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VOOR- & DANKWOORD

Hoogtechnologische productietechnieken wekken haast steeds verwondering
op wanneer een leek er mee in aanraking komt. Zelfs nu, na vijf jaar
onderzoek en ontwikkeling i.v.m. vijfassig verspanen, spreekt het proces nog
steeds tot mijn verbeelding als ik het zie plaats vinden. Weinig
productietechnieken lijken zo kinderlijk eenvoudig en blijken bij nader inzicht
toch een behoorlijke complexiteit te verbergen. Het is net die complexiteit die
tot op heden verhinderd heeft dat de technologie van het vijfassig verspanen
ingang gevonden heeft in de industrie. Tot op heden wordt enkel in een paar
niche-domeinen van de industrie ‘echt’ vijfassig gefreesd. De echte oorzaak
van dit beperkt aantal toepassingen van de techniek is niet te zoeken bij de
machine zelf, maar veeleer te vinden bij het gebrek aan ondersteuning in het
voortraject. Met dit voortraject wordt gedoeld op CAM, postprocessing en
NC-simulatie die een complex kluwen van vaak separate software-producten
vormen en die de gebruiker de mogelijkheid geven om vijfassige machines
correct te programmeren. Met dit werk hoop ik een aanzet gegeven te
hebben in de richting van een makkelijker beheersbaar voortraject, met als
uiteindelijk doel de kwaliteit van de gereedschapsbaan te verbeteren.

Wanneer het ogenblik gekomen is dat je je proefschrift begint te schrijven,
dan sluit je tegelijkertijd ook een periode af. Omdat ik met plezier op die
periode terugblik, wil ik ook graag even een woord van dank richten tot de
personen die - op één of andere manier - belangrijk geweest zijn voor mij
tijdens de verwezenlijking van mijn doctoraat.

Bert Lauwers, één van mijn beide promotoren, heeft een sleutelrol gespeeld
van bij de aanvang van mijn doctoraat. Hij heeft mee richting en zin gegeven
aan dit werk en is een belangrijke stimulans geweest om ook na mijn vertrek
naar WTCM verder door te gaan. Twee promotoren hebben voor één



ii

doctoraat kan de oorzaak zijn van veel kommer en kwel. Zo is het alvast niet
gegaan in mijn geval. Ik heb veel steun mogen ondervinden van mijn tweede
co-promotor, Jean-Pierre Kruth, en wil hem hiervoor dan ook graag
bedanken. Daarnaast wil ik ook Joris De Schutter en Paul Sas - beide leden
van het leescomité - bedanken voor de tijd die ze geïnvesteerd hebben in het
nalezen en corrigeren van dit werk. 

Tijdens het schrijven van dit werk, heb ik de universiteit verlaten en ingeruild
voor het WTCM (Wetenschappelijk en Technisch Centrum van de
Metaalverwerkendende Nijverheid). In de nieuwe vestiging van WTCM
Verspaning in Diepenbeek kreeg ik de kans om mee het onderzoek rond
vijfassig verspanen op te starten en vorm te geven. Een boeiende nieuwe
uitdaging die algauw behoorlijk veel tijd zou opslorpen. Toch heb ik nog de
kans gekregen om tussendoor mijn schrijfwerk verder te zetten en te
beëindigen. Een gemeend dank-je-wel gaat dan ook uit naar Peter
Perremans en alle andere site10-collega’s (MKK, TFP, GNP, VLI, JST, DUM,
COE en ook BSG).

Het onderzoek wat beschreven staat in dit proefschrift is grotendeels het
resultaat van werk wat ik verricht heb in het kader van het OPTIMACH-
project (Brite-Euram III, BE96-3032) : Optimised tool path generation
methods for economic and collision free  multi-axis machining. Mijn oprechte
dank gaat daarbij uit naar de partners van dit project : Andreas Saar (UGS),
Roland Rieger (UGS, ex-dCADE), Thomas Schulz (UGS, ex-dCADE), Helmut
Maier (UGS), ChenHan Lee (UGS), Werner Karp (Janus Engineering), André
Jansen (John Crane Lips), Massimo Stola (Stola), Roberto Giovara (Stola), F.
Tamburini (Fidia), Mario Ottolenghi (Mecof). Een speciale vermelding
verdienen Jo Dotremont en Raf Vreys, twee ex-collega’s van PMA die veel
van het programmeer- en implementatiewerk voor het OPTIMACH-project
verricht hebben. Zonder hen waren een aantal ideeën blijven steken in het
conceptiestadium zonder ooit geïmplementeerd te raken. Merci gasten, ik
heb veel van jullie bijgeleerd en prettig met jullie samengewerkt !

Stijn De Brabander, Veerle Delcourt, Gandjar Kiswanto, Emmanuël Van der
Poorten en Hans De Baerdemaeker zijn de thesisstudenten die ik heb mogen
begeleiden. Dank ook aan jullie, het is steeds fijn om met ‘onbevangen’ en
frisse ingenieursgeesten te mogen samenwerken.

PMA als dusdanig is een leuke werkomgeving en die heeft een grote rol
gespeeld in de totstandkoming van dit doctoraat. Dank aan alle collega’s met
wie ik heb samengewerkt. Een dikke merci voor de mensen van het
secretariaat (Luc, Ann, Lieve, Karin en Carine), elektronica (Raymond,
Ferdinand en Paul) en de werkplaats (Dirk, Eddy en Viggo). Zeer goede
herinneringen hou ik over aan mijn samenwerking met Jan Thielemans (DI),
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die er steeds voor gezorgd heeft dat de OPTIMACH-werkstations (Rataplan
en Azraël) tot in de puntjes in orde bleven. Een bijzondere dank-je-wel gaat
naar Paul Vanherck, die steeds klaar staat om een probleem te
bediscussiëren en/of verder uit te spitten. Bedankt ook Tony (Van
Ginderachter), voor de prettige samenwerking op buroo (we waren immers
tegelijkertijd aan het schrijven) en tijdens het seminarie CAPP. 

