for potential programs thather software may generate

After selecting the Oft.ine Path Uploading tab in the main window of the softywseéect

the open file butin in the upper part of the window, whichdedicatedor this type of
syntax. A window will show up as shown below, select the text file that includes the path
program in it. By doing so, the software will display the contents of the text file in the tex
box so that the user can check the program and perform modife#tiasired.

[=7 Open Text file X

T « Codes > build-ABBUserInterface-Desktop_Qt 54 0_.. > ~ 0 Search build-ABBUserInterfac.. R

Organize > New folder - o @
Thesis ~  Name Date modified Type Size

% OneDrive debug 01-Apr-164:24 PM File folder

release 01-Mar-16 1035 A..  File folder
= This PC

m Desktop

= Documents
+ Downloads
J Music

= Pictures

B Videos
L. 05 (@

. Data (D)
v < >

File name: “ V‘ Text Files (*.bxt) e

Figure4-15: Window for selecting the text file that includes the path program.

Then, the user specifies the number of the program &sdigned in the robot memory
The software will display the progress of the upload procedutee userat the end of

the window a small notification and a progress bar will poditgxtly after the user hit
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the upload button. In case an error occuessibiftware will give feedback to the user so

he/she could either recheck the program syntax or resend the program.

)
|87 ABB User Interface - O x
File Help
Manual Communication Automatic Communication Off-Line Path Uploading

Path Program in Assembly Language Form

This part is used when the program is expressed byte by byte

Program Number: |10 Open File
0 ~

10

10

96

i}

0

0

éS Upload Path
: W

Path Program in Mormal Language Form

This part is used when the program is expressed in the normal format given
in the ABB IRB2000 Manuals

Program Number: ‘ Open File
TeR[o |
FRAME 0
V= mmfs MAX= mmys
RECT. ~ | COORD.
Uploading program to ABB IRB2000... [ | 309, | Upload Path

Figure4-16: Displaying the path program of the previously selected text file.

The second syntax to expreke path program is more user friendly and understandable.
This format is similar to that of the S3 controller way ofresging the taught patHsgure
4-17 gives an example of a program path opened from a text file in a similar manner as in

the previous case. Agaihd software will give the user continues feedbaicthe upload

process.
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| [m7 ABB User Interface - O X
File Help
Manual Communication Automatic Communication Off-Line Path Uploading

Path Program in Assembly Language Form

This part is used when the program is expressed byte by byte

Program Mumber:

Open File
|

Upload Path
|
|
| Path Program in Normal Language Form
E This part is used when the program is expressed in the normal format given
' in the ABB IRB2000 Manuals
I Program Mumber: ‘10 Open File
| Tee o |
| FRAME 0

: V= mmy's MAX: mm/s

RECT. | COORD.

POS=(795.0,0.0,879.0,0.000000,-0.382683,0.000000,0.923880) V=100% PATH ~
POS=(764.1,0.0,848.1,0.000000,-0.382683,0.000000,0.923880) V=100% PATH
POS=(764.1,52.7,848.1,0.000000,-0.382683,0.000000,0.923880) V=50% PATH
P0OS=(750.0,66.8,848.1,0.653281,-0.270598,0.270598,-0.653281) V=100% CIRCLE
POS=(633.9,66.8,848.1,0.653281,-0.270598,0.270598,-0.653281) V=50% PATH
PO5=(619.8,52.7,848.1,0.923880,0.000000,0.382683,0.000000) V=100% PATH
POS=(619.8,0.0,848.1,0.923880,0.000000,0.382683,0.000000) ¥=50% CIRCLE
POS=(619.8.-14.1.834.0.0,653281,-0,653281,-0,270598.0,270598) V=100% PATH

Uploading program to ABB IRB2000... 309 | Upload Path

W

Figure4-17: Displaying the patiprogram of the previously selected text file.

Unlike the case of using the assembly syntax, here the path information taken from any
text file should consists of lines in the form of POS=( 795, 0, 879.683, 0, 0.924)
V=100% PATH. While the initialiation of the program can be done by filling tieat

lines shown in Figure-47.

422 Codebs Working Procedure

The main function oD ubel ovesaltwocodasBmaypes,
and ARAP class. The former class mimics ABB data link protocol, which is the protocol

created by ABB Company to look over the connection and communication between the
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computer and ABB robots connected to it. Spobtocol take charge of establishing the
connection ad maintain it as long as needé&2h the other hand, the latter protocol is only
responsible for generating telegrams for each specific task or massage that is to be
exchanged. These two protocols aréyfexplained by ABB user manual the Computer

Link part.

In the case of the manual communication, there is no need for the use of A&SAP cl
Sincethe user gives the telegramiready Once the user hit send, an instant of ADLP10
class is created, andhe method EstablishContactAndSendTelegram(SerialPort,
Telegram) is called where the first argument is the serial port to be used for the connection
and the second one is the telegram to be sent. Next, this method will arrange the telegram
and prepare ito be sent according to AI10 protocol standards.agh byte is sent
separately and after sending all the bytes in the telegram a checksum is created and sent
to the corresponding ABB robot. Then, the class awaits for ABB feedback. In case the
telegram wasuccessfully sent, the class either prepare for receiving a telegrarthom
robot orterminates the communicatioaccording to the nature of the initial command or
message sent from the comput@n the other hand if the telegram was corrupted while
sending it, the class will act according to the protocol and either send the telegram again

or terminates the connection.

For the ase of automatic communicatioan instance of ARAP class is created and for
each button in the automatic communication tadrehis a corresponding method to
convert thaspecific order to a telegramfter that the same procedure with the manual

communication takes plate send the desired command

Moving on to offline path uploading, when the user open a text file expdess the
assembly level syntax and click on the upload button, the following series of actions
happen in the background. First, the program is stored as an array where each element

represents a byteThen the ConstructTelegramsOfPathPrograAésemblyProgram,

79



ProgNumber) methoth ARAP classtakes both the number of the program and the
program iself and divides the overall progranto a nunber oftelegrams to be sent in
ordered manneiThe number of telegrams depends solely on the size pfalgeam(since

the prograntan exceeds 128 bytes, which is the maximum length of one telegram). Then,
ADLP10 class take charge in sending these telegram one at a time according to the rules
put by ABB. If in the process of uploading the program sometgoes wrong in the

communication, ADLP10 class will inform the user and terminates the process.

Consequently, if the user prefers to use the second syntax type describes earlier, the
software will first convert the program into its assemblyglaage format using
ConvertToAssembly(Program) method. Then, the same procedure described in the

paragraph above takes place.
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CHAPTER 5

SAMPLE RUNSAND EXPERIMENTAL RESULTS

5.1 Introduction

In this chapter three sample workpieces are presented to test the phactitahality of

the study. First part will show the result of generating a path for edge scanning. The second
one is presented to show the capability of the software to generate a path for a relatively
crowded partin terms of edge numbers and shapespmeplane. Lastly, the third part

will provide an example of an overall collisidree path that can process different edges

in different planes anelevations

The test setup consists of the ABB IRB200@rking talbe and the workpiece tbe
processedn addition, for the two last parts, a spindle holder and a flex attachment spindle
(Dremel 25) are usedsee kgure 51. As for the computer connected to ABB IRB200 it
has arintelE C o r 4EDOHQTCPU processor working at 2.4 GHz.
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A ABB |IRB2000

<%

Working Table

Figure5-1: Test Setup lllustration.

The spindle holder consists of two pieces that daela¢d to each other by four M6érew
rods. Check Appendix or the technical drawing of the spindle holder

5.2 Sample Part 1

This partis an arbitrary part that was manufactured for the sole purpose of testing and
confirming the overaalgorithm of the study, seeigure 52. The bounding box of the

part is 125mmx95mmx70mrior the full techital drawing refer to appendix.D
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Figure5-2: Trimetric view of part 1.

The objective is to generate a path for the-effiector in order to scan the edges of the
given part.The part is not directly mounted on the worktagle. Instead, a smallprece
actslike a base, is mounted on the working table and then thésgaaced on top af as
shown inAppendix E This is done just to give the robot extra freedom to reach more
edges.

First step is defining the position of the part with respect to the Igtobadinatesystem.
This is done bylefining a reference frame and attach it to the part. Fig@reH®ws such

reference frame.
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¥
@ FirstAlimunim (Default<:
3 History
(@) Sensors
(&) Aanotations
4= Material <not specifie{
%, Front Plane
%, Top Prane
4 Right Plane
1. Origin
G Boss-Extrude!

+ @ Cut-Extrude2 I

J+ Coordinate System1

= *Left

1L

SolidWorks Premium 2014 x64 Edition Editing Part MMGS - 4

*Trimetic.

Figure5-3: The defined reference frame is shown as Coordinate System1.

Next, the groud face is selected, as seen igle 54.

aasn@-J-v-eR-=-

§ FirstAlimunim (Default<

43 History
(2 Sensors

(A Annotations
4= Material <not specifieq
3 Front Plane
%3 Top Plane
% Right Plane
1. Origin

1Y

+@
@ Cut-Extrude2
. Coordinate System1

¢ :
I ol [ VioionSiuayi]

‘irstAlimunim Editing Part MMGS - @

Figure5-4: Selecting the ground face.

