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RESUME

Cette étude présente une procédure de décomposition orthogonale en vue de résoudre
la redondance fonctionnelle de machine-outil 2 commande numerique par I’utilisation
d’un calcul de I’inverse généralisé droit de la matrice Jacobienne en considérant les lim-
ites articulaires. Une procédure d’optimisation a été implémentée a 1’aide d’un module
post-processeur et testée sur une architecture d’un centre d’usinage Huron KXO0-Five.
Ce module a permis d’obtenir avec succes différentes formes de surfaces sans pourtant
dépasser les limites articulaires. Les taches ont été validées avec VERICUT (un logiciel

de simulation commercial) avant de procéder a I’usinage avec un centre d’usinage.
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ABSTRACT

This study presents an orthogonal decomposition procedure to resolve the functional re-
dundancy of cnc machine-tool by using a direct calculation of the generalized inverse
of the Jacobian matrix considering the joint limits of the machine-tool. An optimiza-
tion procedure has been implemented with a post-processor module and tested with the
architecture of the milling center Huron KX8-Five. Different shapes of free form sur-
face have been successfully machined with the module without exceeding joint limits.
The tasks have been validated with VERICUT (a commercial simulator software) before

machining them with the Milling center.



vii
CONDENSE EN FRANCAIS

Introduction

Les surfaces sculptées (surfaces en forme libre) peuvent étre trouvées dans de nom-
breuses applications industrielles telles que les pieces d’automobiles, les coques de
bateaux et les pieces en aérospatial. En effet, les machines d’usinage a cinq axes permet-
tent d’obtenir avec précision des surfaces sculptées trés complexes avec les conditions de
coupe optimales. De nombreux problemes peuvent survenir lors du procede d’usinage,
par exemple; une qualité de surface usinée inférieure, ou une probable interférence entre
I’outil de coupe et les objets aux alentours. Ainsi, il existe une demande pour un logiciel
de fabrication assistée par ordinateur (FAO) en vue d’obtenir I’usinage des piéces avec
une bonne qualité sans qu’il ait une interférence entre I’outil de coupe et les surfaces des
pieces tout en évitant les limites articulaires de la machine-outil.

D’une fagon générale les systemes de FAO peuvent étre divisés en trois phases. La
premiere phase a pour but de générer les points de contact du couteau (points CC)
sélectionnés en fonction de la géométrie de la surface sculptée. La deuxieme phase a
pour objet de générer les données de localisation du couteau (données LC) qui dépendent
aussi bien des angles spécifiés que de la surface normale aux points CC. Enfin, la derniere
phase consiste a convertir les données LC en code machine, c’est aussi I’interférence qui
permet de relier les systémes de FAO aux machines 8 commande numériques (CN) ap-
pelée également la phase de post-processeur. Les positions et orientations de 1’outil
relativement au référentiel de la piece nécessitent d’autres transformations par le post-
processeur avant de procéder a leur codage en fichier code G. Cette transformation
nécessite une connaissance de I’architecture de la machine-outil en vue de résoudre
le modele géométrique inverse, c’est-a-dire le transfert des positions et orientations de
I’outil (espace d’opération) en positions des axes de la machine (espace articulaires).

Les modeles géométriques inverses des machines-outils a cinq axes peuvent étre trouvées
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soit en solution analytique ou numérique itérative. Le calcul des solutions analytiques
sont plus rapide que les méthodes numériques. Aussi, c’est plus facile d’appliquer les
regles pour lesquelles une ou plusieurs solutions peuvent €tre sélectionnées mais trou-
ver la solution optimale dans le cas de la redondance est compliquée. Les méthodes
numériques itératives pour le calcul des modeles géométriques inverses impliquent d’im-
portantes opérations numériques. Cependant, elles sont puissantes pour retrouver la so-
lution optimale dans le cas d’opérations d’usinage présentant de la redondance comme
cela a été démontré dans le cas des robots.

Ce mémoire présente une méthode d’optimisation pour traiter les situations de redon-
dance pouvant apparaitre lors d’usinage réalisées a 1’aide d’une machine-outil cing axes.
Le controlleure de commandes numériques (CN) ne peut pas prédire si le parcours de
I’outil est réalisable ou non. Il est de loin préférable d’avoir une stratégie d’éviter des
limites articulaires, et ce deés le début de la résolution du modele géométrique inverse,
afin d’obtenir un parcoures réalisable. Cette spécification peut devenir possible si la di-
mension de I’espace opérationnel est inférieure a celle de 1’espace articulaire. Ce qui
signifie que le nombre de degrés de liberté (DDL) nécessaires pour accomplir le travail
est inférieur au DDL de la machine. Cette redondance des opérations d’usinage sur-
git dans plusieurs situations d’usinage ou la dimension de 1’espace de la tache (espace
d’opération) est plus petite que la dimension de I’espace articulaire. Cela signifie que le
DDL requis par I’outil en vue d’exécuter la tache est inférieur au nombre d’axe de la ma-
chine. Par exemple, une tiche de surfacage utilisant un outil avec bout demi-sphérique
peut €tre considérée comme un probleme redondant. Cette tiche nécessite seulement
trois DDL et par conséquent peut €tre réalisée avec seulement une machine-outil a
trois axes avec une orientation adéquate de I’outil. Cependant, si la tiche est réalisée
avec une machine a cinq axes, il y a deux DDL de redondance et, par conséquent, des
spécifications additionnelles sont permises et souhaitables dans le but d’éviter les limites

articulaires.
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Définition du probleme

La redondance peut étre présentée dans plusieurs situations d’usinage. Comme on I’a
déja mentionné, ces situations se présentent lorsque le DDL de 1a machine-outil dépasse
celui nécessaire a I’accomplissement de la tache. Dans le cadre de ce travail, nous avons
décidé d’illustrer cette redondance avec 1’usinage une surface en forme libre utilisant un
outil avec bout demi-sphérique. L’usinage de cette surface avec un code G généré par un
post-processeur ordinaire qui ne considere pas les limites articulaires de la machine-
outil n’est pas réalisable. Cette tiche a besoin de trois DDL de la position d’outil
et I’orientation d’outil n’est pas effet sur la géométrie de surface d’usiner. Pour pou-
voir générer le code d’usinage (code G), le post-processeur doit solutionner le modele

géométrique inverse, afin d’atteindre les positions et orientations d’outil désirées.

Modéele géométrique

Comme le standard ISO-3592 le spécifie, le fichier LC contient deux types d’information

¢ Des mots post-processeur, qui rien a voir avec le mouvement de 1’outil et qui sont

donc directement transmis dans le code G.

¢ Des positions et orientations d’outil par rapport a la piece, qui nécessitent des

transformations par le post-processeur avant d’étre codée dans le fichier de code G.

D’une fagcon générale ces transformations requierent la connaissance de la longueur de
I’outil par rapport au plan de jauge de la broche et/ou, la position de la piece par rap-
port au référentiel attach€ a la table d la machine pour résoudre le modele géométrique
inverse et transférer les informations sur la position et 1’orientation de 1’outil (espace
opérationnel), en coordonnées articulaires de la machine (espace articulaire). La figure
1 montre la transformation de I’espace opérationnel a I’espace articulaire par le modele

géométrique inverse (MGI) et vice versa par le modele géométrique direct (MGD).



Espace
articulaire

Espace
opérationnel

Figure 1: Relation enter les spaces articulaier et opérationnel

Notons que le MGD des machines-outils (qui sont en général des chaines cinématique
sérielles) donne un systeme d’équations linéaires et donc est facile a résoudre. Par contre,

le MGI donne un systeme modal, non linéaire et beaucoup plus difficile a résoudre.

MGD du Huron KX8-Five

La solution du MGD peut trouver par plusieurs méthodes mathématiques, dans cette
étude la méthode Denavit-Hartenberg (D-H) (1955) [13] est choisi pour obtenir la MGD
d’une centre usinage comme Huron KX8-Five.

Les directions positives du mouvement des joints articulaires est illustré sur la Fig. 2.
Le référentiel P (piece) est rattaché au centre du plateau et orienté au départ de la méme
fagon que le référentiel global. Le référentiel T (outil) est rattaché au centre du bout
demi sphérique de la fraise, son axe z pointant vers le haut de la broche.

La Fig. 3 présenté la chalne cinématique de la machine ainsi différentes matrices de
transformation qui permettent de passer d’un référentiel a un autre. La Fig. 4 schématise

les référentiels rattachés a chaque articulation en respectant de la convention D-H. 11 faut
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Figure 2: Le Schéma du Huron KX8-Five

xi

rester sur la table de la machine puis regarder les mouvemente des joints articulaires et

rattacher les référentiels a chaque articulation en respectant de la convention D-H. Les

parametres D-H sont résumés a la table 3.1. Maintenant les matrices transformations

homogeneses entre chaque référentiel peuvent €tre construire en utilisant eq. 1

cos §;
sin 6,
0
0

— COS o; sin 0;
Cos oy; Cos 6;
sin o;

0

sin o sin 6;
— sin o; cos 6;
COS

0

a; cos 6,
a; sin 6,
b;

1

(1

Multiplication de ces matrices construit le MGD du Huron KX8-Five. Lest trois premiers

rangs des deux derniéres colonnes fournissent, la position P et 1’orientation N, vecteurs
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Base

Figure 3: La chaine cinématique du Huron KX8-Five

Table 1: Les parametres D-H du Huron KX8-Five

) Of a; bi Oé? 1+ 1

P ©-% | 0 -d 45 1

1 (A+90 | O 0 90 2

2 45 0 (Y) -90 3

3 0 0 X) -90 4

4 0 0 | (D)+d 0 5

5 90 0 -1 0 T
frame | degree | mm | mm | degree | frame

d’outil par rapport du référentiel de la piece. Par exemple,
Plo y 2| ob, @

z =Y sin (C) cos (A)—1/2 cos (C) (Z +d — 1)—1/2 X cos (C)++v/2/2 X sin (C) sin (A)
—/2/2sin (C)sin (A) (Z +d — 1) — 1/2 X cos (C) cos (A) + v/2/2Y cos (C) sin (A),
y=+/2/2 cos (C)sin(A)(Z +d—1)—1/2 X sin (C)+1/2 sin (C)cos (A)(Z +d — 1)
—1/2 sin (C) (Z +d — 1)++/2/2Y sin (C) sin (A)—+/2/2 X cos (C) sin (A)~Y cos (C)
cos(A), et

z=—1/2Xcos(A)+1/2X +/2/2Y sin (A) +1/2 cos (A) (Z+d - 1) +1/2(Z -
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XPC

YP

Figure 4: Les référentiels du Huron KX8-Five

d—1).
et

N =

| aepaemen |

i k] oll, 3
i=—1/2 cos(C) —/2/2 sin (C) sin (A) + 1/2 cos (C) cos (4),

j = —1/2sin(C) + v/2/2 cos (C) sin (A) + 1/2 sin (C) cos (A),
etk =1/2cos(A)+1/2,

Ainsi que [ est de la longueur de 1’outil, i.e., la distance entre au plan de jauge de la
broche et le centre d’outil avec bout demi-sphérique. Aussi d est défini la distance entre

le plan sur surface de la table et axe rotative A. De plus, les limites articulaires du Huron
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sont comme suivant:

=315mm < X <335mm

=350mm < Y <350mm
O0mm < Z <450 mm 4)
—-180°< A < 45°

—99,999.999° < C < 99,999.999°

=N
t

75 mm

Critere d’optimisation

Pour pouvoir générer le code d’usinage (code G), le post-processeur doit solutionner le
MGI, et ainsi calculer les déplacements et vitesses de chaque articulation, afin d’atteindre
les positions et orientations d’outil désirées. Le post-processeur devrait aussi permettre
a 'usiner de prévoir et éviter les situations de dépassement articulaire avant de générer
le code G. Dans notre cas, la résolution de la redondance va s’appliquer au niveau des
vitesses, puisque a ce niveau le systeme d’équation est linéaire. Comme on I’a déja
mentionné, une tache de surfagage utilisant un outil avec bout demi-sphérique a besoin
de trois DDL de la position. Donc, les vitesses articulaires sont reliées aux vitesses de

déplacement de 1’outil par rapport a la piéce par la relation:

JO =P (5)

ou J est la matrice Jacobianne de la machine-outil, P le vecteur de vitesse de bout de
1’outil par rapport a la piece et 0 le vecteur de vitesses articulaires.

Etant donné que notre systéme est redondant par rapport 2 la tiche a accomplir, cela
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donne un systeme sous-déterminer. Donc, une infinité solutions existe pour résoudre ce
systeme. Il s’agit alors d’en trouver une qui corresponde a la tiche qui doit étre réalisée
et qui permet de répondre a un criteére secondaire. La réponde du systéme est bien connue

étre

0=JP+(I—J ), (6)

ou J*représente I’inverse généralisé de droit de J, ie., J* = (JTJ)"'JT et hest la
tache secondaire. La premiecre partie de 1’équation 6 représente la solution homogene
du systéme, avec la matrice (/ — J*J) comme étant le complément orthogonal de J,
qui projette le vecteur h sur I’espace nulle de J. Si on choisit différente valeur pour
le vecteur h, on aura différentes solutions pour 6. La premicre partie de 1’équation 6
ne contrdlant pas 1’orientation de 1’outil, h doit contenir au moins un terme mettant en
relation la normale a la surface a usiner et I’axe de I’outil. Avec ce seul terme, il est donc
possible d’optimiser I’ orientation de 1’outil afin de I’approcher de celle de la normale a la
surface avec un certain angle d’erreur admissible. Concretement, 1’axe de 1’outil serait en
tout point de la trajectoire dans un cone de sommet le bout de I’outil (en contact avec la
surface), d’axe la normale a la surface et d’angle 1’erreur maximale désirée. Cependant,
on peut également ajouter un autre terme a h. Dans I’application, une contrainte sur les
valeurs articulaires de la machine a été introduite afin de minimiser ses déplacements en

utilisant un des deux criteres suivants pour ce probléme d’optimisation:

e Imposer aux valeurs articulaires de la machine d’étre proches de leurs valeurs

moyennes (i.e. dans le repere global de la machine),

e Imposer aux valeurs articulaires de la machine d’étre proches des valeurs moyennes

calculées le long de la trajectoire a parcourir (i.e. dans le repére local de la piéce).

Ces deux techniques sont relativement proches. Cependant, dans la premiere on s’ assure
d’étre loin des limites articulaires tandis que dans la seconde, 1’optimisation de la tra-

jectoire est locale et prend donc en compte les dimensions de la piece. Par exemple, si
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I’on veut usiner un plan dont les dimensions dans le plan XY sont: X = 200mm et
Y = 50mm, il est clair qu’il vaut mieux se soucier des mouvements de I’axe X plutot
que de ceux de I’axe Y. Dans ces deux approches, la fonction objectif = est définie de la

méme maniere, seuls les poids accordés a chacun des termes changent:

z= %(9—§)TWTW(0—5)+WO(1 -07.0y) €

oll @ est le vecteur des valeurs moyennes de 6 = %(Hmax + Omin), W est une matrice
5 x 5 de poids, diagonale et définie positive W = diag(We, Wy, Wy, Wx, Wy), Wy
est un réel, O est I’orientation de I’outil et O; est la normale a la surface. Le premier
terme de cette équation exprime I’écart des positions articulaires par rapport aux valeurs
moyennes. Le second terme caractérise I’écart d’orientation. L’ objectif est de minimiser
z. On définit donc h comme

h=-Vz, )

ou V correspond a I’opérateur gradient. Pour vérifier eq. (8), considérons le paraboloide
d’équation: 2 = x> + y? pour lequel Vz = |%§—| 11 est clair que le vecteur Vz pointe
dans la direction opposée a 1’origine o, point correspondant au minimum de z. Pour un

probléme de minimisation, il faut donc choisirh = —Vz.

Donc, on a

h = —W(9—5)+WO§%(OT-Of) )

Le module post-processeur

Une solution numérique d’ité€ration est utilisée pour résoudre cinématique inverse, base
sur la théorie du ” Resolve Motion Rate ” de Whitney (1969) [36]. La solution présentée
dans eq. (6) et h la tache secondaire de eq. (9) sont appliquées dans un module post-

processeur optimal la quelle qui peut étre illustré sur algorithme suivant:
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I’algorithme 0.1 d’un module post-processor optimal
Lire P¢ et O¢ de chaque ligne de fichier APT
0, Wet Wy «—— conjecture initial
{P, O, J} — MGD(6)

Fori =1 to 500 step 1 do
AP — 0.5 (P; —P)
h+— -VZ
A — JTAP+(1—-JTJ)h
if |AP|| < € = 107%m, then stop;
else
6 — 0 +0.8A6
{P, O, J} — MGD(0)
end if
End do

Les vecteurs P et O dénotent la position et I’orientation désirée du référentiel d’outil
par rapport au référentiel de la piece. La fonction MGD calcule la position et 1’ orientation
actuelle du référentiel d’outil par rapport au référentiel de la piece. Aprés chaque ”
Do ” itération, les prochains valeurs des articulaires ;. calculées sont considérées
comme les valeurs actuelles articulaires 8¢ plus un facteur d’amortissement fois des
petits déplacements articulaires A@ afin d’éviter dépassement du 6,,;, au moment du
conditionnement de la matrice Jacobienne.