Familie en vrienden hebben op moreel vlak een zeer grote rol gespeeld om
dit doctoraat te voltooien. Een dikke merci voor vake en moeke, ze zijn me
steeds blijven steunen en aanmoedigen. Ook voor Elke, je hebt veel en vaak
begrip moeten opbrengen voor de situatie. Bedankt ook zus, schoonouders,
schoonbroer, grootouders en andere familie, jullie steun heeft me echt
vooruit geholpen. ‘Echte vrienden’ herken je op de manier waarop ze je
blijven steunen tijdens je doctoraatswerkzaamheden. Voor jullie allemaal :
ongelofelijk bedankt !

Niels, dit proefschrift is gegroeid samen met jou. Jij bent misschien wel mijn
belangrijkste bron van motivatie geweest. Bedankt !

Eén uitspraak van Nietzsche is zéér van toepassing op het schrijven van een
doctoraat : ‘Als je er niet van doodgaat, word je er alleen maar sterker van’.

Pieter Dejonghe,
oktober 2001
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SUMMARY

The generation of NC-programs for multi-axis milling operations is a critical
task, which leads to multi-axis milling machines being exploited below their
full capacities. The functionality of present-day multi-axis tool path
generation softwares is limited and the risk for having collisions between
moving machine components is very high. Manufacturing industries have a
strong need for better CAM and NC-programming systems that allow an
optimal and collision-free generation of NC-data.

This research work describes an innovative concept for fast and robust
generation of optimised and collision free tool paths (and related NC-
programs) for the multi-axis machining of complex shaped surfaces. The tool
orientation is continuously adapted for better surface quality, maximal
removal rate and avoidance of collisions occurring between part, tool and
machine. Collision detection and avoidance has been made possible through
the tight integration of a NC-simulation software with the tool path
generation module. Cutting tests have been carried out to define the
allowable tool orientation changes for optimisation and collision avoidance
without disturbing the surface quality.

Furthermore, a process planning environment has been developed, which
supports the user in taking decisions on the creation of milling operations.
Analysis of the sculptured surfaces generates information on the milling
regions to be distinguished, the preferred milling direction and the maximal
tool diameter to be used for these milling regions. 
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SAMENVATTING

1. Inleiding
Multi-assig frezen is ontstaan als een logische evolutie uit het drie-assig
verspanen. Door het toevoegen van twee extra rotatie-assen aan een drie-
assige machine, kan het gereedschap vrij gepositioneerd worden in de
ruimte. De eerste toepassingen van deze technologie dienen gezocht te
worden in de lucht- en ruimtevaartsector, waar ze toegepast wordt om grote
zacht glooiende vormen te bewerken. In plaats van deze vormen te
finisseren met behulp van bolvormige frezen, kan men ze nu veel efficiënter
nabewerken met cilindervormige gereedschappen. De belangrijkste
voordelen die het vijf-assig frezen toegedicht worden in vergelijking met het
drie-assig verspanen, zijn dan ook :

� een hogere materiaalverwijderingsratio (material removal ratio, MRR)
� een betere resulterende oppervlaktekwaliteit

Vickers en Quan [Vickers 89] rapporteerden in 1989, dat een 10- tot 20-
voudig hogere efficiëntie bekomen kan worden voor het vijf-assig frezen, in
vergelijking met het drie-assig frezen. Nochtans vond de technologie tot op
heden enkel een weg naar een aantal niche-markten en wordt ze nog steeds
niet toegepast op grote schaal. Naar schatting 80% van alle in België
aanwezige vijfassige machines wordt enkel ingezet voor 3+2-assig
verspanen, waarbij de 2 rotatie-assen gebruikt worden om het werkstuk
onder een bepaalde hoek te verdraaien, die de verdere 3-assige bewerking
van het stuk vergemakkelijkt. De redenen voor de beperkte toepassing van
synchroon vijf-assig frezen zijn te situeren in de quasi onvoorspelbare
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machinebewegingen en de complexe programmering van de
gereedschapsbanen. Deze onvoorspelbare machinebewegingen hebben vaak
- voor de operator -  onverwachte botsingen van de machine tot gevolg.

2. Probleemsituering
De programmering van multi-assige freesmachines verloopt zoals beschreven
in figuur 1. De CAD-tekening wordt geëxporteerd naar het CAM-systeem,
waar de CAM-gebruiker een gereedschapsbaan genereert op het werkstuk.
De gereedschapsbaan wordt berekend in werkstukcoördinaten en is op dat
ogenblik nog onafhankelijk van de machine die zal gebruikt worden. Deze
machine-afhankelijkheid komt er pas gedurende de verwerking door de NC-
postprocessor, waarbij het door het CAM-systeem gegenereerde CL-
databestand geconverteerd wordt naar een NC-programma. Het uitvoeren
van een coördinatentransformatie en het formateren van het NC-programma
volgens de syntax van de gegeven machinebesturing zijn de twee
belangrijkste taken van een NC-postprocessor. 

Figuur 1 : Verschillende stappen bij de programmering van 
een computergestuurde (multi-assige) freesmachine
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Bij de meeste CAM systemen, geschikt voor het continue multi-assig frezen,
wordt het werkstukmodel voorgesteld door NURBS oppervlakken. Bij het
bewerken van één enkel NURBS oppervlak kan een bewerkingsstrategie
gekozen worden waarbij de frees de iso-parametrische lijnen (of u-v lijnen)
volgt. Gezien in de praktijk de meeste oppervlakken bestaan uit een
aaneenschakeling van meerdere NURBS oppervlakken, wordt er meestal
gebruik gemaakt van een zogenaamd "leidend oppervlak" (engelse term:
drive surface), om het bewegingspatroon van de frees vast te leggen. Op die
manier kunnen meerdere getrimde vrije-vorm oppervlakken in één keer
bewerkt worden, zonder dat er per oppervlak een aparte operatie dient
gedefiniëerd te worden. 