Then, bllowing the steps explned in chapter four, the user input were selected as
follows, see kyure 55:

T Process Type: Scanning
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T offsetvalue 5mm

T offset direction equal to the average of the normals of the adfacent faces of
each edge

| Off-line Path Generation Add-On x|

Please select a refrence frame to be set as the global coordinate system and the
faces of the part that will be directly contacting the mounting table.

Specify the part's offset from the origin of the global
coordinate system

¥-component [meters]:

0.85
y-component [meters]: | g
0.9

1
z-component [meters]:

Update Working Table Dimentions |

Update Tool's Dimensions |

Update Spindle's/Scanner's Dimensior |

Process Type

" Edge Finishing

Offset Value

Offset distance from edges [millimeters]: 5

Approach angle:

(& Average vector of the normals of the two adjacent faces.

(" Normal to the normal of the adjacent face milled lastly.

Specify the order of which the faces were machined... | Run

Figure5-5: User input for scanning Part one.

The part has a total @fl edges, all convex. Excluding theix ground edges, the software
tries to generate a path to scan the remaining 15sedgavever, two of the edges turns
out to be areachable in the given orientati@hown in red in Figure-6. Therefore, the
overall generated patjoes ovell3 edges of the paffhe order at which theselges are
processed is given inigure 56. The software took 19 seconds to generateotitput
motion.
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Figure5-6: The order of which the edge§part oneare scanned.

The complete generated path f&ganning the mentioned 1&lges can be found in
Appendix E

5.3 Sample Part 2

This part represents the general characteristics of a casing part, i.e, ggingy engine
casing etc., seeigure 57. The bounding bowf the patis 250mmx200mmx28m. For
the full techmcal drawing refer to appendix.D
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Figure5-7: Trimetric view of part 2.

The objective is to generate a path for the-efiielctor in order to deburr the edges of the
given part.Since no actual deburring is taking place the part is directly mounted in the

working table without fixing it to a fixture.

First step is defining the position of the part with respect to thebtmordinates system.
Thisis done by defining a referenframe and attach it to the part. Figur8 Shows such

reference frame.
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Figure5-8: The defined reference frame is shown as Coordinate System1.

Next, the groud face is selected, as seen igure 59.

188 History

Faw R

Figure5-9: Selecting the ground face.

Then, following the steps explained in chapter four, the user input were selected as

follows, see kgure 510:

T Process Type: Finishing
T offset valuedmm

T offset directionNormal to the formationf burrs
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.Off—line Path Generation Add-On x

Please select a refrence frame to be set as the global coordinate system and the
faces of the part that will be directly contacting the mounting table.

Specify the part's offset from the origin of the global
coordinate system

x-component [meters]: [ g5
y-component [meters]: | g
z-component [meters]: | 5a

Update Waorking Table Dimentions |

Update Tool's Dimensions |

Update Spindle's/Scanner's Dimensior |

Process Type
(® Edge Finishing

(" Edge Scanning

Offset Value

Offset distance from edges [millimeters]: 1

Approach angle:

(" Average vector of the normals of the two adjacent faces.

(® Normal to the normal of the adjacent face milled lastly.

Specify the order of which the faces were machined... | Run

Figure5-10: User input for scanning Part two.

The part has a total af1 convexedges. Excluding theightground edges, the software
tries to generate a path poocesghe remainings3 edgesAll these edges aractually
reachableTherefore, the overall generated path goes aN@f the 63edges. The order
at which thesedges are processed is given igufe 511.Moreover,the software took

45 second to generate the overall path.
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Figure5-11: The order of which the edges of pavb aredeburred

The complete generated path fabdrring the mentioned 68dges can be found in
Appendix E

5.4 Sample Part 3

This part represents the general charadtesisf a V6 engine bloclsee kgure 512. The
bounding box of the part is 200mmx150mmx100mm. For the full technical draeferg
to appendix D

90



Figure5-12: Trimetric view of part 3.

The objective is to generate a path for the-effiector inorder to deburr the convex edges
of the given part. Since no actual deburring is taking place the part is directly mounted in

the working table without fixing it to a fixture.

First step is defining the position of the part with respect to the globalinates system.
As discussed earlier, this is done by defining a reference frame and attach it to the part.

Figure 513 shows such reference frame.
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T
§ EngineBlocVs (Defauit<<(]
+ 18 History.
(&) Sensors.
+ (4] Annotations
= Material <not specified>
3, Front Plane.
: Top Plane
4 Right Plane
1. Origin
+ @ Boss-Bxrudet X
- @ CurExnudet L
+ @ Cut-Extrude2 ;
£3 Body-Move/Copy!
% Body-Move/Coppz 3= "Front
23 Body-Move/Copy3 g
() Sketnd.
3 Coordinate System

Pinate System!

= teft

g
AASB-P-v-@R-F-
: e
1

“Top “Trimekic

Figure5-13: The defined reference frame is shown as Coordinate System1.

Next, the groud face is selected, as seen igufe 514.

LANNS-F-~-QR-8-

B EngineBIockV (Defauit<-<(]
59 History
3 Sensors
(4] Annotations
4= Material <not specified>
% Front Plane
4 Top Plane.
% Right Plane
1. Origin
&l Yooss-Exvuce|
@ Cut-Extrucel
# @ Cut-Bxtrude2
3 Body-Move/Copyl
3 Body-Move/Copy2

3 Body-Move/Copy3
& () Sketent
2 Coordinate System1

Figure5-14: Selecting the ground face.

Then, following the steps explained in chapter four, the user input were selected as

follows, see kgure 515:

T Process TypeFinishing
T offset value Imm

T offset direction: Normal to the formation of burrs
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lOff-Iine Path Generation Add-On K

Please select a refrence frame to be set as the global coordinate system and the
faces of the part that will be directly contacting the mounting table.

Specify the part's offset from the origin of the global
coordinate system

x-component [meters]: | .gzs
y-component [meters]: | g
z-compenent [meters]: | g.g

Update Working Table Dimentions |

Update Tool's Dimensions |

Update Spindle's/Scanner's Dimensior |

Process Type
(@ Edge Finishing

(" Edge Scanning

Offset Value

Offset distance from edges [millimeters]: 1

Approach angle:

(" Average vector of the normals of the two adjacent faces.

® Normal to the normal of the adjacent face milled lastly.

Specify the order of which the faces were machined... | Run

Figure5-15: User input for scanning Pétftree

The part has a total @4 convex edges. Excluding ttieur ground edges, the software
tries to generate a path to process the remaROregigesFour of theseedgegurn to be
unreachable in the given orientation by the-effdctor shown in red in Figure-%6.
Therefore, the overall generated path goes b8edges. The order at which thesiges

are processed is given ifgbre 516. Where the time needed by the software to complete

thepath generation was 26 seconds.
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Figure5-16: The orde of which the edges of part thrage deburred.

The complete generated path for deburring the mentidgeeldges can be found in
AppendixE.
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CHAPTER 6

CONCLUSION

6.1 Discussionand Summary

The main goal of this studg to automatically generate a nominal collisioee path for
6-DoF robotic arm for performing edge finishiagd scanningrocesses. This objective

was achieved by developing a software in the SolidWorks API using Visual Basic
programming language. ABBRB2000 model was considered as the robotic manipulator
throughout the study. The performance of the software was verified by running tests on

several workpieces.

The system haBve main logical steps for reaching the main objective, as described in
Chagpers 2, 3, and 4. In the first step, all the processing motion segments are generated

and the ones that are collisifnree are stored.

In the second step, all the starting and ending positions of each processing @r@ions
recognized and sted, referred to as critical posit®mainly for the generation of nen
processing motions, since each fpncessing motion connects two of these critical

positions.
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In thethird step, all possible neprocessing motion segments are generated andthgain
ones with no collision are stored in memoris step is considered ase ofthe main
contributiors of the study. The RFA motion approach reduces the complexity of both
calculating a motion between two positions and the number of calculais@akedor

constructing all possibleonprocessing motions.

In thefourth step, a greedy search algorithm is utilized to find a suitable subset-of non
processing motions from the list of all possible4poacessing motions. Such subset when
put together withthe collisionfree processing motions results inanecteaverall path

that the robot is meant &xecute

In thefifth step, theoverall path is transformed into motion commands and sent to the
ABB IRB2000 as a motion program that get stored in theaomg of the robot and can be

executed at any time.

The study was verified by performing three sample runs on different workpieces. In all
three runs the algorithm was able to generate a patbsgnthan a minute for each
workpiece, making it a fastoff-line path generator algorithm for edge finishing and
scanning.Compared with the classical poitd-point teaching method, which takes
several hours to a day perform, depending on the skill of the worker and the complexity
of the pieceWhile other offline path generation approaches using the CAD model of the

considered workpiece, such[@%, needa processing time around three hours on average.
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6.2 Future Work

This study can be further extended to include any arbitrarily shaped edges. Different
approaches may be applied to achieve this objective. Discretizing the 3D curve of the edge
into small straight lines can be a solution. The sampling period may be of coadtent

or a variable one that depends on the curvature of the curve at thedspoipte

More algorithms can be applied to generate theprooessing motions betweerntical

poses. RFA motion wadeveloped andsed in this study; however, maather different
algorithms can beimplementedand a comparison may be madexamples of such
algorithms can bartificial potential fietl approacti22], probabilistic road magd&1] and
artificial force field method23]. Moreover, RFA motion algorithm can be modified by
utilizing one of the previously discussed algorithms to generate the retract/approach

motions, making RFA more efficient.