Notre algorithme permette une interpolation linéaire entre la position actuelle et 1a posi-
tion finale du centre d’outil avec bout demi-sphérique, pendant qui laisse le contrble de
I’orientation de I’outil a la tdche secondaire. Le deuxieme parti de 1’équation 6 essaie
de garder des valeurs articulaires aux plus proches des valeurs moyennes et de garder
d’orientation d’outil au plus proche de la déviation d’orientation désirée d’outil. Une

sélection correcte de poids permette un équilibrage entre les deux criteres d’optimisation
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a la tache secondaire.

L’assai d’expérimental

Le module post-processeur optimal est appliqué sur d’un centre d’usinage Huron KXO0-
Five. Le fichier CL est généré a 1’aide de CATIA V5, pour une surface en forme libre

(voir Fig. 5).

Figure 5: Parcous d’outil généré par CATIA

Une parcourir multi-axes pour un outil avec bout demi-sphérique est choisie comme la
tache surfacage. L’orientation d’outil est choisie normal a la surface. Le fichier APT
est post-procédé pour I’Huron dans quatre approches afin de démontrer la possibilité

d’opération et de comparer I’effet d’orientation d’outil sur grossiéreté de la surface, i.e.;
1. T’outil toujours parallele au vertical ;
2. 'outil toujours a une orientation constante différant avec le vertical ;
3. TP’outil toujours normal a la surface; et finalement,

4. I’outil presque normal a la surface utilisant le module post-processeur optimal afin

d’éviter des limites articulaires de la machine-outil.
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La Fig. 6 montre les valeurs articulaires calculées par troisieme processus. D’apres eq.
(4) les limites articulation A sont -180 ; A; 45, mais la Fig. 6 montre que les valeurs
calculées pour A sont -82.5 et +82.5. Donc, I’articulation A est dépassée a ses limites et
code G généré pour ce processus n’est pas possible a réaliser. La tache doit étre procédée

avec une post-processeur optimal lequel qui peut identifier les limites articulaires.

50 T T T T T
S
£ 0 |
Q
50 L . L L . |
0.5 1 15 2 25 3 3.5
= 100 : ;
D
z
< 0 b
&
o
£ -100 : .
[ 35

N
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[=]
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(=]

U
N
[=3
t=}

200

step x 10

Figure 6: Les valeurs articulaires calculées par troisieme processus

Les valeurs articulaires calculées par un module post-processeur optimal sont illustrées
sur la Fig. 7, celle-ci montre que les valeurs calculées pour A sont entre -73.5 et 43.5
c’est-a-dire entre ses limites. Donc, le code G généré par ce module post-processeur

optimal peut étre accomplir par la mchine-outil sans pourtant dépasser les limites de

articulaire.

Conclusion

Une procédure de décomposition orthogonale en vue de résoudre la cinématique in-

verse des machines-outils cinq axes est utilisés pour exécuter une tache surfagcage. La
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Figure 7: Les valeurs articulaires calculées par un module post-processeur optimal

procédure d’optimisation a été implémentée a I’aide d’un module post-processeur et
testée sur une architecture d’un centre d’usinage Huron KXO0-Five. Ce module a permis
d’obtenir avec succes différentes formes de surfaces sans pourtant dépasser les limites
des articulaires et 1’outil a parcouru son trajet de facon continue. Les tiches ont été
validées avec VERICUT (un logiciel de simulation commercial) avant de procéder a
I’usinage avec un centre d’usinage afin d’éviter des n’importe quelles des inconvenantes
erreurs. Les assais d’expérimentaux ont démontrés possibilité d’usinage le parcours op-
timal. Afin de comparer I’effet d’orientation sur grossiereté de la surface. La grossiéreté
des surfaces est mesurée par Mitutoyo Surftest (une machine a mesurer de la grossiereté
de la surface). Tous les résultats démontrent que la grossicreté de la surface qui usinée a

I’aide du code G généré par le module post-processeur optimal a amélioré.
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Travaux futurs

Une difficulté rencontrée au cours de ces travaux consistait a choisir la bonne valeur
de pondération, alors la recherche sur les méthodes automatique pour estimer la bonne
valeur de pondération est requise.

Notre module post-processeur optimal ne fournit pas le code G aux machines-outils a
grande vitesse. Donc, 1’étude sur un module post-processeur optimal pour les machines-

outils a grande vitesse est proposée comme travail futur.
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INTRODUCTION

The sculptured surfaces (free-form surfaces) have found extensive industrial applica-
tions, such as in automobile bodies, ship hulls and aerospace parts. In fact, five-axis
machining can perform efficient and accurate machining for complicated sculptured sur-
faces.

There are several problems that may arise during the machining process, such as low
quality of machined surface and possible interference between the tool and surrounding
objects. Hence, there is a demand for a computer-aided manufacturing (CAM) software
to achieve machining with good surface quality and no interference between the tool and
the part surfaces, while avoiding the joint limits of the machine-tool.

In general, CAM systems are applied at three stages. The first is to generate cutter
contact points (CC points), which are selected based on the geometry of the sculpture
surface. The second stage is to generate cutter location data (CL data), which depend
both on the specified angles and surface normal at the CC points; Finally, the last stage
is to convert CL data to machine code, the interface that links the CAM systems and NC
machines, which is called the post-processor stage [14]. The tool positions and orienta-
tions relative to the part frame requires further transformations by post-processor before
encoding it into G code file. This transformation requires knowledge of the architecture
of machine tool in order to solve the inverse kinematics, i.e., transferring the tool posi-
tions and orientations (operation space) into machine axes positions (joint space).

The inverse kinematics of five-axis machine-tools can be found either as a closed form
solution (analytical solution) or as an iterative numerical solution. Calculation of the
closed form solutions is faster than numerical methods. It is also easy to apply the rules
for which one of several possible inverse solutions can be selected, but finding an op-
timal solution in the case of redundancy in this method is complicated. The iterative

numerical methods for calculation of the inverse kinematics involve a large number of



numerical operations. However, they are powerful in finding the optimal solution in the
case of the redundant machining operations as it has been demonstrated for industrial
robots.

The redundancy of machining operations arises in many different machining situations
where the dimension of the task space (operation space) is smaller than the dimension
of the joint space. It means that the number of degree of freedom (dof) required by the
tool to perform the task is less than the number of the machine axes. For example, a
surfacing task using a ball-end mill tool can be considered as a redundant problem in
this study. This task requires only three dofs, and hence, can be realized with only a
3-axis machine-tool with a proper orientation of the tool. However, if the task is real-
ized with a 5-axis machine-tool, there are two dofs of redundancy, and hence, additional

specifications are allowable and desirable in order to avoid joint limits, for example.



CHAPTER 1

KINEMATIC MODELING OF MACHINE-TOOL

1.1 The Architecture of Five-Axis Machine-Tools

The earliest introductions to five-axis milling were given by Baughman (1970) [9],
Bezier (1972) [10] and also Boyd (1974) [11]. The five-axis machine-tools are cre-
ated with combination of three prismatic joints and two revolute joints. Many studies
classify 5-axis milling machines into three basic categories [19] as in Figures 1.1. In all
categories, the three prismatic joints (P) are called X,Y and Z and the two revolute joints
(R) are called A,B or C, according to Figure 1.2. An axis is called A if it rotates around
a line parallel to the X-axis, it is called B if it rotates around a line parallel to the Y-axis

and it is called C if it rotates around a line parallel to the Z axis. !

As shown in Fig. 1.1 (a), type (a) machines have two revolute joins as A and C or B
in table and three prismatic joints as X, Y and Z in spindle or table. A five-axis milling
machine can be realize with a three-axis machine by adding a rotating/tilting mechanism
on its table which is the most economic way for up-to-dating a three axis machine tools.
In this type, the load imposed on the spindle is less than other type since the spindle
does not tilt and also this type can machine well cylindrical parts with a ring of holes in
top face. They are good to use long tools or extensions because tool holder moves with
prismatic joint. However, heavy workpieces are not suitable for this type because the
rotary table need to power rotating and tilting mechanism. Type (c) machines have two
revolute joints as A and B on the cutter spindle and three translation on table or spindle.

The major advantage of this type is that heavy parts can be machined easily because

Thitp//www.mmsonline.com
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Figure 1.1: Types of 5-axis milling machines: (a) table rotating type; (b) spindle and
table rotating type; (c) spindle rotating type.



Figure 1.2: The nomenclature of axis (http://www.mmsonline.com)

they do not need rotating and titling. They can machine well such parts as molds of tyre
because the molds are heavy and have sculpture shape in their inside that spindle and
tool can reach for machining. But because of space limitation, the rotary mechanism for
spindle is not enough powerful for heavy machining (i.e., milling a hard material). Type
(b) machines are a compound of the other two types the rotary joints as B, A or C are
fixed on spindle and table. They are widely used for medium and small part in the die

and mold industry, for example.

1.2 The Kinematic Chain of Five-Axis Machine-Tools

The simplest way to model the kinematics of a machine-tool is using the concept of
kinematic chain. In a machine-tool or any other mechanisms, each rigid body, called
link, are coupled by kinematic pair that constraint the relative motion of the links. There
are six possible kinematic pairs, i.e.; revolute (R), prismatic (P), helicoidal (H), planar
(E), cylindrical (C) and spherical (S). In the case of machine-tool only R or P joints are
used. Figure 1.3 shows the kinematic chain of a five-axis machine-tool of type (b) of

Fig. 1.1.

The coordinate system P (standing for part frame) is attached on top of a rotary table and
the coordinate system T (standing for tool frame) is attached on head of the tool, which

is connected to the spindle. In this kinematic chain, the base link is fixed and two series



Bose

Figure 1.3: The kinematic chain of a five-axis machine-tool

of links are branched to the base. The right branch is connected by the two joints, Z and
B to the base, while the left branch is connected by three joints, X, Y and A to the base.
This kinematic chain shows that the motion of frames P and T relative to the base are not

important to the view of the part to be machined, but rather the motion of T relative to P.

1.3 Direct and Inverse Kinematic Problem

Figure 1.4 shows the mapping between joint space and cartesian space at displacement
level. The Direct Kinematic Problem (DKP) or the forward kinematic problem is the
mapping from joint space to cartesian space (operation space), i.e., the DKP is to find
the position and the orientation (the pose) of the end-effector (EE) or tool from the value
of joint position. This problem admits a single solution, which can be determined by
simple matrix and vector multiplications. The Inverse Kinematic Problem (IKP) is the
. mapping from cartesian space to joint position, i.e., the IKP is to find the joint angles
from the pose of the tool. The solution of IKP may give a set of solutions or in some

cases no solution;
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Figure 1.4: Kinematic mapping between joint and Cartesian spaces

1.4 Direct Kinematics (DK) Model

As mentioned before, the DKP is to determine the pose of the EE from a given set of
joint positions. In machine-tool, the DKP is to find the pose of the tool from the axis
positions. The DK model can be obtained through the several mathematical tools such
as Homogeneous Transformation Matrix (HTM), Denavit-Hartenberg (D-H) convention
(1955) [13], dual numbers (Bottema and Roth 1979) [8], Screw theory (Sugetomo and
Duffy 1982) [35] or Dual Quaternions, (McCarthy 1990) [25]. Each of these tools has
its own particular method. In this study, the HTM and D-H convention are chosen as the

DK modeling methods.

1.5 Homogeneous Transformation Matrix

An HTM is a 4 x 4 matrix expressing the pose, position and orientation, of a frame

relative to another frame.

Figure 1.5 shows two frames Fp and F} in space.
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Figure 1.5: Two frames Fy and F7 in space
The HTM can be shown as following;

04, = Rixs Pixs (L

000 1
consists of the Rsy3, which is the rotation matrix expressing the orientation of frame
Fi in Fp; and the Py«3, which is the position vector of Fy in Fp. In other word, the
coordinate frame F; can be obtained from a translation of Fy along P43 then a rotation
of R3xs. The multiplication of the HTMs of link by link along its kinematic chain, will
defines the DK model. From Fig. 1.3, the PAr as the DK model is computed from

multiplication of the following HTMs: PAr = Ap BApe. ***¢Ax *Ay YA, AAr

Figure 1.6 shows the schema of the type (a) Matsuura five-axis milling center. Frame B
is a reference frame attached to base of the milling center, frame T is attached to milling
tool, while frame P is fixed on top of rotary table. Additionally, frame P1 is attached to
the rotary axis A above the table. the kinematic chain of the Matsuura, is shown in Fig.
1.7. This machine is defined with two revolute joints as C and A and three prismatic
joints as X,Y and Z. The DK model expresses the position and orientation of the tool
frame T relative to the workpiece frame P, when the value of the joints (C,A,X,Y,Z) are

known.



2ot

Base

Figure 1.7: The kinematic chain of the Matsuura five-axis milling center

According to Fig. 1.7, we have
PAr = PAp PAr (1.2)
where, the pose of T relative to P is given as:

PAr = [BAp)™' BAr (1.3)



Now, the left branch of the kinematic chain of Fig. 1.7 is

while the right branch is given as

1 00
010

001 d+2-1

000

0
0

1

BAp= BAp MAp,

where ZAp; and P*Ap are given as

BAp

and C; = cos(7) and S; = sin(4). Upon substituting eqgs. (1.6) into (1.5) gives

1 0
0 Cy
0 Sa
0 O

0
—S4
Ca
0

Ce
CaSc
SaSc

0

X
Y
0

1

~Se

CaCc

SaCe
0

The inverse of ZAp, namely [BAp]71, is

[PApI™ =

[B RP]T
0

and F'Ap =

0 X
-S4 =Sud+Y
Ca Cad

0 1
_[BRP]T BPP

1

<o = O O

= R, O O

10

(1.4)

(1.5)

(1.6)

1.7)

(1.8)



we have
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Coe =So 0 Ce  CaSc SiSc
BRp = |04Sc CaCe —Su|and [PRp)]" = | =Sy Cu4Co SuCe (1.9)
SASC SACC CA 0 —SA CA
and hence,
Co  CuSc SaSc X ~CoX — C4ScY
—[PRp)T BPp = | ~Sy, CuCr SaCo| |=Sud+Y| = | SeX — CLCY
-S4 Cy Cad —~d+ S,4Y

thus resulting to

[PAp] ™! =

—Sc
0
0

CaCc SaCe
-S4 Ca
0 0

CC CASC SASC —CcX — CASCY
ScX — CACrY

—d+ S4Y

1

Finally, upon substituting eqs. (1.4) and (1.11) into (1.3), we have

Co CaSe SaSe —CoX —CaScY
rp, - |80 CaCe SuCe SeX —CuCeY
0 —Si Ca —d+ SaY
0o 0 0 1
[ Co CaSe
ba, _ |54 CaCe SaCe
S84 Ca
_ o 0

e R R e

1

e}

o O

0 0
0 0
1 d+Z -1
0 1 |

SaSe —XCo—=YCuSec+(Z+d—-1)545¢
XSoc—YCACo+ (Z+d—-1)SaCc
YSa+(Z+d-1)Cy—d

(1.10)

(1.11)

(1.12)
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The first three rows of the last two columns of eq. (1.12) provide the tool orientation

and position, namely the vectors O and P, respectively. Therefore, the DK model of the

Matsuura is:

—~XCo —-YC4Sc + (Z +d - Z)SASC SaSc
P= XSC—-YCACC—I-(Z—}—d—Z)SACC and O = S4Cco (1.13)
YSa+(Z+d—-1)Ca—d Ca

1.6 The Denavit-Hartenberg Convention

In general, using the HTM method, for two nonintersecting joint axes of general ori-
entations it would required three translations and three rotations, i.e., six basic HTMs.
Denavit and Hartenberg (D-H) (1995) [13] proposed a method which reduces the num-
ber of basic HTMs required between two frames of F; and F;_; to only four HTMs.
For the sake of simplicity, the D-H Convention is recalled here based on the summary

Angeles’s book [1]:

The links are numbered 0,1,...,n, the ith pair being defined as that coupling the (i-1)st
link with the ith link. Hence, the manipulator is assumed to be composed of n+1 links
and n pairs; each of letter can be either R or P, where link O is the fixed base, while link
n is the EE. Next, a coordinate frame F; is defined with origin O; and axes X;, Y; and Z;.
This frame is attached to the (i-1)st link-not to ith link- where i=1,..., n+1. For the first

n frames, the following rules are given:

1. Z; is the axis of the ith pair. Notice that there are two possibilities of defining the
positive direction of this axis, since each pair axis is only a line, not a directed

segment. Moreover, the Z; axis of a prismatic pair can be located arbitrarily, since



only its direction is defined by the axis of this pair.