Niettegenstaande het continue multi-assig frezen veel technologische
voordelen heeft, blijft het gebruik ervan echter beperkt. Bij het
programmeren doen zich echter een aantal problemen voor, die hieronder
kort toegelicht worden: 

���� Constructie van een leidend oppervlak:
De CAM-gebruiker is verantwoordelijk voor de constructie van een
leidend oppervlak. Het verdient de voorkeur om het leidend oppervlak
zo te modelleren zodat het min of meer aanleunt bij het te bewerken
basisoppervlak (set van NURBS oppervlakken). Dit vergt het
modelleren van een nieuw NURBS oppervlak, wat voor de meeste
CAM-gebruikers niet eenvoudig is. Daarom wordt meestal gekozen
voor een eenvoudig leidend oppervlak, zoals een plat vlak of een
cilindervormig vlak indien de set van basisoppervlakken een globale
convexe of concave vorm hebben (Figuur 2). 

Figuur 2 : Het bewegingspatroon van de frees wordt 
gedefiniëerd in het leidend oppervlak
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���� De keuze van de freesrichting en de "step-over":
De freesrichting wordt meestal willekeurig gekozen, zonder rekening
te houden met de mogelijke voorkeursfreesrichting zoals die
voortspruit uit de in het werkstuk aanwezige kromming. Indien het
leidend oppervlak een NURBS oppervlak is, volgt de frees meestal de
iso-parametrische lijnen. 
Ook de onderlinge afstand tussen de gereedschapsbanen wordt
vastgelegd in dit leidend oppervlak. Vaak wordt een vaste pasafstand
aangenomen, uitgedrukt in een bepaald percentage van de
gereeschapsdiameter. Soms bestaat ook de mogelijkheid om een
variabele pasafstand te gebruiken. Deze wordt dan bepaald op basis
van de freesribhoogte zoals die uitgerekend wordt in het leidend
oppervlak. Indien het leidend oppervlak veel verschilt van het
werkstukoppervlak, heeft de methode met variabele pasafstand  in
principe geen enkele zin. 

���� Keuze van de gereedschapshelling:
Commerciële CAM systemen bieden de CAM-gebruiker weinig
flexibiliteit bij het programmeren van een multi-assige bewerking. De
gebruiker is gelimiteerd tot het opgeven van een constante
voorwaartse en zijdelingse gereedschapshelling (de
gereedschapshelling wordt steeds gedefinieerd t.o.v. de
normaalrichting van het oppervlak in het punt waar het gereedschap
gepositioneerd is). 

���� Voorkomen van botsingen:
Wellicht de voornaamste hinderpaal die de toepassing van het
continue multi-assig frezen verhinderd is moeilijkheid om
botsingsvrije (botsingen op machineniveau) NC-programma's te
genereren. De CAM-gebruiker heeft enkel notie van de beweging van
het gereedschap t.o.v. het werkstuk. De machinebewegingen worden
berekend door de NC-postprocessor die ageert als een "black-box"-
programma. Figuur 3 geeft een voorbeeld van dergelijke situatie. Een
werkstuk (propellerblad) wordt vijf-assig bewerkt. In het CAM
systeem ziet men enkel dit werkstuk en de beweging van het
gereedschap t.o.v. dit werkstuk. Echter de kans dat de beweegbare
machinekop gaat botsen met de vaste opspantafel is vrij groot. 
Men kan het NC-programma op mogelijke botsingen controleren door
het uitvoeren van een "dry-run" of door het gebruik van NC-
simulatiesoftware (figuur 1).



Probleemsituering xi

Figuur 3 : Grote kans op botsing tussen de bewegende machinekop
 en de opspantafel (foto John Crane Lips)

Bij een "dry-run" wordt het NC-programma uitgetest op de machine
door een virtueel langer gereedschap in te geven in de besturing dan
het gereedschap wat werkelijk in de spil aanwezig is, of door het
werkstuk te verwijderen en de machinebewegingen grondig te
bestuderen. Geen van beide beschreven controlemethodes herleiden
het botsingsrisico volledig naar nul en ze verbruiken kwistig de zeer
dure machinetijd. Om deze redenen is dit geen aangewezen
methode.
Tijdens het voorbije decennium hebben diverse NC-
simulatiepakketten de weg gevonden naar de markt van het multi-
assig frezen. De meeste huidige pakketten bieden de mogelijkheid om
de volledige machine inclusief werkstuk en opspanning te modelleren
(Figuur 4). Dit NC-simulatieproces resulteert in een rapport dat
sommeert welke NC-regels botsingen veroorzaakten.
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Werkstuk
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Figuur 4 : Voorbeeld van een NC-simulatiesessie (Unisim)

3. Voorgestelde oplossingen
Figuur 5 geeft een overzicht van de door de auteur ontwikkelde modules die
het programmeren van continue multi-assige freesbewerkingen
vergemakkelijken. Concepten, methoden en software werden ontwikkeld
voor: 

� de verwezenlijking van een operatie planning systeem. Dit systeem
maakt het mogelijk om gebieden te herkennen van het
werkstukoppervlak welke het best volgens een bepaalde
voedingsrichting bewerkt worden. Daarnaast is het in staat om voor
deze freesgebieden de meest optimale freesdiameter te berekenen en
een leidend oppervlak te bepalen.