Different search algorithms can be utéid for solving the TSP problemlthough the
nearest neighb@lgorithm gives a solution thah averagés in the25% of best solutions.
Some other heuristic algorithms, likdatch Twice and Stitch method (MT$30],

discussed earliecan be implemented
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APPENDIX A

METHODS DEVELOPED AND USED IN THE SOFTWARE

A.1 SolidWorks Add-Ons Package

This software was developed in SolidWorks API usMigual Basic programming
languaye. Therefore, an object oriented approach is adopd#dhe methods belong to
one of the main classes of the code, namely, MainWindow and PathGeneratorEngine. The

general purpose of each class is as follows:

1 MainWindow: Responsible for the graphical interface with user, both for inputs
and outputs.

1 PathGeneratorEngine: Calculates both the praogasd norprocessig motions
of the endeffector and checks if gnof these motions have collisiank also
generates the ovdraath by selecting a subset from the fmocessing motions

in order to yield a connected motion.

A.1.1 MainWindow Methods

SelectEdge3( Performs the default edge seleati
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OrderFaces(ByRef swSelectMgr As SldWorks.SelectionMgr): if@thods assigns the
order of which the faces were machined. This is used when the approach anglens chose

to be normal to the firshachinedacebetween the two adjacent faces of the given edge.

CreateTxtFile(Collection OverallPath): Creates a textfilhe overall path in the syntax

given by ABB mentioned earlier.

A.1.2 PathGeneratorEngine Methods

CalculateProcessMotions(NumberOfLines As Integer, I() As Line): Calculates the

processing motion of each selected edge.

InverseKinematics(Rot As Varignr As Variant): this method performs the pmsial
inverse kinematics ABB IRB2000 for a given position.

BuildLink(ByVal Link As LinkPose, ByVal LinkNumber As Integer): This method is
called six times, each time for creating the cuboid represemimgfdhe six links of the

robot arm.

CalculateLinksPose(theta As Variant): This is the positional forward kinematics analysis.
Where the methods decides on the position of each link for a given joint angles.

GetProcessMotionsOfReachableEdgkstiberOfLines As Integer, I() As Line): Check

each processg motion for collisions and tads the ones that are collistbree.
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GetCriticalPoses(Collection ProcessMotions): Creates a critical pose instant for each

starting or ending position of a proceggsimotion.

GetRetractionMotionFromPoseAndCheckCollision(Pose As CriticalPose): Calculates the

retraction motion of the given critical pose and check it for collisions.

GenerateNonProcessMotionBetween(StartPose  As  CriticalPose, EndPose As
CriticalPose) This method generates the Aorocessing motion between the given start

and end positions.

GetOverallPath(ProcessMotion As CollectiofdllNonProcessMotions As Motiony)
This is for the search algorithm applied for selecting a suitable subset from thifealist

norrprocessing motions to yield a final overall connected path.

A.2 ABB User Interface Software

As mentioned earlier this softweawas developed in C++ languagéetefore, an object
oriented approach is adoptedl the methods belong to one thfe main classes of ¢h
code, namely, MainWindow, ADR10Protocol and ARAPProtocol. The general purpose
of each class is as follows:

1 MainWindow: Responsible for the graphical interface with user, both for inputs
and outputs.

1 ADLP10Protocol: Establishes thennection and maintainisas long as needed.
Makessure each telegram received by any party is fully understoddf not act
accordingly. inally it ends the connection once all the data is exchanged.

1 ARAPProtocol: Transform the command given by therustotelegrams, which
is later sent by ADP10Protocol to the robot.
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A.2.1 MainWindow Methods

OpenCloseSerialPort(QString COMname): Toggles the state of the serial port specified
by COMname.

UpdateMsgBoxes(): This method checks which tab is actiatagpdate all the widgets
in that tab according to the data received by ABB.

A.2.2 ADL P10Protocol Methods

EstablishContactAndSendTelegram(QSerialPort *serial, QList<QByteArray>
Telegram): Establish the connection between the computer and ABB roltbearsend

the list of telegrams in ordered manner.

ConcludeTelegrangSerialPort*serial): Concludes the telegram by calculating the Bit
Check Sum (BCS) and sending it to the robot followed by ETX.

DataRecieved)SerialPortserial): This method takes theeceiveddata andnterpretsit
according to the state of the communication and decides if the received data is actual

information or communication data and acts accordingly.

SendAcknowledgmen@SerialPort serial): Sending ACK byte tABB to acknowledge
a previously sent telegram or order from the ABB.
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TerminateContac@SerialPort*serial): This method is used at the very end of the

communication stage, it basically terminates the connection.

A.2.3 ARAPProtocol Methods

UpdateStatuSommand(): Constructs a telegram for function 19 of ARARckvrequires
the robot to givats status.

GetAnglesCommang): Constructs a telegram for function 44 of ARAP, which requires

the robot to give an extended status message that includes the angles of its joints.

MovementCommand(onstructs a telegram for function 24 of ARAP, which commands
the robot to move tde given position. All the parameters of the motion is retrieved from
the text boxes filled by the user.

GoHomeCommand()Constructs a telegram for function 2 of ARAP, which commands

the robot teexecute a program in its memory. In this case it is 2208ram.

ConstructTelegramsOfPathProgram(QByteArray ~ AssemblyProgram,  QByteArray
ProgNumber): Translate the normal syntax of the petlgram to assembly format.
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APPENDIX B

USED ARAP PROTOCOLOGOS FUNCTI ¢

This appendix shows theyntax or structure of the functions, which is used in this study,
to communicate and command the ABB IRB2000 roBath line is one byte of

information. These telegrams are sent through a USB port.

Function 1 Transfer of program/ block of programs froine computer to robot. Used to

transfer the path program.

NOB

DESTINATION ADDRESS

SOURCE ADDRESS

FUNCTION CODE = 1

Not used 0/1] 0 | 1
FUNCTION SUFFIX

PROGRAM NUMBER

BLOCK NUMBER

""ROBOT PROGRAN

-
WNHOVONOUTS WN O

NOB-1

FigureB-1: Command telegram of function 1.
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7 6 5 4 3 2 1 0

\ NOB = 12 (10 if ERROR CODE)

DESTINATION ADDRESS
SOURCE ADDRESS
| FUNCTION CODE = 1
Not used ] 0 JoA] 2
| FUNCTION SUFFIX = 0/1

’ PROGRAM NUMBER (or ERROR CODE)

_oOoOwvo~NOUMS~LWNEO

‘ BLOCK NUMBER

[y

FigureB-2: Response telegram of function 1.

Function 2: Start of robot Bgram. Used to start the generated path and to command the

robot to go to home position.

7.8 3 &% Bl 2¢{1°0

NOB

DESTINATION ADDRESS
SOURCE ADDRESS

FUNCTION CODE = 2

Not used 0] 0] 1
FUNCTION SUFFIX

PROGRAM NUMBER

VCOoONONPWNEREO

FigureB-3: Command telegram of function 2.

7- 68 5 & 3 -2 1 ©

NOB = 10

DESTINATION ADDRESS

SOURCE ADDRESS

FUNCTION CODE = 2

Not used | 0 |0/1] 2
FUNCTION SUFFIX

PROGRAM NUMBER (or ERROR CODE)

VCONOTNMPWLWNEO

FigureB-4: Response telegram of function 2.
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Function 19Requests the status of the robot. Used to fill the information in the

automatic communication tab in the ABB user interface software.

IR IO SR Bl aale Sl S

NOB = 8

DESTINATION ADDRESS

SOURCE ADDRESS

FUNCTION CODE = 19

Not used o T T |
FUNCTION SUFFIX

NoudbwNoe=O

FigureB-5: Command telegram of function 19.

7. & 8. & 32 X0

NOB = 62 0
1

DESTINATION ADDRESS 2
SOURCE ADDRESS 3
FUNCTION CODE = 19 4
Not used |ORT| 0 | O | 2 5
FUNCTION SUFFIX g
DUMMY 8
9

DUMMY 10
11

PROGRAM NUMBER 12
13

INSTRUCTION NUMBER 14
15

Actual TCP 16
Actual FRAME 17
IR | IR |PU [KEY| M O D E | 18
DUMMY 19
COORDINATES for actual ROBOT 20
POSITION, 42 bytes . 21
22

61

FigureB-6: Response telegram of function 19.
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Function 24: Maneuvering of robot from the user computer. Used in the automatic
communication tab in the ABB user interface software to command to the robot to go

the desired position from its current position.

7 6 5 4 3 2 =1 0

NOB = 60 0
1

DESTINATION ADDRESS 2
SOURCE_ADDRESS 3
FUNCTION CODE = 24 4
Not used |ORT| 0 | O | 1 5
FUNCTION SUFFIX = 0-3 6
' 7

PROGRAM NUMBER 8
9

INSTRUCTION NUMBER 10
11

HANDPOS 12
MOVE DATA 13
VELOCITY (mm/s) 14
15

VPROG (%) 16
8 o 17
COORDINATES, 42 bytes 18
19

20

59

FigureB-7: Command telegram of function 24.

7 6 5 4 3 2 1 o0

NOB = 12 (10 if ERROR CODE)

o= O

DESTINATION ADDRESS
SOURCE ADDRESS

FUNCTION CODE =
Not used |
FUNCTION SUFFIX

7%
0 [0/1] 2
- 0-3

PROGRAM NUMBER (or ERROR CODE)

INSTRUCTION NUMBER

HOWwWoO~NO U & W

-

FigureB-8: Response telegram of function 24.
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Function 44: Requests an extended status of the robot. Used to get the current joint

angles values in the automatic communication tab in the ABB user intedteare.