. X; 1s defined as the common perpendicular to Z;_; and Z;, directed from the former
to the latter, as shown in Figure 1.8a. Notice that if these two axes intersect, the
positive direction of X; is undefined and hence, can be freely assigned. Henceforth,
we will follow the right-hand rule in this case. This means that if unit vectors
i;, ki—1, and k; are attached to axes X;, Z;_1, and Z;, respectively, as indicated in
Figure 1.8b, the i; is defined as k;_; x k;. Moreover if Z;_; and Z; are parallel, the
location of X; is undefined. In order to define it uniquely, we specify X; as passing

through the origin of the ((i)-1)st frame, as shown in Figure 1.8c.

(b) (e)

Figure 1.8: Definition of X; when Z;_; and Z;: (a) are skew; (b) intersect; and (c)

are parallel [1]

3. The distance between Z; and Z;; is defined as a; which is thus nonnegative.

4. The Z;-coordinate of the intersection O} of Z; with X, ; is denoted by b;. Since

this quantity is coordinate, it can be either positive or negative. Its absolute value
is the distance between X; and X;,;, also called the offset between successive

common perpendiculars.

5. The angle between Z; and Z; . is defined as «; and is measured about the positive

direction of X; ;. This item is known as the twist angle between successive pair

axes.
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6. The angle between X; and X is defined as ; and is measured about the positive

direction of Z,.

In summary, a n-axis manipulator is composed of n+1 links and n+1 coordinate frames
as Iy, Fo, ..., F),. These rules are demonstrated with an example. the architecture of
PUMA robot is shown in Fig. 1.9. The seven links, numbered from 0 to 6, and seven
coordinate frames numbered from 1 to 7. Notice that the last frame is arbitrarily defined,
but its origin is placed at specific point of the EE, namely, at the operation point, P.

Therefore, according to these rules; each HTM relating to the (i-1)th and ith coordinate

Figure 1.9: Coordinate frames of PUMA robot [1]

frame can be defined from the composition of four basic HTMs as follow:

1. Rotate about the Z;_; axis an angle of 6; to align the X;_; axis with the X; axis.

2. Translate along the Z;_; axis a distance of b; to bring the X; ; and X; axes into

coincidence.

3. Translate along the X; axis a distance of a; to bring the two origins as well as the

X axis into coincidence.

4. Rotate about the X; axis an angle of «; to bring the two coordinate systems into

coincidence.
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These rotations and translations between two coordinate frames F;_; and F; is shown in

Fig. 1.10. The D-H homogeneous transformation matrix, namely ‘~ A4;, expressing the

pose of F; relative to F;_. Therefore, *~'A;, is given as:

Figure 1.10: D-H parameters [26]

"“1A; = Rot(Z, 6;)Trans(Z, b;)Trans(X, a;)Rot( X, o;)

_cos 6; —sin6; 0 0- -1 00 0 ] -1 00 ai- -1 0 0 O-
sinf; cosf; 0 Ol {0 1 0 O[ |0 1 O Of |0 cosa; —siney O

0 0 1 010 01 b1(0 0 1 0} |0 sinag cosa; O
0 0 0 1] (000 1 11000 1 110 0 0 1]

Hence, from above multiplications, we have the following D-H transformation matrix:

i . . . 1
cosf; —cosq;sinf; sino;sind;  a; cosb;
i1 sinf); cosq;cosf; —sina;cosf; a;sind;
A= (1.14)
0 sin o COS oy b;
0 0 0 1 |




16

The geometry of each link is described by four parameter as: 6;, a;, b; and ;. These
four parameters completely define any revolute and prismatic joints. The a; and «a; are
fixed link parameters and determine the structure of the link. 6; is variable when it is
a revolute joint and b; is variable for prismatic joint. Hence, a n-axis manipulator has
n joint variables. The manipulator architecture is fully defined by its D-H parameters,
these parameters can be summarize in a table. Figure 1.11a shows the robot Fanuc
M16iB in its initial position as an example. Figure 1.11b illustrates its coordinate frames
and D-H parameters. The architecture of the Fanuc M16iB is fully defined by its D-H

parameters and can be summarized as in table 1.1.

(a) (b)

Figure 1.11: (a) The robot Fanuc M16iB in its initial position; (b) The coordinate frames
of the Fanuc M16iB
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Table 1.1: D-H parameters of the Fanuc M16iB

P16 la b af i+
116|a|b|-9]| 2
216, c 0] O 3
3/6;1d 0|9 | 4
416,10 e]-9 5
51610101 90 6
6160 |0(f ]| O 7

1.7 D-H Modeling of the Matsuura

In this section, the Direct Kinematics Model of the Matsuura five-axis milling center is
found by using the D-H method. Figure 1.7 shows the kinematic chain, while Fig. 1.12
shows the geometry of the Matsuura S-axis milling center at its initial position, At this
configuration, the origin of tool holder frame G is coincident the workpiece frame P on
top of center of the table. The table of the machine has two revolute axes C and A, and
two prismatic axes X and Y. The column of machine is fixed which has coordinate frame
B and tool holder has a vertical prismatic axis Z. When we attach a spherical end mill
tool to the tool holder, we need to add the tool length / to Z. For example, when C, A,
X, Y are zero then Z=d+l. Figure 1.13 shows the Matsuura with such a tool of length
[, when the center of tool is on the top center of the table. If we consider the table of
machine tool fixed and the workpiece coordinate frame P parallel to the base coordinate
frame, instead of a tree kinematic chain, we will have a serial kinematic chain such as
all of machine part move relative to workpiece coordinate frame. We can create D-H
parameters directly from workpiece to tool according to table 1.2 as shows in Figure

1.14. The homogeneous transformation matrix between neighboring links F; to F; + 1
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Figure 1.12: Geometry of the Matsuura 5-axis milling center without tool at home po-
sition

is calculated from eq (1.14), so ©A; to 5Ar can be calculated as follow:

01 0 O cos(C) 0 sin(C) O
10 0 O sin(C) 0 —cos(C) O
PA = JAy = ©) ©) ,
' 0 0 -1 0 0 1 0 d
00 O IJ 0 0 0 1
cos(A) —sin(4) 0 0 0 0 -1 0
sin(A) cos(4A) 0 0 -1 0 0 O
20, = (4) (A) 5A, = ’
0 0 10 0 0 X 0
0 0 01 0O 0 0 1J
001 0] 100 o0 |
) 100 0f, 010 0
A5 = VAT = ,
010Y 001 Z4+d+1
0 00 1 0 0O 1
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Figure 1.13: Matsuura with a spherical end-mill tool of length £ at home position

Table 1.2: D-H parameters from the workpiece to tool frames

7 95 a; b,,, ozf 1+1
P9 |0 0 180 1
1 C |0 d 90 2
2: A |0 0 0 3
31-90{0 X 90 4
419 |0 Y 90 5
5(180(0|d+zZ1| O T

‘We have:

PAr =P A YA, 2A5% A5 5 Ap

(1.15)
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Z+d-1

Figure 1.14: Coordinate frames of Matsuura from workpiece to tool frames

So;
[ o CaSe SaSe —XCo—YCaSo+(Z+d—1)SaSc)
PAT _ -S4 CsCc S4Cc XSc—-YCOuCc+ (Z +d—- l)SACC (1.16)
0 -S4 Ca YSa+(Z+d-1)Cy—d
0 0 0 1

The first three rows of the last two columns of eq. 1.16 provide the tool orientation and

position namely O and P, respectively. The DKM of the Matsuura is

—XCg—YCuSc +(Z +d —1)SsSc SaSc
P=| XSc—YCuCo+ (Z+d~1)S4Cc | and O = |S,C0 (1.17)
YSA+(Z+d—1)Cs—d Ca
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1.8 Different Method of Using D-H Parameters to Procure the DKM of Machine-

Tools

As mentioned before, the kinematic chain of machine-tools can be classified as tree-type
manipulators. The D-H convention method is suitable only for serial kinematic chain.
In the case of machine-tools, the D-H parameters must be created from the table to the
tool. This way of modeling machine-tools makes rather difficult to find right direction of
motion of each joint. In order to cope with this difficulties, a different way of modeling
D-H is shown in Fig. 1.15. The modeling is developed in two steps, one from the base
to the table and on other from the base to the tool. The positive direction of joint motion
can be the same as the direction of the machine-tools, which is easy to find. According
to Fig. 1.15, we have two serial kinematic chain, one in the right hand, and on other in

the left hand. Therefore, we have: PAr =8 Ap P A, the position and the orientation of

Figure 1.15: The kinematic chain of a five-axis machine-tool

T relative to P is given as “Ar = [BAp|™! BAs so it is sufficient to develop two D-H
parameters one from the base to the tool and other from the base to the table, and put
the two series of parameters in one table and calculate the D-H transformation matrices.
Notice that the D-H transformation matrices from the base to the part (right hand chain)
must be inverse.

As we will see later finding the Jacobian matrix of the five-axis machine-tool using
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differential-form makes rather difficult to calculate, we put two D-H parameters for right
hand and left hand in kinematic chains in one table and use a matlab program base on
algorithm 1.1 to develop the DK model and the Jacobian matrix, which shows advantage
of using this method.

In section 1.9 the DK modeling of the Matsuura five-axis milling center is illustrated as
an example of using this new method. The kinematic chain of the Matsuura is shown in

Fig. 1.16

AND

Base

(a) (b)

Figure 1.16: The kinematic chain of the Matsuura ; (a) left hand from the base to the
Tool; (b) right hand from the base to the workpiece

1.9 The DK Modeling, Using a New Method

1.9.1 D-H Parameters from Base to the Workpiece

According to the D-H parameters, the link frames of the Matsuura from the base to the

workpiece are shown in Fig. 1.17. Therefore, the D-H parameter notation from this step
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Figure 1.17: Link frames of the Matsuura from the base to the workpiece

is as in table 1.3. Notice that frame O is attached to the base and frame numbering are

attached in a negative numbering sign are going toward the workpiece.

1.9.2 Define D-H Parameters from Base to Tool

According to the D-H parameters, the link frames of the Matsuura from the the base to
the tool shown in Fig. 1.18. Therefore, the D-H parameter notation for this step is as in
table 1.4. In summary, the link frames of the Matsuura from the base to workpiece and
from the base to the tool can be shown together, while respecting the D-H notations as in

Fig. 1.19, and also the two D-H parameter notations, from two steps can be assembled



in one table as in table 1.5. From table 1.5 PA_5,7% A_4 ~® At can be found and shown

as follow:

PA_5 —

._3A_2

Table 1.3: D-H parameter notations from the base to the workpiece

) 9; a; bl Oé? 1+ 1
5109 (00 0 P
4, C|0(d| O -5
31 A (0|09 | 4
21-910|X| 0 -3
-1,9 [0]Y |9 | -2
0] 0 0]0/|-9]| -1

Table 1.4: D-H parameter from the base to the workpiece

v |6

i | T

bs

(07

e}
i)

t+1

0,010

d+Z-1

0

T

-2
3 A—l

Ce O

-S¢ 0
0 1
0 0
-0 1
00
100
_O 0

Se 0
Ce O A=
0 —d
0 1
0 1 0
-y 0 0
- AO
0 01
1 00
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Figure 1.18: Link frames of the Matsuura from the base to the tool

1 00 0

0 010 0

AT = Y
001 Z+d—-1
0 00 1

we have:

PAT =F A _5A_4 _4A_3 _BA_Q _QA-1 hlAO OAT

25

(1.18)
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Figure 1.19: Link frames of the Matsuura from the base to the workpiece

So
Co  CaSe SaSe —XCo—YCaSe+(Z+d—1)SaSc]
PATZ -S4 C4Cc S4Co XSC—YCACc+(Z+d—l)SACC (1.19)
0 -5, Ci YSu+(Z+d—1)Cs—d
o 0 o0 1

Equations 1.19 and 1.16 are identical, showing the identical results of the two methods.

As mentioned before, using our method to develop the D-H parameters of machine-tools
simplifies finding the position direction of joint motions. As it has mentioned before

another advantage is that it can be easily programmed in a computer. The algorithm
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Table 1.5: D-H parameters of the Matsuura (new method)

1|68 b; a; |1+1
P19 |0 0 0 -5
S C o d 0 -4
41 A0 0 9 | -3
319010 X 0 -2
29 10| Y |9 | -l
-1 010 0 |9 O
0, 0 [0|d+z-1} O T

1.1, using our method will be presented in the following section, which can calculate the

DKM and the vector-form of Jacobian matrix of the machine-tools.

1.10 Velocity Modeling

At the displacement level, If X represents the pose and 6 represents the joint angles, the
equation X = f(6) presents the Direct Kinematics Model (DKM) of a manipulator. At

the velocity level, the relationship between X and 6 is:
X =J68, (1.20)

where X represent the twist of the EE, 0 represent the joint velocity along the chain
either revolute or prismatic, and .J(#) is the Jacobian matrix of manipulator. They are
defined as
6
of

€R’ J)=—=ecR> b= |: (1.21)

. 96 |
On

P
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From eq. (1.21), the twist X is a six-dimensional columm which is composed of w,
the angular velocity vector of the origin of F,, in Fy, and p, the velocity vector of the
origin of £}, in F{. Here, the Jacobian matrix is a function which map the joint rates into
the EE twist, and which depends on 6, the joint position. The Jacobian matrix can be

determined in two ways differential-form and vector-form.

1.10.1 Differential-Form of the Jacobian matrix

According the eq. (1.21), the Jacobian matrix can be determined as the partial derivatives

of the EE pose X with respect to the joint position 6, from DK model of manipulators,

Lo 44
)
J(0) = a_g = € Ro*" (1.22)
dfs 2fs
80 T 06,

where n is the number of joints. The DK model of the Matsuura, is given in eq. (1.13).

The joint position ¢ and the tool pose X are defined as follows:

0 fo(9)
P fr(8)

€ R® and P € R3 (1.23)

Kenl
Il
N <O o= Q
m
3,
S
If
I

Unfortunately, the total deviation of O with respect to times is not the same as the an-
gular velocity vector, i.e., o) # w, and hence, we have no other alternative than doing a

geometrical interpretation to determine w.
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0

According to Fig. 1.6, the angular velocity vector of the joint C related to Pis | 0

-1
—1

The angular velocity vector of the joint Ais | 0 |, by multiplying this vector by the

rotation matrix

related to the P

0
Co Sc O
—Se Ceo 0], we have the angular velocity vector of the joint A

0 0 1

—C¢ Ce Se 0] [—1
Sc | = |=Sc Co 0 0 |. It is clear that, we have the same
0 0 0 1 0

angular velocity for three the prismatic joints. Therefore, the angular velocity of the tool

expressed in the table frame is given as

0 —Co 0 0 0
w=|0|C+| So |[A+|o| X+ |0|Y+|o|Z (1.24)
~1 0 0 0 0

From eq. (1.22) P, the velocity of the tool related to P is obtained as follow:
P==2 = dp0)=2004+ 2 i1 2eX 2y 1 2y

dt

0AC



The time derivative of P, given from eq. (1.13), is so,

SACo(Z — 1+ d) CaSc(Z — 1+ d)
P=|-8,8:(Z-1+d)| C+| CuCc(Z—-1+4d)

0 —SA(Z—l+d)+CAY_
_Cp —CaSe —S,45¢)
+| Se | X+ |=CaCc| Y+ | SuCe
0 Sa Ca |
Therefore, we have
[ 0 —Ce¢ 0 0
0 Se 0 0
wi -1 0 0 0
H | SuCe(Z—1+d)  CaSe(Z—1+d)  —Co —CaSo
—S48c(Z —14+d)  CuCo(Z —1+4d) Se  —CaCe
i 0 —SAZ —-1+d)+CY 0 Sa
where
[ 0 —Ce 0 0
0 Sc 0 0
J(6) = -1 0 0 0
S4Ce(Z — 1+ d) CuSc(Z—1+d)  —Co —CaSec
—848c(Z —1+d)  CuCo(Z —1+4d) Se  —CaCc
I 0 —SA(Z—1+d)+CrY 0 Sa

is the Jacobian matrix of the Matsuura expressed in the workpiece frame.

30

(1.25)

0
0
0
—-SaSc
S4Cc

Ca
(1.26)

—SaSc
SaCc

Ca
(1.27)

N B e Q)
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1.10.2 Vector-Form of the Jacobian Matrix
Whitney (1972) [37] redefined the Jacobian matrix on the vector base. Figure 1.20 shows
a general n-axis manipulator, O; is the origin of ith coordinate frame, attached to the (i-
I)st link. A unit vector ¢; is associated with each revolute axis. The vector P denotes

the position vector of point p attached to the EE and also the vector 7; is defined as the

position vector of the origin O;, with point p, directed from the former to the latter, i.e.,

Ti=a T a4+ ...+t ay (1.28)
and a; is defined from Fig. 1.10 and eq. (1.14) as:

a; cos b;
a; = |q;siné; (1.29)
b;

He showed that the Jacobian matrix can be defined as:

J(9)=[J1 Jy o Jn] (1.30)

6xn
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where J; € RS is ith column of the Jacobian matrix and n is the number manipulator of
joints.