� de berekening van de meeste optimale gereedschapsorientatie in
ieder punt van het te bewerken oppervlak.

� het vermijden van botsingen op machine-niveau (hiervoor werd een
NC-simulatiesysteem geïntegreerd met het CAM systeem).
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Figuur 5 : Overzicht en werking van de ontwikkelde programmatuur 
voor het efficiënt programmeren van multi-assige freesmachines
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Met het nieuwe concept, zoals voorgesteld in figuur 5, wordt een
gereedschapsbaan (en NC-programma) berekend in een soort controlelus. Na
het berekenen van gereedschapsbaanpositie (x,y,z,i,j,k) wordt deze direct
vertaald naar machinecoördinaten en wordt deze machinepositie
gecontroleerd door het NC-simulatiesysteem op mogelijke botsingen. Indien
er zich een botsing voordoet, probeert de "botsingsvoorkomingmodule" deze
botsing te vermijden. 

De ontwikkeling van bovenstaande functionaliteit is - door de auteur van dit
proefschrift - gebeurd in het kader van het OPTIMACH project. Het
Unigraphics CAD/CAM systeem werd gebruikt als basissysteem. Sommige
modules werden geïntegreerd via de bestaande "API" functies, terwijl de
ontwikkeling van de controlelus (samen met algoritmes voor de
botsingsvoorkoming) is gebeurd in de broncode van het Unigraphics
CAD/CAM systeem.

3.1. Operatie planning
De doelstelling van operatie planning is om zo veel mogelijk informatie te
extraheren uit de werkstukoppervlakken, om op die manier de taak van de
CAM-programmeur te verlichten. Het operatieplanningssysteem voert
volgende taken uit :

3.1.1. Bepalen van de freesgebieden en de bijhorende
voedingsrichting

Eerder onderzoek aan de K.U.Leuven heeft bewezen dat de meest optimale
voedingsrichting bij het multi-assig frezen sterk afhankelijk is van de
kromming van het oppervlak. Er wordt het best gefreesd volgens de richting
van de kleinste kromming. Het is dan ook belangrijk om de weten hoe de
kromming van het te bewerken oppervlak verloopt en indien nodig gebieden
af te bakenen die het best volgens een gegeven richting zullen bewerkt
worden. Om de CAM-gebruiker hierbij te ondersteunen werd hiervoor
software ontwikkeld. Het algoritme wordt hieronder kort toegelicht. 

Nadat de gebruiker een set oppervlakken geselecteerd heeft als zijnde de te
bewerken werkstukoppervlakken, wordt in een discreet aantal punten een
analyse van de kromming doorgevoerd. Dit houdt in dat voor elk punt de
principale krommingen k1 en k2 worden bepaald en dat daarbij k1 steeds
groter is dan k2. Aan de hand van deze analyse worden gebieden
gedefinieerd van het volgende type: holle regio's (concaaf), bolle regio's
(convex), zadelregio's en vlakke gebieden. De CAM-operator kan deze
opdeling beïnvloeden door het instellen van een parameter welke de grens
tussen vlak en niet vlak definieert. 
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Figuur 6 : Opdeling van een complex oppervlak in deelgebeiden

Figuur 6 toont de opdeling van een complex gevormd oppervlak in
deelgebieden. Voor ieder gebied wordt nu de meest optimale freesrichting
berekend, welke dus best gelegen is volgens de richting van de kleinste
kromming. Deze richting is niet dezelfde voor alle punten van het
werkstukoppervlak, zelfs niet binnen een deelgebied. Om voor een gegeven
deelgebied toch de meest optimale freesrichting te vinden wordt een verdere
analyse doorgevoerd. Aan ieder punt van het deelgebied wordt een gewicht
toegekend berekend volgens onderstaande vergelijking. De optimale
freesrichting wordt dan genomen volgens de richting van de kleinste
kromming in het punt met het grootste gewicht.

Op basis van experimentele testen werd aangetoond dat opgestelde
vergelijking voor de berekening van het gewicht voldoet aan de
verwachtingen. De schaalfactoren a en b laten toe om het belang van k1
en/of k2 in de bepaling van het meeste dominante punt te wijzigen. 
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3.1.2. Leidend oppervlak en freesdiameter
Voor ieder deelgebied genereert de software een leidend oppervlak, dat
enerzijds vrij goed het werkstukoppervlak benadert en waarvan anderzijds de
iso-parametrische lijnen gelegen zijn volgens de optimale freesrichting van
dit gebied. Figuur 7 toont de generatie van een leidend oppervlak (NURBS)
voor het deelgebied (1). De iso-parametrische lijnen met constante v zijn
gelegen volgens de optimale freesrichting. 

Figuur 7 : Generatie van het leidend oppervlak (bij wijze van experiment 
werd een alternatieve freesrichting opgelegd)

Het is niet noodzakelijk om voor ieder deelgebied een leidend oppervlak te
berekenen. Indien gewenst, kan de CAM-gebruiker interactief een aantal
gebieden samen selecteren en specificeren dat deze moeten bewerkt worden
volgens een freesrichting behorend bij één van deze gebieden. Voor al deze
geselecteerde gebieden wordt dan één leidend oppervlak berekend, dat zal
dienen om de gereedschapsbaan voor het geselecteerde werkstukoppervlak
te berekenen.

Vervolgens wordt voor iedere operatie (gereedschapsbaan bij een gegeven
leidend oppervlak) de meest optimale gereedschapsdiameter berekend.
Twee elkaar tegenwerkende invloeden hebben impact op de te kiezen
gereedschapsdiameter. Enerzijds wordt de frees best zo groot mogelijk
gekozen. Op die manier kan een maximale hoeveelheid materiaal verwijderd
worden met een minimaal aantal passen. Anderzijds wordt de frees best klein
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gekozen. Alleen zo wordt vermeden dat onbewerkt materiaal - ook wel
restmateriaal genoemd - blijft staan na een operatie. Op basis van de
krommingsanalyse en een maximale waarde voor het restmateriaal, wordt
een maximale diameter van het freesgereedschap berekend.