. 6 > 4- 3. 2 10

NOB = 8 0
e _ 1
DESTINATION ADDRESS 2
SOURCE ADDRESS 3
FUNCTION CODE = 44 4
Not used ] 0] 0| 1 5
FUNCTION SUFFIX 6
7
FigureB-9: Command telegram of function 44.
7 6 5 4 3 2 1 0
NOB = 50 0
? 1
DESTINATION ADDRESS 2
SOURCE ADDRESS 3
FUNCTION CODE = 44 4
Notused [ O[] O0OJO] -2 5
FUNCTION SUFFIX ;:
AXTS POSITION IN RADIANS 8
(FI1-FI6) 24 bytes
31
ORDERED ROBOT POSITION 32
x,Y,2) 6 bytes
37
COORD | REFP | |S/T| 38
ACT. SOFT SERVO NO 39
NOMINAL SPEED 40
(Vg) 2 byte 41
MAXIMUM SPEED 42
(Vm) 2 byte 43
POS. INSTR. SPEED (or TIME) 44
(Vp in Z or T in sec) 2 byte | 45
SPEED CORRECTION, OVERRIDE 46
(Vo) 2 byte 47
TCP VELOCITY 48
(Vtep) 2 byte 49

FigureB-10: Response telegram of function 44.
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APPENDIX C

FLOWCHART OF PATH GENERATION ALGORITHM

Mark edge as unreachable

Take the desired edges to be
scanned /finished

Do the following for each pair of
CPs

Calculate a Processing Motion for
each selected edge

Do the following for each
calculated motion

Is the
meotion
collision
free?

Store motion in memory

Define two Critical Positions (CP)
for each Processing Motion

I

Generate a Retraction Motion for
each CP

Do the following for each
Retraction Motion

Mark corresponding edge
asunreachable

Is the
motion
collision
free?

Store motion in memory

|

Does the
pair share
avertex on
the part?

Does the
pair share

a
reachable

Generate motion

Does any
angle

exceeds it
physical

Does any
angle
exceeds it
physical

Generate RFA
Motion

Store generated motion

| Construct TSP graph |

T
| Solve TSP and get the |

overall path

T
| End |
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APPENDIX D

TECHNICAL DRAWI NG
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APPENDIX E

GENERATED PATHS IN CHAPTER 5

E.1Partl

POS=(872.
POS=(868.
POS=(868.
POS=(867.
POS=(816.
POS=(814.
POS=(785.
POS=(784.
POS=(784.
POS=(787.
POS=(867.
POS=(868.
POS=(913.
POS=(916.
POS=(916.
POS=(915.
POS=(886.
POS=(884.
POS=(868.
POS=(884.
POS=(885.
POS=(885.
POS=(924.
POS=(824.
POS=(721.
POS=(775.
POS=(814.
POS=(814.
POS=(775.
POS=(660.
POS=(640.
POS=(69@.
POS=(782.
POS=(782.
POS=(690.
POS=(585.
POS=(664.
POS=(713.
POS=(784.
POS=(784.
POS=(713.
POS=(614.
POS=(95@.

4,47.5,1020.0,0.000000,-0.667414,0.000000,0.744687) V=100% PATH
0,47.5,980.0,0.000000,-0.667414,0.000000,0.744687) V=100% PATH
9,-47.5,980.0,0.000000,-0.667414,0.000000,0.744687) V=20% PATH
5,-51.0,978.5,0.653281,-0.270598,0.270598,0.653281) V=100% PATH
5,-51.0,978.5,0.653281,-9.270598,0.270598,0.653281) V=20% PATH
9,-50.0,978.5,0.856519,-0.143445,0.354782,0.346303) V=100% PATH
9,-20.0,978.5,0.856519,-0.143445,0.354782,0.346308) V=20% PATH

5

@,-17.5,978.5,0.923880,0.000000,0.382683,0.000000) V=100% PATH
®,47.5,978.5,0.923880,0.000000,0.382683,0.000000) V=20% PATH

5,51.0,978.5,0.653281,0.270598,0.270598,-0.653281) V=100% PATH
5,51.0,978.5,0.653281,0.270598,0.270598,-0.653281) V=20% PATH

3,51.0,978.5,0.619854,0.197698,0.340266,-0.678907) V=100% PATH
3,51.0,968.5,0.619854,0.197698,0.340266,-0.678907) V=20% PATH

4,47.5,968.1,0.000000,-0.331631,0.000000,0.943409) V=100% PATH
4,-17.5,968.1,0.000000,-0.331631,0.000000,0.943409) V=20% PATH
6,-19.8,968.2,0.326056,-0.293124,0.195974,0.877132) V=100% PATH
6,-49.8,974.7,0.326056,-0.293124,0.195974,0.877132) V=20% PATH
3,-51.0,974.9,0.619854,-0.197698,0.340266,0.673907) V=100% PATH
3,-51.0,978.5,0.619854,-0.197698,0.340266,0.678907) V=20% PATH
3,-51.0,974.9,0.619854,-0.197698,0.340266,0.673907) V=100% PATH
5,-52.1,971.4,0.390353,0.390353,0.589597,0.589597) V=100% PATH

1,0

5,-52.1,908. .390353,0.390353,0.589597,0.589597) V=20% PATH
5,-144.2,908.1,0.911461,0.030491,0.404459,-0.068713) V=100% PATH
4,-129.0,1020.0,0.911461,0.030491,0.404459,-0.068713) V=100% PATH
7,-137.8,1020.0,0.938985,0.019872,0.338942,-0.055051) V=100% PATH
5,-144,2,975.0,0.938985,0.019872,0.338942,-0.055051) V=100% PATH
5,-52.1,975.0,0.589597,-0.589597,-0.390353,0.390353) V=100% PATH
5,-52.1,908.1,0.589597,-0.589597,-0.390353,0.390353) V=20% PATH
5,-144.2,908.1,0.925632,0.021919,0.373871,-0.054268) V=100% PATH
4,-130.6,1020.0,0.925632,0.021919,0.373871,-0.054263) V=100% PATH
5,-47.2,1020.0,0.930413,0.033988,0.353821,-0.089377) V=100% PATH
2,-56.9,975.0,0.930413,0.033988,0.353821,-0.089377) V=100% PATH
9,-19.4,975.0,0.694098, -0.694098, -0.135010,0.135010) V=100% PATH
9,-19.4,908.1,0.694098,-0.694098,-0.135010,0.135010) V=20% PATH
2,-56.9,908.1,0.915073,0.037636,0.391787,-0.087903) V=100% PATH
4,-36.5,1020.0,0.915073,0.037636,0.391787,-0.087903) V=100% PATH
6,126.0,1020.0,0.930584,0.015755,0.363508,-0.040333) V=100% PATH
3,121.7,975.0,0.930584,0.015755,0.363508,-0.040333) V=100% PATH
©,51.0,975.0,0.653281,-0.653281,0.270598,-0.270598) V=100% PATH
9,51.0,908.1,0.653281,-0.653281,0.270598,-0.270598) V=20% PATH
3,121.7,908.1,0.911567,0.017721,0.408864,-0.039509) V=100% PATH
0,130.4,1020.0,0.911567,0.017721,0.408864,-0.039509) V=100% PATH
©,0.0,1585.0,1.000000,0.000000,0.000000,0.000000) V=100% PATH

Figure E1: The generated path to scan the mentioned 13 edges of part one.
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E.2 Part 2