: € - 0 N
J; 1s defined as; for the revolute joint and for the prismatic joint.

e; X1y €i
Fig. 1.21 illustrates the unit vectors e; and position vectors r; of the Matsuura.

Figure 1.21: The definition of e; and r; for the Matsuura

Therefore, the Jacobian matrix is shown as

e e 0 0 0
J= ! 2 (1.31)

€1 XT1 €3 XTg €3 XT3 €4 XTry €5 XTs 65
X

This matrix is used to find the numerical solution of the IKP and it will be presented in

future sections.
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1.11 An Algorithm to Find the DKM and the Jacobian Matrix of the Machine-

Tools

The solutions of the DK and the Jacobian matrix can be programmed, if the D-H pa-
rameters is considered as an input through an algorithm. Here, an algorithm is presented

base on new our method of D-H and the vector-form of the Jacobian matrix, i.e.,

Algorithm 1.1 to find the DKM and the Jacobian matrix
Read 6, a,, b, and o, from right hand DH parameters
T = eye(4)

For m = 1 to size of 6, step 1 do
Qrmt — Qrnlary,

0 1

mATm+1 e

Qm — Qrm”

a,, — — QTmTarm

T — T ™Arpy1
End do
Read 6y, a;, b; and oy from left hand DH parameters
For n = 1 to size of 0, step 1 do

nALL @1, al,
0 1

Qmin — Qly

Amyn — alp

T — T "Ar,1

End do
PAr «+ T; (The DKM)
R = eye(3)




Continue of algorithm 1.1

Fori=1tom+ nstep1do

R; — RH—lQi
End do
T
k= [0 0 —1]
g=1

Fori=2tomstep 1do
e — R; k
je—J+1
End do
Fori=1tonstep1do
€irm —— R [0 0 1]T
Je—j+1
End do
T
er=1[o 0 -]
Tmin = Amin
Fori=m+4+n—1tonstep —1do
T & + Qi Tiy1
End do
Fori=m+nto2step1do
T —— Ri_1Tig
End do
Fori=1tom + nstep 1 do
B, —e; xr;

End do

34
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Continue of algorithm 1.1
For m = 1 to size of @, step 1 do

if joint is then

Jm - em-i—l
_Bm—i—l
else
0
I —
_em—i—l
end if
end do

For n = 1 to size of 8; step 1 do

if joint is then

€m+n
Jm—}-n —
Bm-l—n
else
0
Jm+n —
€m+n
end if
end do

J(6)x(m+n) is the Jacobian matrix

A matlab program base on this algorithm presents in appendix B. It is enough to input
D-H parameters according our method in this program. The program calculates auto-
matically the DK model and the Jacobian matrix of the machine-tools which input its

D-H parameters.
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1.12 Inverse Kinematics Model

The Inverse Kinematic model (IKM) of five-axis machine-tools is to compute all possible
sets of joint angles that could be used to attain the given the position and the orientation
of the tool. The IKM is not as simple as the DKM, because the kinematic equations are
nonlinear for most robot manipulators the closed-form solution (analytical solution) are
not easy (or even possible) to solve. The inverse kinematics for five-axis machine-tools
most of time can be found as a closed-form solution. Calculation of the closed-form
solution is fast and it is also easy to apply the rules to choose one among several possible
solutions. Also, the inverse kinematics can be solved as an iterative numerical solution.
In the next section, the closed-form solution of the Matsuura is shown, as an example,

followed by the iterative numerical solution.

1.12.1 The Closed-Form Solution

The IKM expresses the joint position when position and orientation of the tool coordi-
nate system (T) related to the workpiece coordinate system P is known. From eq. (1.17)
of the DKM of the Matsuura, vector O presents the angles A and C, whereas the vector
P provides X, Y and Z.

i SaSc
If vector O = | j| = | S4Cq |, we will have:
k Ca
A = tarccos(k) where A # 0, (1.32)
i J
= arctan 2
¢ = arctan (e S Ay
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T —XCC - YCASC -+ (Z + d- Z)SASC
If the vector P = = | XSc —YCuCo+ (Z+d—1)S4Cc |, it can be devel-
YSA‘i‘(Z“f“d—l)CA—-d

N

™

oped as :

—CC —OASC SASC —X r — (d - Z)SASC
SC —CAOC SACC Y| = Yy — (d - Z)SACC
0 Sa Cy Z Z+d—(d—l)CA

There is a system of form AX=b where A is an orthogonal matrix and A=! = AT,

so X = ATb. By carrying out and simplifying it, IKM would be:

X —Ccx + Scy
Y| = —CyScx — CuCoy + SA(Z + d) (1.33)
Z SASC$+SACCy+CA(Z+d)—(d—-l)

Therefore, equations (1.32) and (1.33) represent the IKM of the Matsuura.

1.12.2 Iterative Numerical Solution

The iterative numerical solution is to find the value of the vector of joint variables 6(;. 1)

while the value of §(t;) is given. The Algorithm 1.2 can be used to find this value.

Algorithm 1.2 [1]
0 — 6(ty);
1 find correction A@;
if || A8]| < ¢, then stop;
else
60— 0+ A0
gotol
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Various procedures are available to find the correction A8 of Algorithm 1.2. The con-
venient one is based on the Newton-Gauss or Newton-Raphson method (Dahlquis and
Bjorck) (1974). In 1969, Whitney proposed a differential kinematic method to solve
the IKM of the manipulators and human prostheses [36]. This method use the relation-
ship between the End-Effector (EE) velocity and the joint velocity, which is represented
by a linear algebraic equation. The coefficient of the linear equation is the Jacobian
matrix, which is a nonlinear function of the joint angles. Whitney named this method
”Resolved-Motion-Rate” (RMR). If X represents the position and the orientation and 6
represents the joint angles, the equation X = f(6) presents the DKM of manipulator.
At the velocity level, the eq. (1.20) shows the relationship between X (the twist array
of the EE) and 6 (the joint velocity). Under a common short time interval, the EE and
joint velocities can be approximated as EE and joint displacements, i.e. X = AX and

= A6 and hence, €q. (1.20) can be rewritten as:
AX = J(0) 6 (1.34)

Therefore, the joint displacements Af can be found from AX; the small displacement

of the EE for the actual position X; = f(6;):

N =JO)IAX (1.35)
The AX is defined as
t (A
AX = Qvec ( Q) (1.36)
Ap

and Ap = pg — P, AQ = QTQ, where p, Q and pg, Q4 are, the actual and the de-
sired position vector and rotation matrix of the EE. The iterative numerical solution

consists essentially of eqs. (1.35) and (1.36), as first proposed by Pieper (1968) [31].
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The function vect (A Q) represents the axial vector of a 3 x 3 rotation matrix AQ, and

is calculated as follow:

) g32 — ¢23
vect(AQ) = 5 |93~ @ (1.37)
go1 — 12

Thus, the Resolved-Motion-Rate (RMR) method can be illustrated as the
Algorithm 1.3.

Algorithm 1.3 the Resolved-Motion-Rate method
1 {p; Qu} < desired pose of the EE
0 — initial guess
{p. Q} — 1(6)
AQ — Q'Q,
Ap ——p; —p
2 AQ— JlAt
if |AB| < e, then stop;
else
60— 0+ A0
AQ — Q'Q,
Ap «—ps—P

gotol

There are many different modified version of this Algorithm 1.3 in the literature. For
example, a damping factor 0 < p < 1 is often used in the step 6 «— 6 + A8, which
becomes 6 « 6 + p/Af in order to avoid overshoot of Af, when the procedure passes
closed to a singularity of J(6). The J! is the inverse of the Jacobian matrix, where,

JJ~t = J-1J = I. The existence of J~! is depended on the condition number of J. The
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condition number of J, namely k(.J), is defined as the ratio of the largest singular value

oy of J to the smallest one, o, i.e.

k) =2 (k1) > 1). (1.38)

The %(J) can be used as a measure of the amplification of error in differential kinematic
method (Salisbury and Craig 1982) [32]. The k(.J) can attain values from 1 to infinity.
The singular matrices have a smallest singular value that vanishes, and hence, their con-
dition number is infinity. In other word a Jacobian matrix with large condition number

is near a singularity, which may involve large computational errors.
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CHAPTER 2

REDUNDANCY AND OPTIMIZATION

2.1 Redundancy

If the number of joints of a manipulator (n) is greater than the dimension of the manip-
ulation variable (operation space) of EE (m), i.e. n > m, the manipulator is a redundant

manipulator. From eq. (1.20), in the frame work of differential kinematics we have:
t=J(6)f (2.1)

where t is the twist array of EE. Eq. (2.1) is a linear algebraic system with J(#) de-
fined as a full-rank m x n matrix, while 0 and ¢ are n- and m- dimensional columns,
respectively. In the case of redundant manipulator, as it is mentioned before, we have
n > m. Therefore, J(#) has fewer rows than columns or has a rank less than the number
of rows, and hence, the solution of the linear algebraic system of eq. (2.1) is considered

as an under-determined case, which has an infinite number of solutions.

2.2 Optimization and Redundancy Resolution

In the field of robotics, the subject of redundancy resolution has been largely studied at
both joint position level and joint-rate level. In this study, the joint-rate formulation is
adopted because the problem of redundancy resolution is linear at that level. Yashi and
ozgoren (1984) [38] proposed the solution by using minimal motion of joints as opti-

mization criteria, with lagrange multiplier method, and they linearized the displacement
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equations. Ballieul (1985) [5] proposed a form of the Jacobian matrix. Angeles, Ander-
son and Gosselin (1987) [2] resolved a system of joints displacement with an orthogonal
decomposition algorithm for a non linear problem. They also decomposed the solution
into two orthogonal components, one is projected on the null-space of the matrix and
another one on the orthogonal space of the same matrix. Angeles and Mathur (1989) [4]
resolved the inverse kinematic problem for joint velocity and for a cyclical movement.
Most methods worked at the joint-rate level and used the Moore-Penrose Generalize In-
verse of the Jacobian matrix. These methods will be presented in more details in the

following sections.

2.2.1 Generalized Inverse and Pseudoinverse

For A € R™™ and X € R™*™, the following equations are used to define a generalized

inverse, a reflexive generalized inverse, and a pseudoinverse of A (Bollinon and Odell

1971) [27]:

AXA=A (2.2)
XAX =X (2.3)
(AX)T = AX (2.4)
(XA =XA (2.5)

Equations (2.2) through (2.5) are called the Penrose conditions (Penrose 1955).

o Generalized Inverse
A generalized inverse of matrix A € R™* ™ isamatrix X = A~ € R"™ satisfying

eq. (2.2).

o Reflexive Generalized Inverse

A reflexive generalized inverse of matrix A € R™ " is amatrix X = A, € R™*™
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satisfying egs. (2.2) and (2.3).

e Pseudoinverse
A pseudoinverse of matrix A € R"™ " is a matrix X = AT € R"™™ satisfying

egs. (2.2) through (2.5).

A pseudoinverse is somtimes called the Moore-Penrose inverse after the pioneer works
by Moore (1920,1935) and Penrose (1955)” (from Nakamura’s book page 41 and 42
[271)

The generalized inverse is used for the solution of the linear algebraic system of equa-
tions, i.e.,

Ax =10, (2.6)

with A defined as a full-rank m x n matrix, while x and b are n- and m- dimensional

vectors, respectively. Thus, m # n, we have the following two case:

e over-determined: m > n; and

e under-determined m < n

The over-determined case does not admit a solution, unless vector b happens to lie in
the range of A. Equation (2.6) has fewer unknowns than equations. In this case, the
least-square solution is used to find the unknowns. The error in the approximation of eq.
(2.6), namely e, is defined as

e=5b— Ax .7

The solution of x minimizes a norm of e, e.g. || ¢ ||2. The solution is given as

x=Atb=(ATA) AT (2.8)
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where

AT = (ATA)LAT (2.9)

is a left generalized inverse of matrix A.
The under-determined case, as mentioned before, has an infinite number of solutions.

Thus, any matrix of the form
r=ATh+ (I — A*A)y (2.10)

where y € R™! is an arbitrary vector, is a solution of eq (2.6). Here, the A* is the right

generalized inverse of matrix A, which is defined as
AT = AT(AAT)! (2.11)

If y = 0, the smallest Euclidean norm, usually called the minimum-norm solution is
computed. Moreover, the (I — AT A) in eq. (2.10) is an orthogonal complement of A

projecting y onto the null-space of matrix A. Thus, we have:

(I-ATA)AT =0
(I—ATA)(I - ATA)=1—- A*A (2.12)
(I—ATA) = (I - ATA)

Most Redundancy Resolution algorithms used the solution of eq. (2.10) to find joint-rate

vector. Therefore eq. (2.1) becomes
6= Jrt, (2.13)

where, J* = JT(JJT)71, is the right generalized inverse of J.
Klein and Huang (1983) [22] showed that this solution can lead to noncyclic motions in

joint space. An orthogonal complement of J projecting h onto the null-space of J, i.e.,
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(I —J*J)h can be added to the minimum-norm solution, i.e., eq. (2.13). Therefore, this

non-minimum-norm general inverse kinematic solution can be written as:
0=J%t+(1—J"J)h, (2.14)

where, the (I — J*.J)h is an homogenous solution of eq. (2.13) and h is an arbitrary
vector to be a secondary task. Equation (2.14) is widely used by many researchers such
as Angeles (1998) [3] and Siciliano (1992) [33] in order to solve redundant tasks. Here,
vector /1 is an optimized performance criterion. Different value of h will give different
performances.

Liégeois (1997) [18] proposed to minimize the index of position-dependent scalar per-
formance, i.e., p(#) and developed the Gradient projection method and defined takes its

gradient as vector h:
p op 0 ap "
h:A@=k[zﬁg & ﬁ] (2.15)
where k is a positive scalar coefficient. Liégeois introduced a p that helps the joint-limits
avoidance as:
1, 6 —6md
= — _— 2.16
p n ;(glmzd _ sza:c) ( )
where 974 = (gmin 4 gmaz) /2 Gmin and §M® are, respectively, lower and upper joint
limits. Yoshikawa (1984) [38] proposed a scaler value 1 to measure the manipulability,

as:

= +/det(JJT) 2.17)

in order to avoid singularities. He also introduced a performance index for obstacle
avoidance, namely,

p= %(9 —0.)TH( -6,) (2.18)
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where H is a diagonal matrix and 6, is a given arm posture.
Maciejewski and Klein (1985) [23] also resolved the redundancy to avoid obstacles.
They named the nearest manipulator point to the obstacles “obstacle-avoidance point”.

They developed the equation that avoids the obstacle as
J.0 = p, (2.19)

where J, and p, are respectively the Jacobian matrix and displacement velocity vector,

in the obstacle-avoidance point. The solution uses the eq. (2.14) while / is defined as:
h= [l —J" )" B — JoJ D) (2.20)
putting eq. (2.20) as h in eq. (2.14) and simplify, the result gives us the solution as

0= J*p+ [Jo(I — THI)* (B0 — JoJ P) (2.21)

Klein (1984) [21] resolved redundancy in order to get a maximal dexterity. He suggested
to use a performance (., which is the smallest singular value of the Jacobian matrix, then,

the value defined as singularities. So, 1, can be used as maximal joint velocity;

. 1 .
[0 )l=—1pl (2.22)
[

However, a problem is raised because the norm of the Cartesian velocity vector can be
physically complicated to define.

Yoshikawa’s manipulability index has been used extensively. However, the determi-
nant cannot be used to measure how close a matrix is to singularity, as Golub and Van
(1989) [15] pointed out. Therefore, Kosuge and Furuta (1985) [24] suggested to take the
reciprocal of the condition number of the Jacobian matrix as a controllability measure.

Hanafusa, Yoshikawa and Nakamura (1987) [29] decomposed a task into several sub-
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tasks and assigned priorities to each subtask. They considered these in the inverse kine-
matics model, then, each sub task is solved by using the residual of the degree of freedom
from the former resolution.