3.2. Optimalisatie van de gereedschapshelling
Het principe bestaat erin om in ieder punt van het te bewerken oppervlak de
voorwaartse freeshelling ("inclination") te optimaliseren. De optimale helling
van een vinger- of torusfrees in een bepaald punt kan berekend worden op
basis van de maximale en minimale kromming (k1 en k2). Wanneer de
kromming k1 veel groter is dan de kromming k2, dan wordt de voorwaartse
helling vooral bepaald door de kromming k1. Indien verder de
voedingsrichting gelegen is volgens de richting van de kleinste kromming,
krijgt men een schatting van de voorwaartse helling (θ) op basis van
volgende formule:

met cr de afrondingsstraal van het gereedschap.

De voorwaartse helling zoals hierboven berekend houdt enkel rekening met
de oppervlaktekarakteristieken in het contactpunt. Om ervoor te zorgen dat
het gereedschap niet gaat ondersnijden met andere delen van het oppervlak,
wordt de voorwaartse gereedschapshelling nog verder aangepast tot dat er
net geen ondersnijding ("gouging") optreedt. 

Door simulatie en experimentele verificatie is bewezen dat de hoeveelheid
materiaal - in de vorm van een hogere freesrib - toeneemt als de helling van
de frees naar de optimale waarde evolueert. Figuur 9 toont een
dwarsdoorsnede van het dubbelgekromde werkstuk uit figuur 8, gefreesd
enerzijds met geoptimaliseerde freeshellingshoek en anderzijds met een
constante freeshellingshoek van 9°. De pasafstand of de afstand tussen de
verschillende banen is voor beide experimenten gelijk. Een duidelijke
vermindering van de freesribhoogte is merkbaar voor de geoptimaliseerde
freesbaan (35 µm freesribhoogte voor het geoptimaliseerde pad t.o.v.
115 µm voor de standaard freesbaan). Hieruit kan men besluiten dat om een
zelfde freesribhoogte te bekomen, bij een geoptimaliseerde hellingshoek het
aantal passen ("tracks") veel kleiner kan gekozen worden.

(2)θsin

diam. gereedschap
2

-------------------------------------------- cr–

1
k1
----- cr–

-------------------------------------------------------=
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Figuur 8 : Dubbelgekromd testoppervlak

Figuur 9 : Opgemeten profiel van het dubbelgekromd werkstuk 
in het convexe gebied

3.3. Botsingsvoorkoming
Zoals hoger beschreven gebeurt de generatie van een gereedschapsbaan in
een soort controlelus. Tijdens de berekening van de gereedschapsbaan
worden botsingen gedetecteerd en indien nodig verholpen. 
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Verschillende algoritmes voor het voorkomen van botsingen werden
ontwikkeld :

� Verandering van de gereedschapshelling
� Keuze van een andere machineconfiguratie
� Terugtrekken van het gereedschap en generatie van restmateriaal

Botsingen kunnen ook vermeden worden door een langer gereedschap te
kiezen of door de werkstukpositie op de opspantafel te veranderen. Deze
algoritmes zijn echter niet flexibel omdat deze niet mogelijk zijn tijdens de
berekening van een gereedschapsbaan. 

3.3.1. Verandering van de gereedschapshelling
Het veranderen van de gereedschapshelling is de meest flexibele manier om
botsingen te vermijden. Een afwijking van de vooraf bepaalde - en eventueel
geoptimaliseerde - freeshelling zal zeker zijn consequenties hebben op de
behaalde oppervlaktekwaliteit en freesribhoogte. Daarom kan de gebruiker
maximale waarden opleggen voor de verandering van de gereedschaps-
helling. Figuur 10 toont het resultaat van de berekening van een botsingsvrije
gereedschapsbaan voor het bewerken van de voet van een propellerblad.
Optredende botsingen tussen de bewegende machinekop en het werkstuk
hebben een veranderende gereedschapshelling tot gevolg. De in figuur 10
getekende gereedschapsbaan toont de beweging van het middelpunt van het
gereedschap ("tool tip"). Het grillig gedrag van de gereedschapsbaan wordt
veroorzaakt doordat bij een verandering van de gereedschapshelling het
contactpunt op dezelfde plaats blijft, maar dat het middelpunt van het
gereedschap sterk van positie wijzigt.

Figuur 10 : Berekening van een botsingsvrije gereedschapsbaan 
voor het bewerken van de voet van een propellorblad

voet van het propellerblad
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3.3.2. Keuze van een andere machineconfiguratie
Bij de meeste klassieke vijf-assige freesmachines bestaan er voor elke
gereedschapspositie (x,y,z,i,j,k) 2 mogelijke machineconfiguraties. Figuur 10
toont schematisch de twee machineconfiguraties bij de  bewerking van een
gietstuk voor éénzelfde gereedschapspositie (en oriëntatie) gedefinieerd
t.o.v. het werkstuk. Echter, één van de machineconfiguraties geeft een
botsing tussen het werkstuk en de machinetafel, terwijl de andere
machineconfiguratie botsingsvrij is. 

Figuur 11 : Twee mogelijke machineconfiguraties voor een zelfde 
gereedschapspositie (oplossing 2 is niet mogelijk omwille van een optredende 

botsing tussen het werkstuk en de roterende arm van de machine)

Het aantal mogelijke machineconfiguraties voor een zelfde
gereedschapspositie is veel groter (zelfs oneindig) voor machines met 6 of
meer assen (of vrijheidsgraden). Voorbeelden van bewerkingsmachines met
6 vrijheidsgraden zijn deze gebouwd volgens het "hexapod" machineconcept.
De positie en oriëntatie van de freesspindel wordt bij deze machines
bekomen door het tegelijkertijd aansturen van de 6 benen van de machine.