P0OS=(963.0,-22.7,868.0,0.000000,0,707107,0.000000,-0.707107) V=100% PATH
P0OS=(963.0,-22.7,826.0,0.000000,0,707107,0.000000,-0.707107) V=100% PATH
P0S=(963.0,22.7,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
P0S=(963.0,22.7,826. .000000,0,707107,0.000000,-0.707107) V=100% PATH
P0S=(963.0,22.7,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
P0OS=(962.7,24.8,826. .0000002,0,707107,0.000000,-0.707107) V=20% CIRCLE
P0OS=(961.9,26.7,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
POS=(960.7,28.3,826. .000000,0.707107,0.000000,-0.707107) V=20% CIRCLE
P0S=(959.0,29.6,826. .000000,0.707107,0.000000,-0.707107) V=20% PATH
P0S=(959.0,29.6,826. .000000,0.707107,0.000000,-0.707107) V=100% PATH
P0S=(959.0,29.6,826. .000000,0.707107,0.000000,-0.707107) V=20% PATH
P0OS=(954.7,33.9,826. .000000,0.707107,0.000000,-0.707107) V=20% CIRCLE
P0S=(953.0,39.7,826. .000000,0.707107,0.000000,-0.707107) V=20% PATH
P0OS=(954.4,45.6,826. .000000,0.707107,0.000000,-0.707107) V=20% CIRCLE
P0S=(958.5,50.1,826. .000000,0.707107,0.000000,-0.707107) V=20% PATH
P0S=(958.5,50.1,826. .000000,0.707107,0.000000,-0.707107) V=100% PATH
P0S=(958.5,50.1,826. .000000,0.707107,0.000000,-0.707107) V=20% PATH
POS=(960.4,51.7,826. .000000,0.707107,0.000000,-0.707107) V=20% CIRCLE
P0S=(961.6,53.8,826. .000000,0.707107,0.000000,-0.707107) V=20% PATH
P0OS=(962.2,56.2,826. .000000,0.707107,0.000000,-0.707107) V=20% CIRCLE
P0OS=(962.0,58.7,826. .000000,0.707107,0.000000,-0.707107) V=20% PATH
P0OS=(962.0,58.7,826. .000000,0.707107,0.000000,-0.707107) V=100% PATH
P0OS=(962.0,58.7,826. .000000,0.707107,0.000000,-0.707107) V=20% PATH
P0OS=(958.2,68.5,826. .000000,0.707107,0.000000,-0.707107) V=20% CIRCLE
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P0OS=(951.9,76.9,826. .000000,0,707107,0.000000,-0.707107) V=20 PATH
P0OS=(943.5,83.2,826. .0000002,0,707107,0.000000,-0.707107) V=20% CIRCLE
P0S=(933.7,87.8,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
P0S=(933.7,87.8,826. .000000,0,707107,0.000000,-0.707107) V=100% PATH
P0S=(933.7,87.8,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
P0OS=(931.2,87.2,826. .0000002,0,707107,0.000000,-0.707107) V=20% CIRCLE
P0OS=(928.8,86.6,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
P0S=(926.7,85.4,826. .0000002,0,707107,0.000000,-0.707107) V=20% CIRCLE
P0OS=(925.1,83.5,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
P0OS=(925.1,83.5,826. .000000,0,707107,0.000000,-0.707107) V=100% PATH
P0OS=(925.1,83.5,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
P0S=(920.6,79.4,826. .0000002,0,707107,0.000000,-0.707107) V=20% CIRCLE
P0OS=(914.7,78.8,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
POS=(988.9,79.7,826. .0000002,0,707107,0.000000,-0.707107) V=20% CIRCLE
POS=(984.6,84.8,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
POS=(984.6,84.8,826. .000000,0,707107,0.000000,-0.707107) V=100% PATH
POS=(984.6,84.8,826. .0000002,0,707107,0.000000,-0.707107) V=20% PATH
POS=(983.3,85.7,826. .0000002,0,707107,0.000000,-0.707107) V=20% CIRCLE
P0OS=(901.7,86.9,826. .000000,0.707107,0.000000,-0.707107) V=20% PATH
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o0 0 0 00 60 0 0 0 0 000 09 0 0 0.0 0 @ @@ 0 e @O0 @ @ 0 O &
-
o0 0 0 00 0 0 0 0 0 00 0 9 00 0.0 0 0@ @@ 0@ e @O @ 0 O @

FigureE-2: First part of the generated path to deburr the mentioned 63 edogs bfo.
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V=20% CIRCLE
V=20% PATH
V=100% PATH
V=20% PATH
V=100% PATH
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V=20% PATH
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V=20% PATH
V=20% CIRCLE
V=20% PATH
V=100% PATH
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=100% PATH
V=20% PATH
V=20% CIRCLE

FigureE-3: Second part of the generated path to deburr the mentioned 63 edges of part two.
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FigureE-4: Third part of the generated path to deburr the mentioned 63 edges of part two.
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POS=(897.7,-88.0,826.0,0.000000,0.707107,0.000000,-0.707187) V=100% PATH
POS=(897.7,-88.0,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% PATH
POS=(899.8,-87.7,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% CIRCLE
POS=(901.7,-86.9,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% PATH
POS=(903.3,-85.7,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% CIRCLE
POS=(904.6,-84.0,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% PATH
POS=(904.6,-84.0,826.0,0.000000,0.707107,0.000000,-0.707187) V=100% PATH
POS=(904.6,-84.0,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% PATH
POS=(908.9,-79.7,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% CIRCLE
P0S=(914.7,-78.0,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% PATH
P05=(920.6,-79.4,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% CIRCLE
P0S=(925.1,-83.5,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% PATH
P0S=(925.1,-83.5,826.0,0.000000,0.707107,0.000000,-0.707187) V=100% PATH
P0S=(925.1,-83.5,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% PATH
P0S=(926.7,-85.4,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% CIRCLE
P0S=(928.8,-86.6,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% PATH
P05=(931.2,-87.2,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% CIRCLE
P0S=(933.7,-87.0,826.0,0.000000,0.707107,0.000000,-0.7071087) V=20% PATH
P05=(933.7,-87.0,826.0,0.000000,0.707107,0.000000,-0.707187) V=100% PATH
P0S=(933.7,-87.0,826.0,0.000000,0.707107,0.000000,-0.7071087) V=20% PATH
P0S=(943.5,-83.2,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% CIRCLE
P0S=(951.9,-76.9,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% PATH
P0S=(958.2,-68.5,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% CIRCLE
P0S=(962.90,-58.7,826.0,0.000000,0.707107,0.000000,-0.707187) V=20% PATH
P0S=(962.0,-58.7,826.0,0.000000,0.707107,0.000000,-0.707187) V=100% PATH
P0S=(962.90,-58.7,826.0,0.000000,0.707107,0.000000,-0.787187) V=20% PATH
P0OS=(962.2,-56.2,826.0,0.000000,0.707107,0.000000,-0.787107) V=20% CIRCLE
P0OS=(961.6,-53.8,826.0,0.000000,0.707107,0.000000,-0.707107) V=20% PATH
POS=(960.4,-51.7,826.0,0.000000,0.707107,0.000000,-0.7871087) V=20% CIRCLE
P0S=(958.5,-50.1,826.0,0.000000,0.707107,0.000000,-0.707107) V=20% PATH
P0S=(958.5,-50.1,826.0,0.000000,0.707107,0.000000,-0.707107) V=100% PATH
P0S=(958.5,-50.1,826.0,0.000000,0.707107,0.000000,-0.707107) V=20% PATH
POS=(954.4,-45.6,826.0,0.000000,0.707107,0.000000,-0.787107) V=20% CIRCLE
P0S=(953.0,-39.7,826.0,0.000000,0.707107,0.000000,-0.707107) V=20% PATH
POS=(954.7,-33.9,826.0,0.000000,0.707107,0.000000,-0.787107) V=20% CIRCLE
P0S=(959.0,-29.6,826.0,0.000000,0.707107,0.000000,-0.707107) V=20% PATH
P0S=(959.0,-29.6,826.0,0.000000,0.707107,0.000000,-0.707107) V=100% PATH
P0S=(959.0,-29.6,826.0,0.000000,0.707107,0.000000,-0.707107) V=20% PATH
POS=(960.7,-28.3,826.0,0.000000,0.707107,0.000000,-0.7871087) V=20% CIRCLE
P0OS=(961.9,-26.7,826.0,0.000000,0.707107,0.000000,-0.707107) V=20% PATH
POS=(962.7,-24.8,826.0,0.000000,0.707107,0.000000,-0.787107) V=20% CIRCLE
P0S=(963.0,-22.7,826.0,0.000000,0.707107,0.000000,-0.707107) V=20% PATH
P0OS=(963.0,-22.7,868.0,0.000000,0.707107,0.000000,-0.707107) V=100% PATH
FigureE-5: Fourth part of the generated pattd&burr the mentioned 63 edges of part two.
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POS=(775.
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POS=(925.
POS=(925.
POS=(944.
POS=(961.
POS=(973.
POS=(977.
POS=(977.
POS=(977.

@,-34.5,826.0,0.500000,0.500000,0.500000, -0,500000) V=20% PATH
9,-36.1,826.0,0.500000,0.500000,0.500020,-0,500000) V=20% CIRCLE
5,-40.0,826.0,0.500000,0.500000,0.500000, -0.500000) V=207% PATH
9,-43.9,826.0,0.500000,0.500000,0.500020,-0,500000) V=20% CIRCLE
@,-45.5,326.0,0.500000,0.500000,0.500000, -0.500000) V=20% PATH
1,-43.9,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% CIRCLE
5,-40.9,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% PATH
1,-36.1,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% CIRCLE
®,-34.5,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% PATH
®,-34.5,868.0,0.500000,0.500000,0.500000, -0.500000) V=100% PATH
®,-50.0,868.0,0.500000,0.500000,0.500000, -0.500000) V=100% PATH
®,-50.0,826.0,0.500000,0.500000,0.500000, -0.500000) V=100% PATH
®,-50.9,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% PATH
©,-69.9,826.0,0.500000,0.500000,0.500020,-0,500000) V=20% CIRCLE
8,-86.8,826.0,0.500000,0.500000,0.500000, -0,500000) V=20% PATH
9,-98.9,826.0,0.500000,0.500000,0.500020,-0,500000) V=20% CIRCLE
@,-102.0,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
0,-102.0,826.0,0.500000,0.500000,0.500000, -0,500000) V=100% PATH
@,-102.0,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
0,-102.0,826.0,0.500000,0.500000,0.500000, -0,500000) V=100% PATH
@,-102.0,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
1,-98.0,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% CIRCLE
2,-86.8,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
©,-69.9,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% CIRCLE
®,-50.9,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% PATH
®,-50.0,826.0,0.500000,0.500000,0.500000, -0.500000) V=100% PATH
®,50.0,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% PATH
©,50.0,826.0,0.500000,0.500000,0.500000, -0.500000) V=100% PATH
®,50.0,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% PATH
©,69.9,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% CIRCLE
2,86.8,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
1,98.9,826.0,0.500000,0.500008,0.5000008, -0.500000) V=20% CIRCLE
©,102.0,826.0,0.500000,0.500000,0.500000, -0,500000) V=20% PATH
©,102.0,826.0,0.500000,0.500000,0.500000,-0,500000) V=100% PATH
©,102.0,826.0,0.500000,0.500000,0.500000, -0,500000) V=20% PATH
©,102.0,826.0,0.500000,0.500000,0.500000,-0,500000) V=100% PATH
©,102.0,826.0,0.500000,0.500000,0.500000, -0,500000) V=20% PATH
9,98.9,826.0,0.500000,0.500008,0.500000, -0.500000) V=20% CIRCLE
8,86.8,826.0,0.500000,0.500000,0.500020,-0.500000) V=20% PATH
©,69.9,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% CIRCLE
®,50.0,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% PATH
©,50.0,826.0,0.500000,0.500000,0.500000, -0.500000) V=100% PATH
®,-50.9,826.0,0.500000,0.500000,0.500000, -0.500000) V=20% PATH

FigureE-6: Fifth part of the generated path to deburr the mentioned 63 edges of part two.