The damped least-square methods introduce a damping factor p in the solution, i.e.,
0=Jp (2.23)

where

Jr=J0(JJ +pD)7? (2.24)

Nakamura and Hanafusa (1987) [28] named this inverse of in eq. (2.24), the "SR-
inverse” (Singularity-Robust-Inverse). They suggested an automatic adjustment of the
damping factor, which affects the manipulator performance near of singularities, as
forms

1—u/pe)?, ifu < po;
p= Po( N/Mo) < lo (2.25)

0, otherwise,
where (1 is the manipulability, defined in eq. (2.17), 1o represents the near boundary of
the singular points and p, is a constant which represents the scale at the singularity.
Kelmar and Khosla (1990) [20] proposed to use the ratio of u between two iterations,
instead of determining the p and testing the p < po. The idea was based on while the
manipulator approaches a singularity, the ratio will drop dramatically, and they suggested
the damping factor as following;

1— i+1 iQ, if i+1 z<k’

)= po(1 — p*t/uh) W (2.26)
0, otherwise,

where k is the near boundary of the singular points as i that they determined experi-

mentally.
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2.2.2 Weighted Generalized Inverse Method

The weighted generalized inverse solution of eq. (2.1) can be express as follow;
0=Jp (2.27)

where J7 is;

Jr=w gt gw-tgh)t (2.28)

w

and W is a positive definite weighting matrix. Chan and Dubey (1993) [12] compared
the weighted generalized inverse method with the gradient projection method in the
case of joint limits avoidance problem, and they found the weighted generalized inverse
method reached more accessible joint trajectory than gradient projection method. Whit-
ney (1969) [36] applied priorities through the weighted matrix. Konstantinov, Markov
and Nechev (1981) introduced a method which avoids exceeding the joint limits. Park
,Chung and Youm (1996) [30] used the weight not only in the generalized inverse, but
also in the Jacobian matrix and the joint velocity and they named them, weighted Jaco-

bian and weighted joint velocity. Therefore, they solved eq. (2.1) as
J0 =1, (2.29)

where J,, and 6 are the weighted Jacobian and the weighted joint velocity.

2.2.3 Householder Reflection Method

In order to solve eq. (2.14), Angeles, Arenson and Slutski (1998) [3] introduced the
Householder Reflection procedure instead of using a direct computation of the general-

ized inverse of J. Under the assumption of full rankness of J, eq. (2.14) can be rewritten
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as

0=mw+h, (2.30)

where w is the minimum norm solution of the following linear algebraic system

Jw=r (2.31)
while r is defined as
r=t—Jh (2.32)
So, eq. (2.31) can be rewritten as
Jw=t—Jh (2.33)

an Householder orthogonal matrix H that triangularizes J7 in the form of

HJT = u (2.34)
o)

is used for solving eq. (2.33), where U is a upper-triangular matrix and O is the zero

matrix. Inserting the identity matrix H” H into the eq. (2.33) as follow
JHTHw =t — Jh, (2.35)

yields;
(5T OT| Hw =t Jh (2.36)

because of

JHT = (HJ?)T = [HT OT] (2.37)
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Therefore, w can be defined as follows

UT)=Y(t — Jh
w=H" SRR (2.38)
0

Putting eq. (2.38) into eq. (2.30) yields

: =Yt — Jh
6=HT CR +h (2.39)
0

Therefore, eq. 2.39 can be rewritten as
0=HTy+h (2.40)
(UT)~H(t - Jh)

0

Using this solution avoids a direct computation of the generalized inverse of the Jacobian

where y =

matrix, therefore, the squaring of the condition number of the Jacobian matrix is avoided

and the round-off error of the algorithm is not amplified.

2.2.4 Elimination Method

Baron (1999) [6] proposed an elimination method to optimize the post processing of the
surface milling operation using a ball-end mill tool with a five-axis machine-tools. The
surface is milled with a ball-end mill tool requiring only three dofs, and hence, can be
realized with a three-axis machine-tools. However, if the task is realized with a five-axis
machine-tools, the orientation of the tool can be chosen freely. Therefore, the angular

velocity can be eliminated from the twist. so, eq. (2.14) can be rewritten as

6 = Btp+ (I - B*B)h, (2.41)
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where B is the lower part of the Jacobian matrix, i.e., a 3 X 5 matrix and p € R**! is the

displacement velocity.

2.2.5 Virtual Joint Method

Baron (2000) [7] proposed a joint limits avoidance strategy for arc-welding robots. A
virtual joint around the symmetry axis of the electrode is added in order to obtain an
under-determined linear algebraic system with at least one dof of redundancy. Equation
(2.14) can be rewritten as

0, = Jrt+ (I — JFJ)h, (2.42)
where J, is an augmented Jacobian matrix by the virtual joint-rate 9n+1

and 91) = )
en—f—l

2.2.6 Twist Decomposition Method

Huo and Baron (2005) [16] decomposed the twist in eq. (2.13) into two orthogonal
subspace, one lying into the task subspace and another lying into the redundant subspace.
They found a new solution for the inverse kinematics of functionally redundant serial
manipulators, then they applied this method to arc welding task with the PUMA 500
manipulator. The idea is, in the eq. (2.13), ¢ (At) can be decomposed into two orthogonal
part

t=t,+t,, =Tt+(1-T)t (2.43)

where T is a twist projector. Therefore, eq. (2.13) can be rewritten as

Af = (JTT)At+ JH(1 - T)At (2.44)
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The first part of eq. (2.44) represents the task displacement and the second part represents
the redundant displacement. The At can be considered as Jh, i.e., At = Jh, where h is
an arbitrary vector of joint spaces allowing to satisfy a secondary task. Hence, eq. (2.44)

can be rewritten as follow
A0 = (JTT)At+JY(1 - T)Jh (2.45)

In general arc welding operations, the electrode has a symmetry axis. The electrode can

be rotated around this axis without affecting the task. This axis describes the geometry

of the functional redundancy. The unit vector e denote the orientation of the symmetry

axis along the electrode. The twist projector for a general arc welding task is defined as
(1—eef) 0 eel

) 0
T= L T+=1-T= (2.46)
0 1 0 0

2.3 Secondary Task for Redundant Machining Operation

The definition of a secondary task in the case of redundant machining depends on the
operation. In this study, the case of a surface milling operation with a ball-end tool
is considered as a redundant task requiring only the three dofs of position. The tool
orientation could be chosen with criterion optimization. Therefore, the first three rows of
the Jacobian matrix can be eliminated in order to keep only the last three rows concerning
the translational velocity that maps the joint-rates g into the tool velocity vector p as

JO = P, where the solution is well-know to be
0=JP+(1-J"I)h, (2.47)

with J* being the right generalized inverse of J, i.e., J* = (JTJ)~1JT, and h a sec-

ondary task that is projected onto the null-space of J. The first part of eq. (2.47) presents
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the minimum-norm solution, while the second part of eq. (2.47) presents the homoge-
nous solution. Clearly, the first part of eq. (2.47) does not control the tool orientation,
and hence, h in the second part must include at least a term of cutting tool orientation,
i.e., the normal of the milling surface O;. With this term, it is possible to optimize the
tool orientation O, such that to approach O; with some acceptable angle error. In fact,
the axis of the tool at any point of the tool path must be within a cone of axis of desired
maximum error angle. Here, the first part of eq. (2.47) cannot control the joint limits of
the milling machine, therefore, keeping 6 as close as possible to the mid-joint position

() can be required. The secondary task h can be chosen as V z, where z is the following

objective function
z = %(9 —O)TWTW (6 — ) + Wy (1 - OT - Oy) (2.48)

where W is a diagonal positive definite weighting matrix and 6 is the mid-joint position,
while, O and W}, are the unit vector along the desired final tool orientation and positive

weighting, respectively. The objective is minimizing z so h could be —V z hence,

h=-W(0—0)+ Wod%(OT - Oy) (2.49)

2.4 Conclusion

In this chapter, we have review the literature on the inverse kinematics of serial manipu-
lator in the case of redundancy. A special form has been placed on the solution of these
problem at the velocity level, where an iterative numerical procedure is considered.

In the next chapter, we will transpose these solution procedure into the post-processor of

a CNC five-axis milling center for surfacing milling operations.
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CHAPTER 3

OPTIMAL POST-PROCESSING OF MACHINE-TOOLS

As it was mentioned before, the last stage of CAD/CAM systems is to convert CL data
to machine code, the interface that links the CAM systems and CNC machines, which
is called post-processor. In this chapter, an optimal post-processor for five-axis CNC

milling machines is studied.

3.1 Cutter Location File (CL-File)

In order to calculate the milling of a shape with a tool in a CAM system, it is often
necessary to approximate a space curve by a few thousands straight line segments. To
accomplish this, the CAM system must discrete the curve into thousands of small straight
lines within the machining tolerance of the tool path and for each of these end-points a
cutter-radial offset must be calculated to determine the cutter location. These locations
are saved into the recalled cutter location file namely CL-file under an ISO standard.
One of these standards is the APT format (Automatically Programmed Tools). In 1955,
a prototype APT system was coded for the Whirlwind computer at MIT to demonstrate
its feasibility.

Figure 3.1 shows an example of tool path of five-axis machining with a ball-end mill
tool from CAM system. The vectors, P = [z y z] and N = [i j k] are used to define
the position and the orientation of center of ball-end mill tool related to the workpiece
coordinate system. The APT of this CL data can be shown as:

"GOTO/x, y, z, 1, j, k" in an APT-file, where, GOTO is a standard command

in APT system, the three first columns represent P and last three columns represent N.
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Xy~ Yo Zy, »'Workpiece coordinate system
P 2 Position vector of cutter center
N Vector of cutter orientation

Figure 3.1: Tool path of five-axis milling [17]

It is worth mentioning that each line starting with a GOTO in an APT-file represents the
pose of tool related to the workpiece coordinate system, which must be translated trough
the inverse kinematics by the post-processor module into "G01 X Y Z A C” in G-code

system. Notice that x, y, z, A and C are the joint position of the milling machine.

3.2 Linearization

When CL data are generated by the CAM system, it is assumed that the tool path be-
tween two CL points is a straight line relative to the workpiece. However, due to the
rotary axes of the machine, the tool path between two blocks in the NC program will be
non-linear relative to the workpiece, reducing the accuracy of the tool path. Lineariza-
tion of the tool path in the post-processing will solve this problem. In an unlinearized
NC program each motion command is a direct transformation of one motion command
in the CL data file, i.e., a GO1 command is translated from each GOTO command. The
number of lines in the NC program is approximately equal to the number of lines in the

CL file. Linearization of the tool path is performed in the post-processor by interpolat-
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ing new CL data point along the ideal tool path and thereby adding new blocks to the
NC program. One command in the CL file may result in several lines in the NC file, so
the size of the NC program increases. The final tool path will consist of position that
originate directly from CL data file, and new positions that are generated by CL data
interpolation in the post-processor. Linearization will not provide perfect motion of the
tool, but allow deviation from the ideal tool path within an acceptable level. Lineariza-
tion algorithms must use calculations of both the forward and the inverse kinematics to
calculate deviations from ideal tool path and to interpolate new CL data. A recursive
method for linearization, taking into consideration both the position and the orientation

deviation of the tool, is described by K. Sorby (1999) [34].

3.3 Algorithm for the Optimal Post-Processing

In this section, an iterative numerical solution method for the calculation of the inverse
kinematics is illustrated in algorithm 3.1, the solution presented in eq. (2.47) and sec-
ondary task A from eq. (2.49) are implemented as optimal post-processing in this algo-

rithm. The algorithm can be summarized as following:
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Algorithm 1.1 optimal post-processor module
Read Py and O; from each line of APT — file
0, Wand Wy «—— initial guess
{P, O, J} — DKM(0)

Fori =1 to 500 step 1 do
AP «— 0.5 (P; — P)
he— -VZ
A — JTAP+ (1 —-J*J)h
if ||AP|| < € = 107 °%m, then stop;
else
0 — 6+ 0.8A0
{P, 0, J} — DKM(0)
end if
End do

Vectors Py and Of denote the desired final position and orientation of the tool frame
relative to the part frame. The function DKM calculates the actual pose of the tool
frame relative to the part frame. After each "Do” iteration, the next joint position @;_;
is computed as the actual joint position 8; plus a damping factor 0.8 times the joint dis-

placement A@, in order to avoid overshooting of 6,1, for ill-condition Jacobian matrix.

Our algorithm allows a linear interpolation between the actual and final positions of
the center of the ball-end mill, while leaving the control of the tool orientation to the
secondary task. The latter tries to keep both the joint positions and the tool orientation
at the closest deviation from the preferred tool orientation. A proper selection of the

weight allows a good balancing between the two contradictory objectives.
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3.4 Experimental Test of the Optimal Post-Processor

The forward and the inverse kinematics described in this study, along with the algorithm
3.1 and lineariztion algorithm, have been implemented in a post-processor module for
the Milling machine center Huron KX8-Five. The post-processor was programmed using
the Matlab language. The CL data was generated by CATIA V5.

Figure 3.2 shows a picture of Huron KX8-Five. This machine is a five-axis high speed

Figure 3.2: Milling machine center Huron KX8-Five

Machine (HSM) that use powerful motor and can machine a part with acceleration of 0.5
g (g=9.8 m/s?). The positive direction of joints is shown on Fig. 3.3. The coordinate

systems P and T are associated to top of rotary table C and center of sphere of ball-end
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—

Figure 3.3: Schema of Huron KX8-Five

mill tool, respectively. The kinematic chain of the Huron can be represented as in Fig.

3.4. Associating the coordinate frames from the workpiece to the tool, according to our

Base

Figure 3.4: The kinematic chain of Huron KX8-Five

new method of D-H parameters introduced in chapter one, is shown in Fig. 3.5.Finally,
the D-H parameters can be summarized as in table 3.1 From table 1.5, PA_ 33 A_y ~B

Ap can be found and therefore, the homogeneous transformation matrix of the Huron
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22,37

Figure 3.5: Coordinate frames of Huron KX8-Five from the workpiece to the tool

Table 3.1: D-H parameter notations from the workpiece to the tool

i | 6 Ja| b | o [it+1
Pl (-9 |0 -d 180 | -3
S31(A)90 | 0 0 -45 -2
21 45 [0 (Y) |90 -1
-1 0 0 0 -90 0
0 -90 0 0 90 1
1 0 0 X) -90 2
2] 0 |[0[@+d| 0| 3
3 90 0 -1 0 T
KX8-Five is _ }
Rl R4 7 =z
R2 R5 j
PAL = 7Y 3.1)
R3 R6 k =z
0 0 0 1
where,

R1 =1/2 cos(C) — +/2/2 sin (C) sin (A) + 1/2 cos (C) cos (A),
R2 = /2/2 cos (C)sin (A) + 1/2 sin (C) + 1/2 sin (C) cos (4),
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R3=1/2cos(A)—1/2,

R4 = —+/2/2 /2 cos (C) sin (A) — sin (C) cos (4),

R5 = cos (C) cos (A) — +/2/2 sin (C) sin (A),

R6 = —/2/2 sin (A),

i =—1/2 cos (C) — /2/2 sin (C) sin (A) + 1/2 cos (C) cos (A),

j==1/2sin(C) + v/2/2 cos (C) sin (A) + 1/2 sin (C) cos (A),
k=1/2cos(A)+1/2,

£ =Y sin (C) cos (A)—1/2 cos (C) (Z + d — 1)—1/2 X cos (C)+v/2/2 X sin (C) sin (A)
—+/2/2sin (C)sin (A) (Z +d —1) — 1/2 X cos (C) cos (A) + v/2/2Y cos (C) sin (4),
y=+/2/2 cos (C)sin(A4) (Z +d —1)-1/2 X sin (C)+1/2 sin (C) cos (A) (Z +d 1)
—1/2 sin (C) (Z + d — 1)++/2/2Y sin (C) sin (4)—v/2/2 X cos (C) sin (4)—Y cos (C)
cos(A), and

z=—1/2Xcos(A)+1/2X ++/2/2Y sin(A) +1/2 cos(A) (Z+d—1)+1/2(Z -

d — ). According to Fig. 3.6, the joints limits are as follow:

T C |
B g

" . » us lfjm‘! ™ | tz
/:/§\§ U D e

Figure 3.6: Joint limits of the Huron KX8&-Five
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=3I5mm < X <335 mm
=350mm < Y <350 mm
O0mm < Z <450 mm (3.2)
—-180°< A < 45°
C

—-99,999.999° < < 99, 999.999°

=W
f

75 mm

Therefore, the forward kinematics of Huron KX8-Five is defined from egs. (3.1) and
joints limits (3.2). Using a Matlab programm base on the algorithm 1.1 presented in

appendix II gives us the Jacobian matrix of the Huron KX8-Five automatically as fol-

lowing i i
Jin J21 Jzn Jan Jsa
Jig Jog Jso Jug Jso

J(6) = Jig Jaz Jzz Juz Js3 (3.3)

Jia Joa Jza Jua Jsa
Jis Jos Jas Jas Iss
|16 Jas Jze Jae Jsg]

where,

Ji1 =0,

Ji2 =0,

Jig =1,

Jia=—v2/2cos (C)sin (A) (Z+d—1)+1/2sin (O) (Z+d—1)+cos (C)cos (4) Y —
1/2sin (C) cos (A) (Z+d—1)+1/2sin (C) X ++/2/2cos (C) sin (A) X —v/2/2sin (C)
sin (A) Y +1/2sin (C) cos (A) X

Ji5 = —v/2/2sin (C) sin (A )(Z+d 1)=1/2cos (C) (Z+d—1)++/2/2sin (C)sin (4) X
+v2/2cos (C)sin (A) Y — 1/2cos (C) cos (A) X + 1/2cos (C) cos (A) (Z + d —
) +sin (C)cos (A) Y —1/2cos (C) X,



63

Ji5 =0,

Jo1 = —v2/2cos (C),

Jog = —1/2/2sin (C),

Joz = V2/2,

Jou = —1/2cos (C) sin (A) (Z+d~1)++/2/2cos (C) cos (A) Y —y/2/2sin (C) cos (A)
(Z+d-1)—sin (C)sin (A) Y +1/2cos (C)sin (4) X + v/2/2sin (C) cos (A) X,
Jos = —v/2/2cos (O) cos (A) X ++/2/2sin (C)cos (A) Y +1/2sin (C)sin (A) X +
cos (C) sin (A) Y ++/2/2cos (C) cos (A) (Z+d—1) —1/2sin (C)sin (A) (Z+d—1),
Jog =1/2sin (A) X —1/2sin (A) (Z+d —1) +v2/2cos (A) Y,

Js1 =0,

J32=0,

Jz3 =0,

Js34 = +/2/2sin (C)sin (A) — 1/2cos (C) cos (A) — 1/2cos (C),

Js5 = —cos (C)cos (A) + v/2/2sin (C)sin (A),

J36 = v/2/2sin (A),

J4,1 - 07
J4,2 = 07
J4,3 = Ov

Jua = /2/2sin (C)sin (A) — 1/2cos (C) cos (A) — 1/2cos (C),
Jis = —v/2/2cos (C)sin (A) - 1/2sin (C)cos (A) — 1/2 sin (C),
Jue = —1/2cos (A) + 1/2,

J5,1 - 07
JS,? - Oa
J5,3 = Oa

Js.4 = 1/2cos (C)cos (A) — +/2/2sin (C)sin (A) — 1/2cos (C),
Js5 = V2/2cos (C)sin (A) + 1/2sin (C) cos (A) — 1/2sin (C), and
Js6=1/2cos (A) +1/2.
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3.5 Example of Operation

The example of machining operation is a free form surface as shown in Fig. 3.7. The

Figure 3.7: Tool path generated by CATIA

surface is inscribed in a 4 inch dia. cylindric block. A multi-axis zigzag strategy with a
0.5 inch ball-end mill tool is chosen as a finish milling operation. The scallop height of
the tool path is 0.005 mm and the machining tolerance is 0.01 mm. The orientation of
tool has been chosen normal to surface. An APT-file is generated for this operation from

center of sphere of ball-end mill tool by CATIA V5.