3.3.3. Terugtrekken van het gereedschap
Indien de voorgaande botsingsvoorkomingsalgortimes niet tot een oplossing
leiden, wordt het gereedschap teruggetrokken tot een veilige hoogte boven
het werkstuk en wordt restmateriaal gegenereerd. Het gereedschap beweegt
pas terug naar het werkstukoppervlak, op het moment dat er zich geen
botsing meer voordoet. Het restmateriaal dient in een volgende operatie
verwijderd te worden. Het kiezen van een langer gereedschap of een
gereedschap met kleinere diameter laat veelal toe om het restmateriaal
zonder optredende machinebotsingen te verwijderen.  

Botsing

Oplossing 2Oplossing 1
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4.  Besluit
Het synchroon vijf-assig frezen heeft zeker heel wat technologische
voordelen, maar het gebruik ervan wordt beperkt door de complexe
programmering. Vooral het voorkomen van botsingen is niet eenvoudig. Dit
proefschrift beschrijft de ontwikkeling van een aantal modules die de
gebruiker moeten ondersteunen bij de generatie van technologisch optimale
en botsingsvrije NC-programma's. 
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C H A P T E R

INTRODUCTION

1.1. Five-Axes Milling
The introduction of numerical controlled milling machines, shortly after the
Second World War, was only the beginning of an irreversible evolution in the
world of free form machining. In the beginning, this evolution was thwarted
by the high costs and the high effort to implement the new techniques. As a
consequence, the hydraulic and mechanical copiers kept ruling the workshop.
In a later stage, the incredible speed of the developments in electronics
created new possibilities at lower prices [Pritschow 94]. 

From the seventies on, milling machines were equipped with a CNC-
controller. And it was at about the same time that DNC made his entrance
into the workshop. DNC created the possibility to write NC-programs
externally and subsequently transferring them from the DNC-system to the
CNC-controller. From this point on, the next big step forward was the
integration of CAD and CAM, as to enable the generation of NC-programs
based on the CAD-geometry [Steinebach86].

At that time, the foundations for further automation of the milling process
were laid. New developments were targeting the continuous improvement of
the machines, the NC-controllers and the external CAD/CAM programming
systems. In the hunt for better surface quality and larger material removal
rates, two additional rotary axes were added to a three axes milling machine.
Five axes milling machines enabled the possibility to position a tool freely in
the available machine space. Aviation industry was among the first users to
introduce the new technique in their workshops. The large moderately
curved workpieces they are dealing with  - like the wings of an airplane - are
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very well suited to be milled on a five axes milling machine. While in earlier
times, finishing was done with a ball-nose cutter on a three axis milling
machine, time and money could be saved by performing the finishing
operation with a large flat-end cutter on a five-axis milling machine. 

The main advantages imputed to five-axis milling are :
� higher material removal rates
� improved surface finish

Back in 1989, Vickers and Quan [Vickers 89] reported that efficiency gains of
10-20 fold could be achieved by using five-axis milling instead of three-axis
milling. In practice, five-axis machining suffers from a number of drawbacks,
mainly caused by the fact that NC-programming systems are poorly
supporting five-axis milling technology. 

1.2. The challenges for five-axis milling
The main focus of five-axis milling is the machining of so-called sculptured
surfaces. In a CAD/CAM-system, a sculptured surface can be represented by
several part surfaces. This set of part surfaces will define the product as a
whole. 

Two kinds of sculptured surfaces can be distinguished. The first one are
aesthetic sculptured surfaces, which are used to enhance the aesthetic
appeal of products. This is especially so for consumer-electronics products
like mobile phones, mixers, TV-housings. Other typical examples can be
found in the external car body parts. The second category are functional
sculptured surfaces, where the shape of the product needs to meet
functional requirements. Typical applications where functional sculptured
surfaces can be found are :

� aviation and aerospace : turbine blades, airfoils, etc.;
� automotive : some car body parts, inner panels, etc.;
� marine : variable pitch propellers, impellers, etc.;
� optical : lamp reflector for a car, shadow mask of a TV-set, etc.;
� medical : parts for anatomical reproduction.

Quite a lot of sculptured surfaces are both aestethic and functional, e.g. the
handle of a mixer.
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Since the introduction of five-axes milling machines in industry, a relatively
large number of them have been sold worldwide. However, a huge
percentage of these machines are not used to the extent of their capabilities.
Several reasons can be found for this :

� Tool trajectory design
Most CAM-systems are still lacking sufficient support for five-axis
milling. All major players on the worldwide CAD/CAM-market provide
functionality for creating five-axis tool paths, but the possibilities to
manipulate the different parameters influencing the resulting surface
quality are often very limited.

���� Collision detection and avoidance
The complex shape of sculptured workpieces hampers the generation
of collision-free tool paths. Computer-aided NC-simulation systems
are necessary to detect possible collisions between workpiece,
fixtures, tool and machine (figure 1-1). However, the integration of
NC-simulation systems and NC-programming systems is poor. As a
result of this poor integration, collision avoidance is a tedious and
cumbersome task for the CAM-operator.

Figure 1-1 : High collision risk between the head of the machine and the 
clamping device. (picture courtesy of John Crane Lips)

Head of the machine

Near collision situation

Workpiece

Clamping table
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���� Process planning
So far, process planning research activities mainly have been
focussing on prismatic workpieces. However, there is a strong need
for CAPP-systems1 capable of planning the sequence of operations for
sculptured workpieces : from roughing over semi-finishing up to
finishing. Some of the difficult decisions to be taken by the process
planner during the planning phase are : 

� Which milling direction will result in the best possible surface 
quality ?