128




POS=(915.
POS=(915.
POS=(918.
POS=(920.
POS=(918.
POS=(915.
POS=(911.
POS=(909.
POS=(911.
POS=(915.
POS=(915.
POS=(835.
POS=(835.
POS=(835.
POS=(831.
POS=(829.
POS=(827.
POS=(827.
POS=(827.
POS=(827.
POS=(827.
POS=(827.
POS=(827.
POS=(829.
POS=(831.
POS=(835.
POS=(835.
POS=(813.
POS=(813.
POS=(813.
POS=(813.
POS=(813.
POS=(812.
POS=(810.
POS=(808.

POS=(805

POS=(805.
POS=(745.
POS=(745.
POS=(745.
POS=(741.
POS=(739.

POS=(737.

9,-87

a,
a,
a,

9,87

1

H
Ln

=

¥

LD"-J"-J“-J“-J“-J"-J"-JLDI—"

a,
a,
a,
Fil
7,
1,
.9,
a,
a,
a,
a,
9,
3,
6,

0,-84.
0,-84.
9,-86.
5,-90.
9,-93,
@,-95.
1,-93,
5,-90.
1,-86.
0,-84.
0,-84.
0,-88.
0,-88.
0,-88.

3,-85.
6,-83.
0,-80.

5,
5,
1,
9,
9,
5,
9,
9,
1,
5,
5,
a,
a,
a,
.4,
75
1,
a,

0,-80.
80.
80.
80.
6,83.
3,85.

0,88.
0,88,
0,80.
0,80.
15.
5.

a,
0,816.
0,816.
0,816.
1,816.
7,816.
.4,816.
0,816.
0,868,
0,868,
0,816.
0,816.
0,816.
.0,816.
.9,816.
.3,816.
.6,816.
.0,816.
.0,816.
.0,816.
.0,816.
.0,816.
.6,816.
.3,816.

v I v I v I oo T o Y o Y o Y v T v

Ll

826.
826.
826.
826.
826.
826.
826.
826.
826.
826.
868.
868.
81l6.
81l6.
81l6.
81l6.
81l6.
81l6.
81l6.

[>T v I o I B v B v B v T v TR v B o I v B v I a7 R v

200 0 O 0 O @«

Ll Ll Ll Ll Ll Ll Ll

Ll

v I o B v B v B v B v T v B o T o R oo R a2 Y v TR o T v Y v L o T 2 R o Y v

e T v I o B o Y o I o I v T v T v I o B v B v B v I v

Ll Ll Ll Ll Ll bl bl bl bl bl bl bl

Ll

Ll

Ll

Ll

Ll

Ll

Ll

Ll

Ll

b

bl

bl

bl

bl

bl

bl

bl

bl

bl

D000 0000000000000

.500000,0,
.500000,0,
.500000,0,
.500000,0,
.500000,0,
.500000,0,
.500000,0,
.500000,0,
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.

.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.0egeae,0,
.0egeae,0,
.0egeae,0,
.0egeae,0,
.0egeae,0,
.0egeae,0,
.0ogean,0.
.0ogean,0.
.0ogean,0.
.0ogean,0.
.0ogean,0.
.0ogean,0.
.0ogean,0.
.0ogean,0.
.0ogean,0.
11.9,816.90,0.000000,0.707107,0.000000,-08.,707187) V=20% CIRCLE

7071e7,8.
7071e7,8.
7071e7,8.
7071e7,8.
7071e7,8.
7071e7,8.
7071e7,8.
7071e7,8.
7071e7,8.

Sgeeea,a.
Sgeeea,a.
Sgeeea,a.
Sgeeea,a.
Sgeeea,a.
Sgeeea,a.
Sgeeea,a.
Sgeeea,a.
5080e8,0.
5@eee0,0.
5@eee0,0.
5@eee0,0.
5@eee0,0.
5@eee0,0.
5@eee0,0.
5@eee0,0.
5@eee0,0.
5@eee0,0.

sgegea, -9,
sgegea, -9,
sgegea, -9,
sgegea, -9,
sgegea, -9,
sgegea, -9,
sgegea, -9,
sgegea, -9,
5gegea, -90.
S@eeee,-9.
S@eeee,-9.
S@eeee,-9.
S@eeee,-9.
S@eeee,-9.
S@eeee,-9.
S@eeee,-9.
S@eeee,-9.
S@eeee,-9.

sgeaea
sgeaea
sgeaea
sgeaea
sgeaea
sgeaea
sgeaea
sgeaea
5gea0e
seeeae
seeeae
seeeae
seeeae
seeeae
seeeae
seeeae
seeeae
seeeae
seeeae

V=100% PATH
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=20% CIRCLE
V=2@% PATH
v=1@e% PATH
v=1@e% PATH
v=1@e% PATH
V=2@% PATH
V=2@% CIRCLE
V=2@% PATH
V=2@% CIRCLE
V=2@% PATH
v=1@e% PATH

S@eeee,o0.
S@eeee,o0.
S@eeee,o0.
S@eeee,o0.
S@eeee,o0.
S@eeee,o0.
S@eeee,o0.
S@eeee,o0.
Sgeeea,a.
7071e7,8.
7071e7,8.
7071e7,8.
7071e7,8.
7071e7,8.
7071e7,8.

Seeeea, -

geeeee, -a
geecea, -9.
geecea, -9.
geecea, -9.
geecea, -9.
geecea, -9.
geecea, -9.
geecea, -9.
geecea, -9.

S@eeee,-9.

500000, -0.
500000, -0.
500000, -0.
500000, -0.
500000, -0.
500000, -0.
500000, -0.
000000, -0.
000000, -0.
000000, -0.
000000, -0.
000000, -0.
000000, -0.
.707107)

.500000)
500000)
500000)
500000)
500000)
500000)
500000)
500000 )
707107)
707107)
707107)
707107)
707107)
707107)
707107
707107
707107
707107
707107
707107
707107

)
)
)
)
)
)
)
707107)
“

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

V=2@% PATH
v=1@ee% PATH
V=2@% PATH
V=2@% CIRCLE
V=2@% PATH
V=2@% CIRCLE
V=2@% PATH
V=100% PATH
V=100% PATH
V=100% PATH
V=20% PATH
V=100% PATH
V=20% PATH
V=20% CIRCLE
V=20% PATH

V=20% CIRCLE
V=20% PATH

V=100% PATH
V=20% PATH

V=100% PATH
V=20% PATH

V=20% CIRCLE
V=20% PATH

FigureE-7: Sixth part of the generated path to deburr the mentioned 63 edges of part two.
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FigureE-8: Seventh pa of the generated path to deburr the mentioned 63 edges of part two.

130




POS=(735.
POS=(735.
POS=(738.
POS=(748.
POS=(738.
POS=(735.
POS=(731.
POS=(729.
POS=(731.
POS=(735.
POS=(735.
POS=(737.
POS=(737.
POS=(737.
POS=(737.
POS=(739.
POS=(741.
POS=(745.
POS=(745.
POS=(785.
POS=(785.
POS=(785.
POS=(788.
POS=(790.
POS=(788.
POS=(785.
POS=(781.
POS=(779.
POS=(781.
POS=(785.
POS=(785.
POS=(805.
POS=(805.
POS=(805.
POS=(808.
POS=(810.
POS=(812.
POS=(813.
POS=(813.
POS=(895.
POS=(895.
POS=(895.
POS=(921.

Wwowwwor
Woun 0 ] =] =] O

Ce]
as]

.5,826.
.5,826.
.1,826.
.0,826.
.9,826.
.5,826.
.9,826.
.0,826.
.1,826.
.5,826.
.5,868.
.0,868.
.0,816.
.0,816.
.9,816.
.3,816.
.6,816.
.0,816.
.0,868.
.5,868.
.5,826.
.5,826.
.9,826.
.0,826.
.1,826.
.5,826.
.1,826.
.0,826.
.9,826.
.5,826.
.5,868.
.0,868.
.0,816.
.0,816.
.4,816.
.7,816.
.1,816.
.0,816.
.0,868.
.0,868.
.0,816.
.0,816.
.2,816.