3.6 Post-Processor Output

The five-axis APT-file from CATIA after linearization has been post-processed for the
milling machine center Huron KX8-Five in four way in order to demonstrate the feasi-
bility of operation and also to compare the effect of tool orientation on surface quality.
1) CL data processed always parallel to vertical direction; 2) tool always at a constant

orientation different than the vertical direction; 3) tool always normal to the surface as
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it is desirable, and finally, 4) tool almost normal to the surface using the optimal post-
processor module in order to avoid exceeding joint limits.

The processed joint positions value from the third test are shown in Fig. 3.8. According
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Figure 3.8: The processed joint positions value when the tool is normal of the surface

the eq. (3.2) limit of joint limit A is; —180° < A < 45° but from Fig. 3.8, the processed
joint A is between —82.8° and 82.8°, Therefore, The joint A exceed its limit and the NC-
file generated from this process can not be accomplished . In order to accomplish this
operation, the CL-data must be processed by an optimal post-processor module which
can identify the joint limits.

In order to have a optimal post-processing the secondary task A from eq. (2.49) for the
Huron KX8-Five must be defined. The calculation of this secondary task can be shown
as follow

From the DKM of the Huron KX8-Five, eq. (3.1), we have:
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i=—1/2 cos(C) —~/2/2 sin (C)sin (A) + 1/2 cos (C) cos (A)
O=|j=-1/25in(C)+ v/2/2 cos (C)sin (A) 4+ 1/2 sin (C) cos (4) | ,
k=1/2cos(A)+1/2

O¢fa
If O = |0p|;
Ot
OT.0; = —1/2cos(C) Oy, — V2/2 sin (C)sin (A) O, + 1/2 cos (C) cos (A) Oy,
~1/2 sin (C) Oy, + V2/2 cos (C) sin (A) Oy, + 1/2 sin (C) cos (4) Oy,
+1/2 cos (A) Of, + 1/20y, (3.4)
(07 0y)
i 407 - 0y)
and @(O -0y) = 0 (3.5)
0
| 0 .
Finally,
(¢ O] 07 0]
A-A E‘%(OT Oy)
h = -W|ly -y |+W 0
X-X 0
| Z - Z| I 0 |
where,

%(OT . Of) = —% SccAOfm + %ScOfx — % CCSAOJ“;E - %SccAOfy + % S()Ofy —
?OCSAOfyv
L(0T-0f) = ~1 CoSa0s =2 ScCaOyp — 1 868405y + L2 CeCaOpy — 1S40y,
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W = diag(Wg, WA7 WY) Wx, WZ) and 6_ = %(emax + emin)
The mid-joint of & can be calculated from eq. (3.2), i.e.,

- -

C=0°
A= (45 — 180)/2 = —67.5°
Y = 0mm (3.6)

X = 10mm
7 = 225mm

>
Il
|

The weighting values W and W, can be determined after some tried. The objective
of this optimal post-processing is to try to approach to the mid-joint of A in the first
part of h and also to try to approach the normal to the surface O; in the second part
of h. The results of successful optimal post-processing are shown on the following
figures by considering the weighting value W = diag(0,0.135,0,0,0) in the first part
and Wy = 0.85 in second part. The joint positions from the optimal post-processing

module are illustrated in Fig. 3.9. This figure shows that the joint A values are much

-100 T T T T T T
00 VWA A A AT,
-300 L L

100

T T T T T
O | | | w
-100

200

C (deg.)

Angle A (deg.)

X (mm.)
o

-200

0 05 1 15 2 2.5 3 35
200
€
E o
I~y
-200 L h ‘
0 05 1 15 2 25 3 35
200
£ ool
N
0 . . . . ) .
) 0.5 1 15 2 25 3 35
step x10°

Figure 3.9: The processed value of joints form optimal post-processing (fourth test)
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lower, i.e., between —78.5° and 43.5° that is within the limit of this joint. Therefore,
the NC-file generated from this optimal process can be accomplished by the machine-
tool without exceeding the joint limits. In order to verify the numerical stability of our
solution procedure the condition number of the Jacobian matrix is shown in Fig. 3.10.

According to Fig. 3.10 the Jacobian matrix has acceptable condition number, while

1.025

Condition Number of Jacobian Matrix

1,015+ il I R

1.01

Figure 3.10: Condition number of the Jacobian matrix from optimal post-processing

processing. Also, the positioning error of this process is shown in Fig. 3.11, according

Ep. (mm)

Figure 3.11: Positioning error from optimal post-processing
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this figure, the positioning error is always less than 0.0001mm, that is negligible with
comparing to machining tolerance. For simplicity of observation, the processed result
of one cycle of CL-data is illustrated in the following figures. Figure 3.12 shows, the
joint positions A and C from two different post-processes, normal and optimal post-

processing (third and fourth tests). The joint position A in optimal post-processing does
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Figure 3.12: Comparing the joint positions A and C from the third and fourth tests.
(normal and optimal post-processing)

not exceed its joint limit. Whereas, the tool orientation from the two processes has
three dimension geometry and difficult to illustrate, hence, in order to illustrate that,
the CL-data file from two process is created by using forward kinematics and shown in
the following figures. Figure 3.13 illustrates the tool path from normal post-processing,
when the tool is always normal to the surface. Figure 3.14 illustrates the optimal tool path
from optimal post-processing. The relative tool orientation between these two processes
is shown in Fig. 3.15. According to the figures the joint position A is optimized in order

to stay in its joint limits.
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3.7 Machining Tests

The machining tests was conducted to demonstrate the feasibility of the optimal tool path
and to compare machining quality with our four ways of machining. In order to avoid the
risk of human or system error, the generated tool path should be verified before actual
machining. Figure 3.16 shows the process of multi-axis machining of a part simulated by

VERICUT software. The Huron KX8-Five use a SIEMENS 840D controller. Therefore,

Figure 3.16: Simulation of a part

some operation commands must be added to our processed Geode-file in order to adjust
the feed rate and other parameters to have a suitable an accurate machining procedure.
Figure 3.17 shows the Huron KX8-Five in multi-axis machining process of one of our
test parts. As mentioned before, the task with tool orientation normal to the free form
surface, cannot be accomplished with this machine, Hence, the CL-data of this file is
cut and the part was machined until A = 43°, before it reaches the limit. The result
after machining is shown in Fig. 3.18. The part number 1 is machined by 0.5” ball-end

mill tool always parallel to Z axe of machine tool, i.e., A = 0 and C' = 0. The part
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Figure 3.17: The Huron KX8-Five in a multi-axis machining process

number 2 is machined by a 0.5” ball-end mill tool with constant angle for joint A4, i.e.,
A = 14° for one side and A = —14° for the other side. The part number 3 is machined
by 0.5” ball-end mill tool always normal to the free form surface before joint limit A
is exceeded. Finally, the part number 4 is machined successfully by the same tool with
consideration of joint limit A, it means the optimal orientation of tool, using the optimal
post-processor module.

Roughness of the final surface of the four machined part is measured by the Mitutoyo
Surftest surface roughness measuring machine. The way of measurement is illustrated
in Fig. 3.19, the probe of measuring machine has measured three line, length 12.5 mm,
in one direction on two side of each part. The results and figures of measurement are
shown in appendix I and the values of Ra for each measurement summarized in table
3.2. The values of Ra the third part is more than the other parts because of reaching to
joint limit A-axis, only front face of this part is machined and tool path for machining
is shorter than the other part. Hence, the machining can not be accomplished with a

suitable feed rate as be accomplished on the other parts. The results demonstrate that the



Figure 3.18: The four machining tests
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Figure 3.19: Location of measurement on the parts
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Table 3.2: Values of Roughness of four parts

74

Number of part | Rear | Average of R,(um) | Front | Average of R,(um)

1 1-D-AR 1.4 1-D-AV 1.3

1 I-C-AR 1.394 1-C-AV 1.444
1 1-G-AR 1.826 1-G-AV 1.802
2 2-D-AR 1.211 2-D-AV 1.468
2 2-C-AR 1.589 2-C-AV 1.254
2 2-G-AR 1.79 2-G-AV 1.423
3 3-D-AR - 3-D-AV 1.557
3 3-C-AR - 3-C-AV 1.572
3 3-G-AR - 3-G-AV 1.404
4 4-D-AR 1.396 4-D-AV 1.2
4 4-C-AR 1.408 4-D-AV 1.18
4 4-G-AR 1.642 4-G-AV 1.223

part 4, which is machined by our optimal tool orientation has the less Ra.
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CHAPTER 4

CONCLUSION

In this thesis, an orthogonalization procedure was used to compute the inverse kinematic
of five-axis CNC milling machines performing a surfacing task. The solution procedure
has been implemented within a post-processor module and tested with the architecture
of the Huron KX8-Five milling center. Different shapes of surfaces have been success-
fully machined with the module without exceeding joint limits. It was shown that the
procedure allows the addition of a secondary task to the primary one, which improves
the quality of the task performed. The experimental tests was conducted to demonstrate
the feasibility of the optimal post-processing tool path and to compare machining quality
with different way of machining. The part 4, which is machined without exceeding the

joint limits by our optimal tool orientation has acceptable surface quality.

4.1 Future Works

The weighting values W and W, which is used in our optimal post-processor depend on
the shape of free form surface and strategy of machining. Different way of machining
the surface need different weighting values. These values find after some try and error
in process. Hence, our optimal post processor need an automatical method to find the
weighting values.

Our optimal post-processor can not supply the new codes which are used for high speed
machining, these codes work base on spline or nurbs curve instead of small line. The
movement of machine-tool with these codes is faster than GO1. Therefore, study in two

cases 18 recommended as future works.
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APPENDIX 1

THE RESULTS AND FIGURES OF ROUGHNESS MEASUREMENT
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Stylus Standard (J2AACT31-12AABISS)
Suaightness Conpensation  OFf

Stylus Radius Conpensation OF

Auto-Natch(-) Off

Rugosite Piece: #1-D-AV

b
e
3

0400em

0,000

7.800
0.593mcm x16.850

Distance 0.627nmw/em 515,949

06/12/13

06/12/13

(owg] 13750

{ i

[ 12,508




Rugosite Piece: #1-G-AR

Pacameter SumTable

Profle=R_180 - Section=|1} | Average Value

Ra (umi 1826 1.826
Ry (uny) 2,148 2,148
Rsk 0211 0211
Rkn 1976 1976
Rp (uno 2038 1038
Ry (un) 3962 1962
Rz (umi) 8000 8000
Rt (umy 9.643 9.643
Re (un) 6960 6966
Rm (i) 0375 0875
Riby 0023 0.023
RE (un) 5827 %27
Rpk (um) 0.357 0857
Rvk (um) 1562 1.562
Mrl (%) 6.129 6.129
Me2 (%) 85024 85224

Measurcment Condition

Measutenent Length 150 mm

Cotuum Escape 50 mm

Auto-Levelmg of

Speed JEE

OverRange Abort

Pitch 190 um

Machine SV-Ca0n01i4

Detector Detecton(dmN)

PalarReversal off

Ammconpensation o

Auto-Nolchi+) off

Conpensation Method off

Evaluate Condition L.
Kind of Profile
Suplp Lengihile):
No ofSoplgley

Le

Ls

Kind offilter;

Evitn Length(lm)
Pre-Travel
Post-Travel

Snwoth Comneetion

15t<<Profile=]
R_I50

2.5 mm

5

50 - Section=1 ]>>

2.5 om
0008 mm
Gaussian
12.5 mm
1.25 min
125 nm
of

Measurenent Statt Position 0.0 ni
Measurenent Axis Escape  Retum
Range $00.0um
R-Surface Auto-Measurcment Off
Stytus Start Position 0.0 um
Number afPoints 15000

Measurement Axis

Stylus

Straightness Conpensation

Drive Unit(}0fmen)
Standid (12AACT31-12A AB3SS)
o

Stylus Radius Compensation OF

Auto-Notch(-)

of

06/12/13

Rugosite Piece: #1-G-AR

53981342

<
H
5
&

Cocflicient 0.4

Profile=R_IS0- Sectian=(1]

0,000

Distance 0,627mwvem 31594

9 3nufem 116,850

o

06/12/13

85



Rugosite Piece: #1-G-AV

Parameter Sum Table

Profle=R ISO - Section=| 1| Average Valuc
R {und 1.802 1802
Rq (om) 2150 3150
Rsk 0257 0257
Rku 2181 2181
Kp (um) 3959 3959
Ry (um) 1983 393
Rz funy 7932 7942
Rt (wny 9.949 9,944
Re fum 6093 6093
[RSméman 0852 0852
Rdg 0.024 0,024
RE (v 6.025 G025
Rpk () [KIH [KIH]
RV (um) 379 2379
Mri (%) 6475 475
Mr2 () 90412 90412

Measurement Condition

Measurement Length 1540 man
Cotunn Escape 540 mn
Auto-Leveting of

Speed 10 nevs
Over Range Abort

Pitch 10um
Machine SV-C4000H4
Detector DetectordmN)
Polar Reversal of
Armconpensation o
Auto-Noteh(+) off
Compensation Method o

06/12/13

Evaluate Condition List<<Profiles=R 180 - Section={1]>>
Kind ofProfile. R_ISO

Seplg Lengtbe): 2.5 nm
NootSnplgiley: 5

Le 2.5
Ls 0,008 mm
Kind ofFilter Gaussian
Evltn Length(imy: 125 mm

Pre-Travel: 1.
Post-Travel 1

Snwoth Connection OF

Measurenent Start Positon
Measutenkn AXis Escape
Range

R-Surfice Auio-Measurement
Stylus Stat Position
Nunber of Points:
Meusurenent Axis

siylus

Stiraightness Compensation
Stylus Radius Compensation

Auto-Notch{-)

0

Retum

8000 um

of

Ofrum

15000

Drive Unit¢100mm)
Standard (12AACT31-1ZAAB3SS)
o

of

of

Distance 0,62 7mm'em xi 5,949

06/12/13

fnml 13.750

[ 12500
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' Rugosite Piece: #2-G-AV

06/12/13

mier SumThble
Profile=i_ISO - Section={1]| Average Value
Raom T T Evaluate Condition List<<Profle=R_ISO - Section=[(]>>
Ra fam Ton2 TRz Kind ofProfile RSO
| Rsk ) EYy Snplg Length(lel: 2.5 am
[Rka 2.006 2006 NowotSmpla(ley 5
{ Rp (um 31 X Le 25 i
| Rv (um) 30067 3067 Ls 008 mm
! Rt Ty ¥ Kind ofFilter, Gaussiun
Ricam EXI] ERHTI Evlio Length(imy 12,5 mm
Reiom 5301 5461 Pre-ltavel: 1.25 mn
i RSm () 0816 U816 Post-Travel 1.25 mm
i Rdq 0036 00306 Smooth Connection O
! Rk (um) 4.994 4.994
! Rpk (am) o2 0635 |
i Rk fom [XIE) 0919
| Mrl (') 5,570 5.570
i Mr2 (%) 90143 90.14%
i