� What is the maximal allowable tool diameter which can be 
used without creating overcuts ?

1.3. Integrated CAM-environment for five-
axis milling

The research work carried out by the author contains major developments
facilitating the tool path generation for five-axis milling purposes. These
developments especially focus on removing the obstacles as described in the
previous paragraph. Several separate software components have been
developed in order to streamline the tool path generation process. 

Most of the developments have been realized by the author in the framework
of a Brite-Euram III project, called OPTIMACH (BE96-3032). Other partners
of the OPTIMACH-project executed complementary actions in order to
enhance the integrated (CAM-)environment even more. Were results of these
actions are described it will be mentioned explicitly.

In figure 1-2, an overview of the developed modules is shown. All modules
have been integrated in an existing CAM-system (Unigraphics). The
philosophy behind this integration is to create a loop, where each single
generated tool posture is directly postprocessed and checked for collision in
the NC-simulation system. When collision occurs, an avoidance action is
generated by the collision avoidance module. Although the author co-
designed the integrated environment, the adaptation of the different modules
to fit in the CAM-system has been mainly done by Unigraphics.

1. CAPP-system : Computer Aided Process Planning System
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Figure 1-2 : Overview of the integrated environment
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Looking at figure 1-2, the different composing modules of the integrated
system are :
���� Operation Planning System

In a first stage of the workflow, the user selects the workpiece to be
machined in the CAD/CAM-system. This selected geometry serves as the
basis of a number of calculations executed in the operation planning
system. In fact, the developed system is a process planning system for
sculptured surfaces. This system originated from the need to support the
CAM-operator in (see also paragraph 1.2) : 
� the selection of appropriate milling tools, 
� the choice of a suitable milling direction,
� the (semi-)automatic generation of high quality drive surfaces (see

also paragraph 2.3.6.)
The operation planning system assists the user in this decision process. 
The development of the algorithms of this module has been done by the
author, while he has been assisted for the implementation by other
developers.

���� Tool Posture Generation
This module has been developed based on the standard multi-axis tool
path generation module of the CAM-system. Two major modifications
have been implemented :
���� Single tool posture generation

Because of the integration of this module in the collision avoidance
loop, this module need to be capable of generating a single tool
posture. This modification only induced minor changes to the CAM-
system. These changes have been implemented by developers of
UGS.

���� Tool posture optimization
The tool posture is optimized in order to improve the surface quality.
Since the algorithm is integrated in an existing CAM-system, it is
capable of optimizing the tool postures on multiple part surfaces.
Although several other researchers developed optimization algorithms
for the tool posture (e.g. [Kruth 94][Redonnet 00]), this is the first
time that such an algorithm has been integrated into a commercial
CAM-system.
The optimization module has been designed and co-implemented by
the author.

The output of the tool posture generation entity is formatted to the CL-
standards. 
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���� Kinematics Engine
In fact, the kinematics engine is not really containing anything original. It
is a postprocessing module which converts the machine independent CL-
DATA into formatted NC-code. This postprocessor has been slightly
adapted by UGS’ developers in order to be capable of postprocessing
single tool postures. The kinematics engine is based on the same
postprocessor as used during normal postprocessing, which will guarantee
that the same NC-code will be generated after postprocessing the
generated CL-DATA as was obtained during the closed loop tool path
generation.

���� NC-simulation system
After postprocessing, the tool posture is immediately simulated in the NC-
simulation system. This system is capable of simulating all machine
movements from one tool posture to the subsequent one. In this
integrated environment, the simulation system has been adopted by
developers of dCADE for processing one machine tool posture at a time. 

���� NC-interpreter
The NC-interpreter is a small separate module which has been added to
the NC-simulation system. The NC-interpreter is a software module which
has to be provided by the manufacturer of the NC-controller of the
particular milling machine being used. The module breaks down the
statements of the NC-code into subsequent moves of the machine axes.
The main advantage of such a NC-interpreter module lies in the fact that
the simulated machine will act exactly as the machine on the shopfloor.
Before the addition of the NC-interpreter to the NC-simulation system, this
was not guaranteed. The NC-interpreter has been designed and
developed by FIDIA and dCADE, both partners in the OPTIMACH project.

���� Collision Avoidance Module
If no collision is detected by the NC-simulation system for the actual tool
posture, no further action will be needed and a new tool posture will be
generated for which the whole loop is repeated. When the tool posture is
colliding, the collision avoidance module tries to prevent the collision.
Different collision avoidance methods have been implemented so far :
���� modifying the orientation of the tool

In this case, the tool is re-oriented in order to avoid the collision. This
re-orientation is subject to a number of restrictions (e.g. maximal
orientation change w.r.t. the original orientation).

���� retract
Retracting the tool is the easiest way of performing collision
avoidance. But, rest material will be generated for the tool positions
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where the tool has retracted. This restmaterial can later be removed
with ball nose cutters.

���� axis pose re-configuration
Most five-axis milling machines offer the capability of reaching a
certain tool posture in more than one way. Usually, two possibilities
are available. For certain types of machines, collisions can be avoided
with this strategy.

The algorithms of the collision avoidance module have been designed by
the author, while the implementation took place in collaboration with
other developers. Testing and fine-tuning of the algorithms was done by
the author.

���� NC-machine
When the entire tool path is generated, it is sent to the NC-machine. This
NC-machine is equipped with the same NC-interpreter as the one used in
the simulation system. Moreover, in the particular case of the NC-machine
used in this research, the controller of the machine is also equipped with a
NC-simulation system. This simulation system works as a look-ahead
function to check if all upcoming NC-commands are collision free. If a
collision is found, the machine stops immediately and waits for an
intervention of the machine operator. This last simulation check in the
controller is especially useful if the machining conditions have changed
w.r.t. the programmed ones (e.g. the tool length has been changed).
All developments on the machine side were executed by researchers of
other project partners.