- - - - - - - - - - - - -

b

Q0 O 0 00 0 0 0 o L o @ @

D000 0000 000000000000 0000 e 0O«
Q0 O 0 00 0 0 0 e L o . @

- - - b b b b b b b b b b b b b b b b b b b b b b b b

D000 0000000000000 0000 eeed

-

.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.0000Bee,0.
.0000Bee,0.
. 000000,0.

. 000000, 0

.000000,0.
.000000,0.
.000000,0.
.000000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.
.500000,0.

. 707167,0
7071@7,0.
7071@7,0.
7071@7,0.
7071@7,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
560000,0.
560000,0.
560000,0.
560000,0.

500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
500000,0.
7e71e7,e0.
7e71e7,e0.
7071@7,0.

0oeveo, -0.
0oeveo, -0.
0oeveo, -0.
0oeveo, -0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
500008,-0.
5boeoe,-0.
5boeoe,-0.
5boeoe,-0.
5boeoe,-0.

500000, -0.
500000, -0.
500000, -0.
500000, -0.
500000, -0.
500000, -0.
500000, -0.
500000, -0.
500000, -0.
500000, -0.
500000, -0.
000000, -0.
000000, -0.
000000, -0.
.000000, -0.
707107)
707107)
707107)
707107)
500000)
500000)
500000)
500000)
500000)
500000)
500000)
500000)
500000)
500000)
500000)
)
)
)
)
)
)
)
)
)
)
)
)
)

500000)
500000)
500000)
500000)
500000)
500000)
500000)
500000)
500000)
500000)
500000)
707107)
707107)
707107)
707107)

500000
500000
500000
500000
500000
500000
500000
500000
500000
5bobo0
5bobo0
5bobo0
5bobo0

V=100% PATH
V=20% PATH
V=20% CIRCLH
V=20% PATH
V=20% CIRCLH
V=20% PATH
V=20% CIRCLH
V=20% PATH
V=20% CIRCLH
V=20% PATH
V=100% PATH
V=100% PATH
V=100% PATH
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=100% PATH
V=100% PATH
V=100% PATH
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=100% PATH
V=100% PATH
V=100% PATH
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=20% CIRCLE
V=20% PATH
V=100% PATH
V=100% PATH
V=100% PATH
V=20% PATH
V=20% CIRCLE

FigureE-9: Eighth part of the generated path to deburr the mentioned 63 edges of part two.
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©,0.0,816.0,0.500000,0,500000,0,.500000,-0.500000) V=20% PATH
2,-26.2,816.9,0.500000,0,500000,0.500000, -0.500000) V=20% CIRCLE
@,-37.9,816.0,0.500000,0,500000,0.500000, -0.500000) V=20% PATH
8,-26.2,816.9,0.500000,0,500000,0.500000, -0.500000) V=20% CIRCLE
©,0.0,816.0,0.500000,0,500000,0,.500000,-0.500000) V=20% PATH
8,26.2,816.0,0.500000,0,500000,0.500000,-0.500000) V=20% CIRCLE
©,37.0,816.0,0.500000,0,500000,0.500000,-0.500000) V=20% PATH
©,37.0,868.0,0.500000,0.500000,0.500000,-0.500000) V=100% PATH
©,23.0,868.0,0.500000,0.500000,0.500000,-0.500000) V=100% PATH
©,23.0,816.0,0.500000,0.500000,0.500000,-0.500000) V=100% PATH
©,23.0,816.0,0.500000,0,500000,0.500000,-0.500000) V=20% PATH
3,16.3,816.0,0.500000,0.520000,0,500000,-0.500000) V=20% CIRCLE
©,0.0,816.0,0.500000,0,500000,0,.500000,-0.500000) V=20% PATH
3,-16.3,816.0,0.500000,0.500000,0.500000,-0.500000) V=20% CIRCLE
0,-23.9,816.0,0.500000,0,500000,0.500000, -0.500000) V=20% PATH
7,-16.3,816.0,0.500000,0.500000,0.500000, -0.500000) V=20% CIRCLE

©,0.0,816.0,0.500000,0,500000,0,.500000,-0.500000) V=20% PATH

7,16.3,816.0,0.500000,0.500000,0.500000,-0.500000) V=20% CIRCLE
©,23.0,816.0,0.500000,0,500000,0.500000,-0.500000) V=20% PATH
©,23.0,868.0,0.500000,0.500000,0.500000,-0.500000) V=100% PATH
0,45.5,868.0,0.500000,0.500000,0.500000,-0.500000) V=100% PATH
0,45.5,826.0,0.500000,0.500000,0.500000,-0.500000) V=100% PATH
0,45.5,826.0,0.500000,0,500000,0.500000,-0.500000) V=20% PATH
9,43.9,826.0,0.500000,0,500000,0.500000,-0.500000) V=20% CIRCLE
5,40.0,826.0,0.520000,0.500000,0.500000,-0.500000) V=20% PATH
9,36.1,826.0,0.500000,0,500000,0.500000,-0.500000) V=20% CIRCLE
©,34.5,826.0,0.500000,0,500000,0,500000,-0.500000) V=20% PATH
1,36.1,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% CIRCLE
5,48.0,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
1,43.9,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% CIRCLE
©,45.5,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
©,45.5,868.0,0.500000,0.500000,0.500000,-0.500000) V=100% PATH
©,95.5,868.0,0.500000,0.500000,0.500000,-0.500000) V=100% PATH
©,95.5,826.0,0.500000,0.500000,0.500000,-0.500000) V=100% PATH
©,95.5,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
9,93.9,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% CIRCLE
5,9¢.9,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
9,86.1,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% CIRCLE
©,84.5,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
1,86.1,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% CIRCLE
5,9¢.9,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
1,93.9,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% CIRCLE
©,95.5,826.0,0.500000,0.500000,0.500000,-0.500000) V=20% PATH
©,95.5,868.0,0.500000,0.500000,0.500000,-0.500000) V=100% PATH
©,0.0,1585.0,1.000000,0,000000,0,000000,0.000000) V=100% PATH

FigureE-10: Ninth part of the generated path to deburr the mentioned 63 edges tofqart
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E.3 Part3

POS=(1027.0,-25.0,949.0,0.707107,0.000000,0.707107,0.000000) V=100% PATH
POS=(1@27.0,-25.0,906.0,0.707107,0.000000,0.707107,0.000000) V=100% PATH
P0OS=(1027.0,25.0,906.0,0.787107,0.000000,0.707107,0.000000) V=207% PATH
P0O5=(1027.0,26.4,905.4,0.653261,-0.270647,0.653261,-0.270647) V=10@% PATH
POS=(1@27.0,76.4,855.4,0.653261,-0.270647,08.653261,-0.270647) V=20% PATH
P0OS=(1025.0,77.8,854.0,0.653261,0.270647,0.270647,-0.653261) V=100% PATH
P0S=(825.0,77.8,854.0,0.653261,0.270647,0.270647,-0.653261) V=20% PATH
P0OS=(823.0,76.4,855.4,0.653261,-0.270647,0.653261,-0.270647) V=100% PATH
P0S=(823.0,26.4,905.4,0.653261,-0.270647,0.653261,-0.270647) V=20% PATH
P0OS=(823.0,25.0,906.0,0.707107,0.000000,0.707107,0.000000) V=100% PATH
P0O5=(823.0,-25.0,906.0,0.707107,0.000000,0.707107,0.000000) V=20% PATH
P0OS=(823.0,-26.4,905.4,0.270647,-0.653261,-0.270647,0.653261) V=1@0% PATH
P0OS=(823.0,-76.4,855.4,0.270647,-0.653261,-0.270647,0.653261) V=20% PATH
P05=(825.0,-77.8,854.0,0.653261,-0.270647,0.270647,0.653261) V=100% PATH
POS=(1@25.0,-77.8,854.0,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
P0OS=(1027.0,-76.4,855.4,0.270647,-0.653261,-0.270647,0.653261) V=100% PATH
POS=(1027.0,-26.4,905.4,0.270647,-0.653261,-0.270647,0.653261) V=2@% PATH
POS=(1025.0,-26.4,997.4,0.653261,-0,270647,0.270647,0.653261) V=100% PATH
P0OS=(825.0,-26.4,907.4,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
P0OS=(823.0,-25.0,906.0,0.787107,0.000000,0.707107,0.000000) V=100% PATH
P05=(823.0,25.0,9906.0,0.707107,0.000000,0.707107,0.000000) V=100% PATH
P0OS=(825.0,26.4,907.4,0.653261,0.270647,0.270647,-0.653261) V=100% PATH
P0OS=(1025.0,26.4,907.4,0.653261,0.270647,0.270647,-0.653261) V=20% PATH
P0O5=(1025.0,68.0,949.0,0.653261,0.270647,0.270647,-0.653261) V=100% PATH
P0OS=(990.0,-80.4,949.0,0.653261,-0.270647,0.270647,0.653261) V=100% PATH
P0OS=(990.0,-31.6,900.2,0.653261,-0.270647,0.270647,0.653261) V=100% PATH
P05=(990.0,-31.6,900.2,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
POS=(10@9.8,-37.4,894.4,0.653261,-0,270647,0.270647,0.653261) V=20% CIRCLE
POS=(1018.0,-51.4,880.4,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
POS=(1009.8,-65.4,866.4,0.653261,-0.,270647,0.270647,0.653261) V=20% CIRCLE
POS=(9%9.0,-71.2,860.6,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
P0OS=(97@.2,-65.4,866.4,0.653261,-0.270647,0.270647,0.653261) V=20% CIRCLE
POS=(962.0,-51.4,880.4,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
P0S=(970.2,-37.4,894.4,0.653261,-0.270647,0.270647,0.653261) V=20% CIRCLE
P0OS=(99@.0,-31.6,900.2,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
P0OS=(990.0,-80.4,949.0,0.653261,-0.270647,0.270647,0.653261) V=100% PATH
P05=(925.0,-80.4,949.0,0.653261,-0.270647,0.270647,0.653261) V=100% PATH
P0OS=(925.0,-31.6,900.2,0.653261,-0.270647,0.270647,0.653261) V=100% PATH
P0S=(925.0,-31.6,900.2,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
POS=(944.8,-37.4,894.4,0.653261,-0.270647,0.270647,0.653261) V=20% CIRCLE
P0S=(953.0,-51.4,880.4,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
P0OS=(944.8,-65.4,866.4,0.653261,-0.270647,0.270647,0.653261) V=20% CIRCLE
P0S=(925.0,-71.2,860.6,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
P05=(905.2,-65.4,866.4,0.653261,-0.270647,0.270647,0.653261) V=20% CIRCLE
POS=(897.8,-51.4,880.4,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
P0S=(905.2,-37.4,894.4,0.653261,-0.270647,0.270647,0.653261) V=20% CIRCLE
P0S$=(925.0,-31.6,900.2,0.653261,-0.270647,0.270647,0.653261) V=20% PATH
P0S=(925.0,-80.4,949.9,0.653261,-0.270647,0.270647,0.653261) V=1080% PATH