Measurement Condition

Mensurement Lengith 15,0 mum Measurement Start Positton  D.O00D5 niny

i Cotumm Escape 54 am Measurenent Axis Escape  Return

. Auto-Leveling on Range 8000 um

: Specd 1.0 iy R-Sutface Auto-Mensurenent  Off

i Cver Range Abort Stylus Start Position 00um

; Piteh L um Number of Points 15000

! Michine SV-C4000H4 Measurenknt Axis Drive Unit(100mm)
Detector Detector{d mN} Stylus Standard (12AACT731-12AABIS5)

i Polar Reversal ot Straightness Compensation  Off

‘ Atniconpensation ot Stylus Rudius Conpensation OF

‘ Awo-Notch(+) Off Awo-Noteh(-} Off

‘ Compensation Method on

06/12/13

{un] X659

1,9070nvem. x3243989
0.415

Coclfieiens D40 em

0,000 6,230
Distance 0,627mwem, x15,949




Rugosite Piece: #2-G-AR 06/12/13

Parameter Sum Table

Profile=K_IS0 - Section=]1]] Average Value

oo T7on Tou Evaluate Condition Lisi<<Profle=R 150 - Sections=l 115>

Rqtun) 158 058 Kind ofT'rofile: R_ISO

ey EETY Snplg Length(e): 2.5 mm

Kka 1788 1788 NoofSnplgiley: S

Rp (un) X700 3700 Le 2.5 wm

Ry (um) 3418 3a Ls 0008 mm

Retom T8 ENTT Kind ofFilter; Ganssian

Re o FXTT! PXTT) Evitn Lengthtny: 125 wm

Refors I w531 Pre-Traset: 125 mm

RSm (mm) 0923 002k Post-Travel: 1.25

Ria TS G075 Smwoth Conmection Off

RK (um} Sads 5445

Rpk (uny 0,650 1650

RVE (uny 1215 1215

Mrl (%) 4328 4328

M2 (%) 79794 79799
Measurenent Condition
Measurenent Length 15.0 mm Measurement Start Pusition 0.0 mn
Colunn Escape 50mm Measurenent Axis Escape  Refurn
Auto-Leveling o Kaoge R00.0um
Speed 1.0 i R-Surtice Auto-Measurenent Off
OverRange Abort Stylus Start Po 00 um
Pitch Loum Nunier of Points 15000
Machine SV-C4000H4 Measurement Axis Drive Unit( 100mm)
Detector Detector(m¥) Styhus Standard (12AACT31-12AABASS)
Polar Reversal ot Struightness Conpensation  Off
Amconpensation ot Stylus Radius Compensation Of
Auto-Notch(+) of Auto-Notch(-) o

Conpensation Method or

Rugosite Piece: #2-G-AR 06/12/13

2.3 lumfem, 24692 999

Coefficien 0400/m

0263 fumd,

402

Graph|Seilcorrelation]<<Profile=R_IS0 - Sectios

000

0000 Tani 12,500

38



Rugosite Piece: #2-D-AV 06/12/13

Partameter Sum Table

Profife=R_18O - Sectinn={1] | Average Value

Ratom) Tace 1308 Evaluate Condition List<<Profile=R 80 - Section={1]>»

Rq (won 743 T Kind of Profife RIS0 .

Rk NG TS Snplg Lengthlel: 2.5 mm

Ty 186 ERTT No ofSople(nley.  §

Rp (uny BT 3383 Le 2.5

Rv (uny 1493 3498 ks 0008 mm

Rem ) =T Kind ofFilter Gaussian .

Rt (omn 7035 7635 Evltn Length(lni: 12,5 mm .
: Re (um) 3920 4920 Pre-Travel 1.25 o

RSm (my 652 G652 Pust-Travel 1.25 mm

Kaa oS vos Smooth Cannection Off

Rk (um) 5172 5172

Rpk (uni) 1.559 0359

Rvk (um) Ta58 1358

Mrl (%) ’ 5625 5625

Mr2 (%) 0418 90418

Measurenent Condition

Measurement Length 15,0 nm Meastrenent Stan Position 0.0 mm

Colunn Escape 50 mn Measusement Axis Escape  Retusn
Auto-Leveling ofr Range 8000 um

Speed 10 v R-Sutface Auto-Measurement  Off

Over Range Abort Stylus Stant Position 0.0 um

Piteh L0um Number ofPoints: 15000

Machine SV-C4D00134 Measurement Axis Drive Unit( 100 mm) -
Detector Detectondmy Stytus Standard (12AACTA-12A AB3SS)
PolarReversal on Straightness Compensation  OF
Armconpensation of Stylus Radius Compensation OF

Auto-Noteh(+) o Avto-Noteh(-) of

Compensation Method OF

Rugosite Piece: #2-D-AV 06/12/13

1.989um/em, 3028235

= S
75060 g 13.750
.59 Inmvem x16.850

Cocfticient 0400cm

{12509
Distance 0.627mm/em, 213,949 |




Rugosite Piece: #2-D-AR

Paraneter Sum Table

Profile=R_ISO - Section={1][ Average Value

Ra (uniy 1211 [
Ry () 1449 La40
Rsk 0220 0220
Rku 2135 2135
Rp (umd 3076 3076
Ry (um) 2665 2663
R7 funi 5741 5741
Re (um) 6543 6543
Re (und 4264 4204
RSm{mn) 03544 0543
Rdg 0022 0022
Rk (um) 4026 4026
Rpk (um) 0.900 0500
RVE (um) 0614 06E
MrT (%) 13.3a% 13,348
M2 (49 93049 93049

Measurement Condition

Measurewent Length 15.0 wm

Colunn Escape 54 mm

Auto-Leveling ot

Speed 1.0 wnv's

Over Range Abort

Piteh Lo um

Machine SV-C4000H4

Detecter Detectar(dmN)

Polar Reversal o

Atmcapensation off

Auto-Notchi+) ofr

Conpensation Method on

Fvatuate Condition List<<Profile=R_ 10 - Section=]1}5>

Kind af Profile:
Snplg Lengthiley
No afSmplg(nle)
Le

Ls

Kind ofFilter
Evlin Lengib((n)

Pre

Post-Travel:

RSO
2.5 mm
§

S mn
0.00% nm

CGaassian
12.5 v
125 mne

1.25 mm

Smooth Connection Off

Measurement Start Position 0.0 mm

Meuasurement Axis Escupe

Range

Retum
800.0um

R-Surface Auto-Measurement  Off

Stylus Start Position
Nunber of Paints
Measurement Axis

Styfus

00 um

15000

Drive Unit(100mm)

Standard (12AACT31-12AAB3S5)

Straightness Compensation  OfF

Stybus Radhus Compensation Of

Auto-Notch(-)

off

06/12/13

~
4

0400/em

s
0,000

.59 3mfom x16 830

Distanee 0627nmvem 1135949

06/12/13

I £2.500

(o] 13750

90



ameter Som Tuble

Profile=R_IS0 - Section=l1]| Average Value

Ra um 1254 1254
Rq (um) 1.546 1546
Rsk G387 (K
Rku EXGY 023
Rp (um) ENTY] 4104
R (um 2965 2965
Rz (um) 7120 7129
RUwn) 1,364 E
Requmy 2,500 F5i0
RSm(m) 0352 0552
Rdq 0031 0031
[RE cwmy” 3963 3963
RpK (any 1553 1553
Rvk (umi Luvi Loof
Ml (%) 17362 13462
M2 (%) 93369 03460

Measurenent Condition

Measutenen Length 150 mo

Colunm Escape 50um

Auto-Leveling oft

Speed 1.6 s

OverRunge Abant

Pitch L& um

Machine SV-C4000HS

Detector Detector(dm)

Polar Reversal ofr

Ammconpensarion or

Auto-Notch(+) of

Conpensation Methad o

Evaluate Condition Li
Kind of Profile.

ist<<Profile=R_ISO - Section=[ | [>>
R IS0

Smplg Lengthiley. 2.5 mn
No ofSnplg(nler

Le 2.5 nm
Ls {008 mm

Kind of¥Filrer:
Evltn Length(in

Pre-Travel.

Tost-Travel 125 0m

Smooth Connection Off

Measurement Start Position
Meastrenent Axis Escape
Range

RS

Stylus Start Position

ace Auto-Measurenent

Number ofPoiats
Measurement Axis

Stylus

Straightness Conpensation
Stytus Radivs Conpensation
Auto-Notch(-)

0.0 wm

Return

#00.0 um

of

090 um

15000

Drive Ut | 00nmy)
Standad (12AACT3{-12AAB3S5)
o

or

on

06/12/13

Rugosite Piece: #2-C-AV

2.960umicm, 1137

o

Coeff

0.593mwem x16.850¢

6250

Distance 04

;

Tomyem, 115949

g
e

06/12/13

3 i
{mnj 12,560

91



Paraneter Sum Table

Rugosite Piece: #2-C-AR

Profle=K 150 Section={1] | Average Value

Ra (um) 1.589 1.589
R um) 1873 173
Rek 0234 W23
Rk 1931 1931
Rp (um) 3534 353
Ry (um) 3ad1 344t
Rz (und) 6975 €975
RE (i) 7911 7911
Re(um) 6075 6075
[RSmimm 0863 0865
Raq 9025 0.025
RK (um) 5172 5172
Rpk (um) 2.609 0.069
RvE (um) 1094 1094
Ml (%) 4317 a7
Mr2 (%) BAT790 83799

Measurement Condition

Measurement Length 15.0 tm

Colunn Eseape 50 om

Auto-Leveling ot

Speed 1.4 mw's

Over Range Abort

Pitch 10um

Machine SV-CA00014

Detector Detector(4mN)

Polur Reversal oft

Ammconpensation o

Auto-KNotch(+) Off

Conpensation Method off

92

06/12/13

Evaluate Condition List<<Profile=R_ISO - Section={1 5>
Kind of Profile: R_ISO

Soplg Lengthle): 2.5 mm

NoofSnplginler S

Le 2.5 mn
Ls D008 o
Kind ofFiter Gaussian

Evltn Lengthilm: 12,5 o
Pre

<Travel 125 mm
Post-Travel: 125

Smooth Connection  Off

Measurement Start Position 0.0 nm

Measurement Axis Escape  Retum

Runge K000 um

R-Surface Auto-Measurement Off

Stylus Start Position 00um

Number ofPaints 15000

Measorenrnt Axis Drive Unit(100men)

Stylus Standard (1ZAAC731-124 AB3SS)

Siraightness Conpensation  Of
Stylus Radius Compensation O
Auto-Notch(-) O

Rugosite Piece: #2-C-AR

z
3
=

2.06 um/cs

Profile=R_180 - Section=|

Lo

L

06/12/13

Znoyem 516,850

6,250

- jmed 12,500
Distance 0.627rmvem, xk 5,949




Rugosite Piece: #3-G-AV

Parameter SumTable

Profile=R_ISO - Section=[1}] Average Value
Ra (um) 1404 1.404
Ry (um) 1.697 1.697
Rsk 6.520 0.526
Rku 2.583 2582
Rp (un) 4409 4.409
Ry (om) 2995 299%
Rz(un) 7.404 7404
Rt (uny) BA0S ¥.805
Re (um) 5679 5679
[RSm (i 0408 [
Ry 0.044 0.044
Rk (um) 3044 3644
Rpk () 2573 2573
Rvk (um) 0,948 6,948
Mrt (%) 20025 20928
Mr2 (%) 94,174 94,174
Measurement Condition
Measurement Length 150 mm
Colum Escape 50 nm
Auto-Leveling ofr
Speed 10 mvs
OverRange Abort
Pitch 10um
Machine SV-C3000H4
Detector Detector(4mNy
Polar Reversal o
Armcompensation oft
O
Campensation Method Off

Evaluate Condition List<<Profile=R_ISO - Section=[1]>>

Kind of Profile:
Splg Length(le):
No ofSnplgle)
Le

Ls

Kind ofFilter,
Eviin Length(lni:
Pre-Travet:
Post-Travel

Smooth Connection

Measurement Start Position
Measurenent Axis Escape

Range

R 150
25

B

25mm
LU0 mm
Giaussian
125 mm
1,25 mm
125 mn
O

0.0 mm
Retum
ROU.0um

R-Surfice Auto-Measurement  Off

Stylus Start Position
Number ofPoints:
Measorement Axs

Stylus

Steaightness Compensation
Stylus Radius Compensatior
Auto-Noteh(-)

0um
15000
Drive Unit{ L00mm)

06/12/13

Standard (I2AACT31-12AAR3SS)

off
n Off
off

2
3
H
3
E
2
&

Coefficiens 0.400/cm

T e

57

0.593mrdom 516850

6,250,
Distance 0,627mnvem x1 5.9-

49

06/12/13

[rm] 13,750

93



. Rugosite Piece: #3-D-AV 06/12/13

' Parankter Sum Table

Profile=R_180 - Section=[ 1] Average Value
Ratum 1357 557 Evaluate Condition List<<Profife=R 150 - Section=1]>>
Rawm XT3 TF5 Kind of Profile R_ISO
Rk FE Ers Snplg Lengthdlel: 2.5 nm
"o 5374 2574 NoofSapipinier X
Rp (um) 4478 4478 Le 2.5
Ry (um) 2.893 2893 Ls 0008 mm
Ream EE CRET] Kind ofFibter: Gavssian
R o) T ) Lvlin Lengthcimy: 125 mae
Re (0m) 602 5662 Drre-Travel 1.25 mu
RSm (wm) 0410 010 Post-Travel 125 mn
Rdq X 040 Snwoth Conncetion OF
Rk (um) 4441 4441
Rpk (nm) 2410 2410
RVK (um) 0,332 0533
M (%) 19098 19,098
M2 (5 9T
Measurement Condition
Measurenent Length 15.0 mm rement Start Position 000005 rn
i Colunn Escape S0 0m sutement Axis Escape Retum
i Auto-Leveling off Range R0L0 um
; Speed 1.0 mew's R-Surfice Avto-Measutement  Of
H Over Range Abort Siylus Start Pasition 00 um
Pitch 104m Nuwber ofPoints 15000
Machine SV-C4000H Measurenent Axis Drive Unit( L om)
Detector Detector(4a) Stylus Standard (12AACT21-1 ZAAB2SS)
Polar Reversal o Straightness Cowpensation  OF
Ammconpensation off Stytus Radius Compensation OF
Auto-Noteh(+) off Auto-Noteh(-) ot
Conpensation Method ot
i

Rugosite Piece: #3-D-AV 06/12/13

5 XA511,576

2.217am/

[run] 13.750

Sel{ cortelationjecProfile=R_1SO - Sectin

040 e

0,000

Distance 0,62 7mmw/em k15,949




JR—

Rugosite

Parameter Sum Table

Piece: #3-C-AV

06/12/13

Viafle=R_1S0 - Section=(1] | Average Valoe
oo 573 S Fivaluate Condition List<<Profle=R_ISO - Section=] }>>
Ry (v} 1346 1836 Kind ofPtofile: R_Is0
FIoe T e Snplg Lengthle): 2.5 mm
Fo 50 T3¢ NoofSnplamley 5
R (un) 4211 4211 Le 2.5 mm
Ry (un 2731 2733 Ls G008
R oIt e Kind ofFilter Gaussian
o 7600 TEon EvitnLength(lmy: 12,5 mm
Re fum 5813 SR8 Pre-Travel: 1.25 mm
RSm(mn) 043l 0431 Post-Travel: 1.25 mm
Riq 0% 0 Smooth Connection OF
Rk 1862 3862
Rpk (umy 1807 2807
RVK (1) 0276 0.276
Mrl (%) 73999 23999
M2 (%) 96.199 96,199
Measurement Condition
Measurement Length 15.0 ten Messurcaxnt Start Position 0.0 nan
Colunn Escape 54 wm Measutcumnt Ais Escape  Return
Auto-Leveling Off Range BIHLO um
Speed 1.0 wows R-Surface Auto-Measurenent Off
Over Runge Abort Stylus Start Position 0.0 um
Pitch 10um Number of Points 15000
Muchine SV-C4000HS Measurenent Axis Drive Unit¢100mm)
Detector Detectori@ny Stylus Standard (12AAC731-12AAB355)
Polar Reversal off ' Straightness Compensation OfF
Armeonpensation o Stylus Radius Conpensation  OFf
Auto-Notch(+) of Auto-Noteh(-) ot

Compensation Method

o

Rugosite Piece: #3-C-AV

umiem. 54992491

D03

2

0.59 Inmyent x16.8

6,230

Distance 0.627mavem, x1 5,949

06/12/13

50

Inw 12.500

95



Rugosite Piece: #4-G-AV

Parameter Sum Table

Profile=R_ISO - Section=[1]] Average Value
Ra () 1223 1.
Ry (um) 1478 1478
Rsk 0301 4301
Riu 2408 2408
Rp (um) EXJT] 384
RY (um) 2751 2751
Rz () 6504 ©.504
Rt (um) 93543 9.544
Re umy 2743 74
RSm (mm) 0538 0.538
R 0.029 0029
R (um) 800 31806
Rpk (o) 1410 1416
Rk (um) 0,908 0908
Mrl (%} 15.582 15.582
Mi2 (%) 94.327 94.327

Measurement Condition

Measurenent Lenglh 15.0 may

5.0 mm

Auto-Leveling on

Speed L o'

Over Range Abort

Piteh 10um

Machine SV-C4000H4

Detector Detector4mN)

Polar Reversal Off

Armconpensalion Off

Auto-Notch(+} off

Conpensation Method o

06/12/13

Evaluate Condition List<<Profile=R_ISO - Section=[1]>>

Kind ofProfile: R_ISO
Seply Length(ley: 2.5 mm
NoofSmplgtnley, 5
Le 25 mm
Ls 0,008 nm
Kind ofFilter Gaussian
Evitm Length(nd: 12,5 mm
Pre-Travel 125 nm
Post-Travel 1.25 nm
mwoth Connection Off

Measurement Start Position
Measurenent Axis Escape

Range

0.0 T
Retumn
B00.0 um

R-Surface Auto-Measurement Of

Stylus Stust Position
Nunber ofPoints:

Meusurement Axis

Stylus Standaed (12AACT31-12AAB3S5)
Straightness Conpensation  OF
Stylus Radius Conpensation OF
Auto-Noteh(-) of

00 um
15000
Drive Unit(100mum)

2 3%6um/em. 54022692

i

@
i

i

Distance 0.627nmv'er 115949

06/12/13

o] 13750

[ 12,500

96



Rugosite Piece: #4-G-AR

Parameter Sum Table

Proiide=R_IS0 - Section={ 1] | Average Value
Ra (un) 1.642 1.642
Ry {un) 1.990 1990
ik
Rku
Rp um)
Ry {um)
Rz funy
Rt (uin) JINRE)
Re (umn) 6.606
RSm{mm) 0.477
Rely 0.047 1047
R (um) 4701 4.701
Rpk (um) 2415 2418
Rvk (umd 1,184 INESS
Mrl (%) 18870 18870
Mr2 (%) 93351 G3.35]

Measurenent Condition

Measurement Length 15.0 mm
Colunn Sscape 50 mn
Auto-Leveling on

Speed 1.0 pmy's
Over Range Abort

Pitch L0um
Muchine SV-C4000114
Detector Detector(dniN)
Potar Reversal off
Armconpensation off
Auto-Notchi+) Off
Compensation Method of

06/12/13

Evaluate Condition List<<Profle=R_180 - Sections=] 1>
Kind ofProfite:  R_ISO
Soplg Lengthde): 2.5 mm

NoofSwpla(nie) 5

Le 2.5 g
Ls 0.008 mm
Kind of Filter: Gaussian
EvhinLengthilm): 2.5 mm
Pre-Travel 1.25 om
Post-Travel 125 sen

Smooth Connection O

Measurenens Start Position
Measurenent Axis Escape
Range

R-Sutface Auto-Measurement
Stylus Start Position
Nunber of Points
Measurenent Axis

Stylus

Straightness Compensation

Stylus Radius Compensation
Auto-Notehi(-)

0.0 mm

Retum

3000 um

o

0.0 um

15000

Drive Unit(10¢mm)
Standard (12AACT31-12AABXS)
Off

o

ofF

Rugosite Piece: #4-G-AR

06/12/13

.59 Imavem X16.850

ance 0.627maven xI5.94%
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Rugosite Piece: #4-D-AV

Purameter Sum Table

Profile=R_ISO - Section=] 1] Average Value
Ra qumy 1.200 200
Rq (uny 1a23 (7D
Rsk 0426 0436
Rk 2,280 2280
Rp (un) 3499 3499
Rv (uny 2211 21
Rz cum) 5710 5710
Re (um) 7.283 7281
Re (uay 4385 4.385
RSm (mm) 0.361 4,461
Rig 0.023 0023
TR (um) 3343 2343
Rpk (um) 1630 630
Rvk (um) 0,660 0,660
Ml (%) 20307 20307
M2 (% 90248 96.248
wrenent Condition

Measureawns Length 15.0 mn

Column Escape 510 i

Auto-Leveling oK

speed 10 s

Over Range Abort

Pitch 10um

Muchine SV-CH000EL4

Detector Detector(dmiN}

Polar Reversal o

Atmeonpensation of

Auto-Noteh(+) of

Conpensation Method o

06/12/13

Evaluate Condition Liste<ProfilesR IS0 - Section=|1]>>
Kind ofProfile. R_ISO
Snplg Lengthde): 2.5 mm

Nooftmplgale)  §

Le 5 e
s 0.008
Kind ofFilter: Gavssian
EvltoLength(lng:  12.5 mm
Pre-Teavel 125 nm
Post-Travel 125 mm

Smooth Connection  Off

Measurewent Start Position 0.0 wan

Measurement Axis Escape  Retum

Range $00.0 um
R-Surtice Auto-Measurement Off
Stylus Stant Position 0.0um
Number ofPoints: 15000

Dive Unitd 100mm)
Standard (I2ZAACT31-12AAB3SS)

Straightoess Compensation  Of

Measurenent Axis
Stylus

Stylus Radius Coppensation  Off
Auto-Notchi-) ot

Rugosite Piece: #4-D-AV

Profile=R_ISO - Section=(1]

3

&
N
T
= 3
iR
g5
23
£
H
3
E

06/12/13

7500 frum} 13,750

0,59 3mayem x16.850

6,250 [ 12.500
Distance 0,627 mw/cm 115,949




Rugosite Piece: #4-D-AR

Pacaneier Sum Table

Profile=K_ISO - Section={1]| Average Value

Ra (umi 1.396 1396
Ry (um) 1717 1713
Rsk 0362 0302
Rku 2.653
Rp (umy 4441
R+ (um) 278
Rz (um) 7718
Kt (um) 9439
Re (um) 5350 5356
TRSu(many 0332 6.342
Ry 0.054 0054
R (um) 2332 a2
Rpk (um) 3359 2259
Rvk (o) 1211 1211
M1 (%) 13352 13352
Mi2 (%) 97338 92838

Measurement Condition

Measurement Length 15.0 nm

Cotumn Escape 50 mm

Auto-Leveling off

Speed L6 s

Over Rimge Abort

Pitch 18um

Machine SV-C4000114

Detectori4mNy

Polar Reversal or

Armeonpensation oft

Auto-Notch(+) of

Conpensation Method on

06/12/13

Lvatuate Condition List<<Profile=R_ 180 - Section={ j>>

Kind of Proile
Snplg Lengthilo)
No otSplg(nley
Le

Ls

Kind ofFilter
Evltn Length(lmy:
Pre-Travel:
Post-Traved

Snwoth Connection

R_ISO
2.5 nm

s

2.5 mm
0008 mn
Gaussian
12.5 nun
JEEP™
1.25 nan
ot

Measurement Start Position 0.0 awmn

Measurenent Axis Escape

Range

Retum
800.0um

R-Surface Auto-Measurenent Of

Stylus Start Position
Number of Points:
Measurcnent Axis

Stylus

0um

15060

Drive Unit(100may

Stundurd (12AACT31-12AAB3SS)

Straightness Conpensation  Off

Styhus Radius Compensation Off

Auto-Notch{-}

ot

fum] 5.51

0556

g
=

5
E
g
=
&

4299

000

.59 Jmycm 316,

iR
:

.

06/12/13

50

Distance 0.627omvem 513,949

99



Rugosite Piece: #4-C-AV 06/12/13

Parameter Sum Table

Profife=R_180 - Section=[1}] Average Value
Ratun T 180 Ti%0 Evaluate Condition List<<Profile=R_ISO - Section={1 [»>
R 1338 TR Kind ofProfile: R[50
RoK ) e Snplg Length(ley: 2.5 mm
Rku 2169 2169 NoofSuplginler:  §
Rp (um) 3 3221 Le 2.5 e
Rv (um) 2043 2043 Ls 0008 mm
R tum) <263 T Kind ofFilter Guussian
R om <780 78 Evin Leagth(tm): 12,5 am
Re (um) 4307 1362 Pre-Travel 1.25 mn
RSm{mm) 0455 0459 Post-Travel
o e AYoh) Snwoth Connection Off
Rk (um) 3246 3246
Rpk (um) L6 Lo0y
Rek {um) 0.356 03356
Mil (%) 20153 21152
M2 (%) 95742 95742

Measurerent Condition

Meususement Length 15.0 om Measurement Start Position 0.0 mm

Column Eseape 50 mm Measurement Axis Eseape  Retum
Auto-Leveling on Range R00.0 um

Speed 1,0 mavs R-Surfuce Auto-Measurement  OFf

OverRange Abort Stytus Stat Position 00 um

Pitch 10um Number ot Points: 15000

Machine SV-CA0NOHA Measurement Axis Drive Unit(100mm)
Detector DetectordmN) Stylus Standard (12AACT3 1-12A AR3SS)
Polar Reversal o Strarghtness Compensation  Off
Armiconpensation o Stylus Radius Compensanon OFF
Auto-Notchis) of Auto-Noteh(-) of

Conpensation Method of

Rugosite Piece: #4-C-AV 06/12/13

1.506umiem, 26641 243

] 13.750

0.593mecm X16.850

GraphiSelfcorret;

&

T
0,000 6250 Tow 12,500
Distance 0,62 7mnv'om, 115,949

100
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E
2

Rugosite Piece: #4-C-AR

Paranxter Suns Table

Prolile=R_ISO - Section=|11] Average Value
Ra (uni 1.408 1408
Rq fum) 1,060 10066
Rsk 0217 0.217
Rk 2309 2309
Rp (wm) 3926 3926
Ry (un) 1332 338
Rz (um) 7258 7258
Re (um) 8810 8816
Re (um) sa27 5127
n 0.35¢ 1351
Rily 0050 0.050
RE (um) 5087 5082
Rpk (um 1351 135)
Rvk () 0858 0RSR
Mrt (%) 734 7224
M2 (%) 93 858 95358
Measurement Condition
Measutenent Length 15.0 nm
Colunn Escape S0um
Auto-Leveling on
Speed [
Over Range Abvort
Piteh tum
Machine SV-C4000H14
Detector DetectordmNy
Polar Reversal Off
Artmcompenstion Off
Auvto-Notch(+) of
Conpensation Method off

Evuluate Condition List<<Profile=R_ IS0 - Section=(1}>>

Kind of Profile:
Snipl Lengthiie)
No ofSmpigle):
Le

Ls

Kind ofFijter:
Lvitn Leng h(lm:
Pre-Travel
Post-Travel

Smooth Connection

Measurement Start Position

Measurenknt Axs Escape

Range

RSO
25 mm

H

2.5mm
0.008 mny
Ciaussian
12,5 nun
1.25 mn
1.25 mm

ot

0.0 rom
Retum
8000 um

R-Surface Auto-Measurexent (I

Stylus Stant Position
Nuwber of Points:
Measurenent Axis
Stytus

Straightness Compensation

0.0 um

L5000

Drive Unit{ 100 nns

Standard (1I2AACT3-12AAB35S)
of

Stylus Radius Compensation  OF

Auto-Notch(-)

Off

06/12/13

7
0.59 Inmens x10,850

06/12/13

Distance 0.027nmyem 215 .9-

49
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APPENDIX II

MATLAB PROGRAMM BASE ON ALGORITHM 1.1

c/i wruouny

L002 '92 aunp Aepsen

(z’TeI9Y3) 92 TS: {=u I0F
prre

Paw
H 452 T
400 0 0l1=(w’:}1p

P4Z. ==(u
==(u)aq|,z.==(w)aq||,x,==(m)aq Fresye
Q{74 }Eg
THm:)a)=(m:) T

12q} |, 1-z,==(u)3q| |, T~p+Z, == (W) 2q]

«dy2/THE, == (W) a2

ot | .42/ T-D, == (w) Te3093 ¥,==(w)Te3oy3l FF

9,==(m)xe30Y3 | |, &, == (W) xe30m3

(z’xeq0m3) 927S: =0 Z03

L({F':)x’(172)a) ss0xo=(T
a4

AT A {T-T I=(T02)x

Z:T-:uemet 208
Qra=(rra
pue

De(Trywms(T )2
T:1-:T-GemeT 207

FITHT )24 (T

£(usme ) ve= (uam
4 01- 0 0l=(1

T o olx(u*

e (

1=
0T~ 0 ol=x

pue

g=(F0 )W

(T ) DaN=E
wwig=1 307

XTI3EW URTOSEr 2yl SIEPTNOTEIR

pao
(U2 ) TR

Wia =3juesaidex I XTIIeHE
I(u‘:) [wes=(usm’:)ee
£{uts ) TO=(wpm s 75D

i
f(uis)TeR {u’:f:)Td

fuwTg
{{ (u) TRIaUI) ULS, (U} TR
£({W) TEASI) SO0, (W) Tl = (U’ : ) Tee

£ [{3) Tepquet {u) T o
#{{u) TE35Y3) 30D, (u) TR~ (1) TRIDYI) SO, (U) TePqWeY { (U] Te3oya)uTs
 {{u) Te3sY3 ) uLs, (W) T ( (1) TEIDYR)UTS, (1) TERARET~ ( (W) TEISUR) S0D]=(u’s ‘1) IO

£(Teyde) uTS=TrOn
¢ (TeydTe) soo=Tepquet

(z*Ter9m3) 9278 {=u x03
WLH PUe 3397 938TnoTeds

pun
AV ed=L

£(uri)xen,, (u
1, (s

T 000
)Y =(w’s 1) 2y

furr)aee,, (Wf:)ad- , (mi:
f[(maq
£ ( (w) Te33Yy7 ) UTS, (W) TE
£{(m} 13543 ) 500y (W) IR] = (U’ : ) 3B
¢ [ (m) TepqureT (w)Imm o
4 ( () Te38UJ ) 90D, (W} I~ ( (W) TBIBYI) SOy (W) TEPGUERT ( {un) 2m383 ) uTs
£ {(W)TEISYR) UTS (01) T ( (W) TRISYF ) WIS, (W) ILPQUET- ( (W) T83947) S00] = (m’ 2 2 )10

¢ (xeqdTe) UTs=ITmM
¢ (xeydtre) soo=1EpqUET

(z*xe39m1) 22181 1=, 303
WIH pusy JHETX 538TnoTEDR

£ (y)eke=g
f(g)oRe=y

2[g o z/d- z/d]=Teydre
[T~ P+Z X 03=Tq

[0 0 0 0l=T®

‘lz/d g g g/d-l=Twaoua
f[z/d- z/8- p/d- dl=zeydie
10 & 0 P-l=aq

‘[0 0 0 0]=1®

4[0_¥/d- z/dey g/d-D]=awieny
saeqeweaed HG Puwy IUTHR

Teex, ’,d, jwhs=d
TE2T,7,d, )wAs=g
/T¥2X,*, ¥, JwAS=y
JTESX, ', D, Juks=D

TP 24X suls

fo10
119D
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T'T WY3TI06Ty UC 9STq XTIIEm ULTOSE[ Syl pue WM o3 @3eTnoTes weaboad STYLY
%

/g obeg wruoiny LE:62 £0.'Geunp

1€:62 20 ‘gz unp

€/1.90ed uruoiny

wloy Aq pajuug



103

1efouy Aq paiuug

wruomy 2002 ‘9z sunp Aepsan)

(Td d )3T =L
XTIZPW URTOSR[ SYL$
(T d g} It =g
ToO3-UTYOER JO WA SULS
L) AFTTdRTS=]
pue
P
fT+l=t
S )Tl AzTTduTs=(L )0
0=={3'(T’/:)1r)TenibOST JT

(z’1r)oz7s:1=1 x03

f=C
4,10 0 0 0 0 0))umAs=3
Pos
pue
I[{usm’:)e
{000 0 01)=(uwm’:z)Tp
[PHZ,== (U

Zo=={)1q} |, X.== () 1] | . X, == (u) 19 FTosT®
$[{usm’ ) gg
f{utm’ i) e] = (usm’ : ) 0

Vit t-2 == (w 1a] | 1-prz. == (w1

s/ THY == (U) 1O
su3| |, dyg/T-D,==(u) reasyaj|,0.==(w) Teaaus| |, g,==(u) Tessus| | ,v, == (u) Tezswms 3I¥

¢/g abed wruoiny 1£:62:£0'gg unp