®®®®®®®®®®®®®®®®®®

FigureE-11: First part of the generated path to debuerrtientioned 63 edges of part three
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FigureE-12: Second part of the generated path to deburr theionewt 63 edges of part three
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APPENDIX F

SNAPSHOTS OF THEPROCESSES IN CHAPTER 5

FigureF-1: Snapshots from the processing of part one in chapter 5.
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Figure F2: Snapshots from the processing of part two in chapter 5.
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Figure F3: Snapshots from the processing of part three in chapter 5.
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Appendix G

A STEP BY STEP EXAMPLE FOR USING THE
SOFTWARE

This appendix gives a fully detailed example for using both the SolidWorks package and
the ABB user interface software. Part 3 from chapter 5 is used to illustrate the correct way

of using both programs.

G.1. PathGeneration

SolidWorks Package is the software responsible for generating the nominal path to
perform edge finishing or scanning on a workpiece. The following steps give the full

detailed explanation to generate a pahng this package.

1. Launch SolidWorks
2. Open the workpiece you would like to generate a path for.

2
DS SOLIDWORKS

Open (Ctrl+0)
Opens an existing document.

FigureG-1: Opening the considered Workpiece
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3. Define a reference frame and attach it to the workpiece. This can be done from
AFeatures/ Reference Geometry/ Reference Coo0l
shows the desired orientation of the workpiece with respect to the global
coordinates of the robot.

25 SOLIDWORKS O0-2-H-%- == EngineBlockV6.SLDPRT

oo (3 Swept Boss/Base @ & ® Swept Cut M & Rb @ Wrap 4

E Fillet L Reference | =
- illet  Linear eference | Curves
Extruded Revolved f |ofted BossBase | Extruded Hole Revolved [y [ofted Cut P @ Draft @ Intersect || gomt Instant3D
Boss/Base Boss/Base Cut  Wizard Cut - Y
Boundary Boss/Base ™ Boundary Cut @ Sshell Mirror
Features [ Sketch [ Evaluate | DimXpert | Office Products %% | Plane i
s[ER[E]e] > . Ais
’
" J  Coordinate System
§ EngineBlockV6 (Default<<] —
&5) History # | Point
Sensors 4 Center of Mass
(] Annotations ofl | Mate Reference
+-3= Material <not specified>

FigureG-2: Defining a new reference frame.

4. Launch the path generator packagesTisidone by selecting Tools/Macros/.

Fie Bt View st [Tock | Widow Hely 5 EnieBoGVESLOPT

B B M & W w
e Compor K L e
= FirdiModify @ s
Desin Ghecier . YR =
|7 [l e » | Format Pamter.,
 Enainclockit Dafaultce Sirtch Entities
Seeteh Toois .
Scetch Settings '
Blocks

Saline Tools

Z tauations.

2| Iniceness Anaiyss.. o =

& syrmetsy Creck.

rts\The Cede of Al Codes Take It Easy Stylel1).wp
Dimipert B ” ments\U

| Mao Cusormize Moru
Add . I

P

Figure G3: Launching OffLine Path Generation Ad@n.
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5. Press play to start the macro.

ﬁ Microsoft Visual Basic for Applications - The_Code_of All_Codes_Take_lt_Easy_Style - [The_Code_of_All_Codes_Tak (Code)]

m File Edit View Insert Format Run Tools Add-Ins Window Help
T E~-d ) ‘ 3 u' o yEF Y @ | L3148, Col 1 =
ijen—The,Cude,of,il [(General) S
= &2 The_Code_of_AILC Dim swApp As Object
- (771 Solidwarks Objec Public part As PartDoc
=455 Forms Dim boolstatus As Boolean
;“"ﬁ;mse'“‘ Dim longstatus As Long, longwarnings As Long
S;Z;F;”:ES Public GlobalCoordinatesSelected, GroundFacesSelected, Extr
SpindleForm Public swSelectMgr As SldWorks.SelectionMgr
-8 TableForm Public swSelectData As SldWorks.SelectData
-3 ToolForm Public swMathUtil As SldWorks.MathUtility
=49 Modules Public Datum As SldWorks.Vertex
dﬁ{The_Cnde_nf_ -t - ~ - - ~ e « ~ -

FigureG-4 Starting the OffLine Path Generation Ad@n.

6. Enter the location of the previously defined refereiname. This location
represent the offset value from t he
x=0.9, y=0 and z=0.9

Flease select a refrence frame to be set as the global coordinate system and the
faces of the part that will be directly contacting the mounting table.

Specify the part's offset from the origin of the global
coordinate system

¥-component [meters]: | g
y-component [meters]: | g
z-component [meters]: | g

FigureG-5: Entering the offset value of the defined reference framenegthecto theglobal coordinates of the
robot.

7. Updatethe dimensions of the working table. Clicking on the (Update
Dimensions of Working Table) button a window pops up and the user can enter
the width, length and thickness of the working table. If you are using the black
metal table in the lab, then therenis need to do this step.
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Working Table Dimensions x

Enter the dimensions of the working table below in
meters:

Length (in the direction of y-axis): 0.8
width (in the direction of x-axis): 0.5

Thickness (in the drection of z-axis): 0.05

Cancel | Update |

Figure G6: Entering the working table dimensions.

8 Update the tool s di mensions. Clicking on
button a window pops up and the user can enter the length and width of the tool.
For this example,rger 0.033 for length and 0.002 for width. In case you are to
generate a path for scanning, you can skip this step.

Tool's Bounding Box Dimensions x

Enter the length and width of the tool in
millimeters below:

Length (in the direction of the major axis): 0.033
Width (in the dirction of the miner axis): 0.004

Cancel | Update |

FigureG-7: Entering the tool's bounding box dimensions.

9. Update the Spindleds/ Scannerds di mensions.
Spindbeasft 86 Bounding Box) button a window
enter the length and width of the spindle or scanner. If you are using the white
spindle holder that was 3D printed by Mahmoud Nemer, enter 0.2 for length and
0.04 for width.
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X

Spindle's/Scanner's Bounding Box Dimensions

Enter the dimensions of the bounding box of
the spindel/scanner in meters below:

Length (in the direction of the major axis): 0.2
Width (in the dirction of the minor axis): 0.08

Cancel | Update |

FigureG-8: Entering the spindle's/scanner's bounding box dimensions.

10. Select the process type. Select between edge finishing or scanning, depending in
your goal of the path. In this example, Edge Finishing is selected.

Process Type
® Edge Finishing

" Edge Scanning

FigureG-9: Selecting the type of processtie done.

11. Select the offset value from the edge. Zero offset value means directly touch the
edge by either the tool or scanner. In this example, it is taken as 2 mm.

Offset Value

Offset distance from edges [millimeters]: 2

Figure G10: Entering the offset value between the each edge and theitipof the obot.

12. Select the approach angle option. The user get to select from two options. Either
approach each edge with an angle that
normal, or to approach the edge in the direction normal to the formed burrs. In

this exampe the second option is selected.
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— Approach angle:

(" Average vector of the normals of the two adjacent faces.

f® ‘Normal to the normal of the adjacent face milled lastly. |

Figure G11: Choosing the approach angle of the-efféctor.

13.1f the second option of step 12 is selected then the user needs to specify the order
of which the faces were machined. This is necessary so that the piagram
calculate the direction of the formed burrs. For this example the faces were
selected as shown in the next 20 figures. Note the direction of burrs is along the
face that was machined last.

CEF

G W E

Figure G12: Selecting the first face of the given workpiesample.

u
q
[T TR S

Engmotiocti Edng ot [T 9

FigureG-13: Selecting the second face of the given workpiece example.
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Figure G14: Selecting the third face of the given workpiece example.

FigureG-15: Selecting the fourth face of the given workpiece example.

FigureG-16: Selectinghe fifth face of the given workpiece example.
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