1.4. Guide to this thesis
This presented work consist of 6 chapters. Apart from this first introductory
chapter, the second chapter is describing in detail the state-of-the-art of tool
path generation for 5-axis milling.

Chapters 3 to 5 are dealing with the challenges for 5-axis milling as described
in paragraph 1.2. 

The developments in the area of process planning are described in chapter 3.
The different steps in the so called ‘operation planning’ algorithm are
discussed in detail and illustrated with examples.

Chapter 4 is focussing on the design of the tool trajectory. New algorithms
are introduced in this quite mature research area. Special attention is paid to
robust algorithms for tool path generation on multiple part surfaces.
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The collision avoidance topic is discussed in chapter 5. The approach of
integrating CAM-system, postprocessor and NC-simulation system is justified
and explained. The developments are clarified and illustrated with examples.

Chapter 6 is formulating the conclusions of the developments described in
this thesis. Besides these conclusions, directions for future research on multi-
axis milling are shown.
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C H A P T E R

FIVE-AXIS MILLING OF
SCULPTURED SURFACES

2.1. Introduction
During the design process of an industrial free-form object, most often
different stages are run through. For aesthetic surfaces, the initial design is
often made by an artist. Most likely, this artist is not delivering any drawings,
but only a physical object in wood or clay representing the object to be
manufactured. This requires the involvement of reverse engineering
techniques in order to port the information of this physical object into the
CAD/CAM-system [Kruth 98b] [Kerstens99]. This object can be further
manipulated in a CAD/CAM-system and technical details necessary for the
end-functionality of the object (e.g. holes to fix the object to another part)
can be added. Quite often, the model is then concretized a first time in solid
material by any of the available rapid prototyping techniques like
stereolithography (SLA) , selective laser sintering (SLS) or laminated object
manufacturing (LOM). This concretization is useful for a first visual and
geometrical evaluation of the product. However, rapid prototyping
techniques are usually not capable of producing large and functional
prototypes (e.g. the prototype of a car body), even though large progress
has been made in recent years.

In some cases, the object is manufactured directly by means of a mix of
three- and five-axis milling. Prototypes of functional sculptured surfaces are
typical examples of such objects. These prototypes then serve for physical
experiments (e.g. the determination of the aerodynamic properties of an
aircraft wing). 
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However, when the object is to be produced in large series in plastic, it will
be injection moulded. A mold is needed to form the part. This mold can be
machined by successive three- and five-axis milling operations. After
moulding, a replica of the original object is achieved, now having the
specified material properties.

Figure 2-1 shows the main phases in the design and manufacturing of
sculptured surfaces by five-axis machining.

Figure 2-1 : Strategy for five-axis manufacturing of sculptured surfaces.

The strategy depicted in figure 2-1 breaks down into a number of actions to
be taken (figure 2-2). These actions are based on available software tools for
the preparation of an NC-program. After the modelling phase in a CAD-
system, the tool path is generated in a CAM-system. As a result, a CL-DATA
file is exported. This CL-DATA file is containing all tool movements w.r.t. the
Workpiece Coordinate System (WCS). A CL-DATA file is machine
independent. The CL-DATA file is then postprocessed in order to translate the
tool movements into machine axis movements for a specific machine. In a
last stage, the postprocessed file (NC-program) is transferred to the machine
for execution.



Five-axis milling technology 13

Figure 2-2 : NC-milling preparation process flow.

This chapter starts with a short introduction into five-axis milling technology.
Next, the different standard techniques leading to a valid five axis tool path
are outlined. 

2.2. Five-axis milling technology
Various separate efforts in milling technology have enabled the development
of five-axis milling. Strong demands from industry pulled this five-axis milling
technology and machines to the machining market. This paragraph highlights
the opportunities which are making five-axis milling an interesting
alternative.
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2.2.1. Different types of five-axis milling machines
Five-axis milling enables the possibility to machine sculptured workpieces in
less set-ups compared with 3-axis milling. This originates from the fact that
two supplementary rotary axes are added compared with a conventional 3-
axis machine. These rotary axes can be added to the kinematic chain of the
machine at different locations. When a rotary axis is only capable to be set at
a discrete number of positions, it is called a ‘indexable’ axis. Rotary axes
which can be moved continuously together with the linear axes during the
execution of the NC-program are called ‘synchronous’ axes. Besides this,
three different types of machines can be distinguished [Kruth 93]. They are :

1. Two rotational axes in the head (2RAH)
This kind of machines has its rotational axes mounted at the side of the
tool. As a consequence, the transmission of the cutter rotation through
these rotary axes becomes complex. A solution for this might be to mount
an electrospindle at the end of the rotary axes. Because the rotary axes
are not carrying the weight of the workpiece, this type of machine type is
well suited for large and heavy workpieces. Fixing the workpiece on
another location on the machine than originally foreseen, does not have
any effects on the programming side.

Figure 2-3 : The head of a 5-axis machine 
of the 2RAH-configuration

This type of machine is imposing high demands on the controller. Typical
topics for the controller of this kind of machines are :
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� RTCP (Rotation Tool Centre Point). This function allows 5-axis
machining to be programmed directly on the tool centre instead of on
the centre of rotation of the axes (commonly called the pivot centre).
If this option is not present on the machine, the change of tool length
of a certain tool results in a re-postprocessing of the NC-program.

� 5-axis drilling operations are requiring a simultaneous movement of
the three linear axes. 

� Describing circles in arbitrary planes is not always supported. Often
only circles in XY-plane are admitted.

2. Two rotational axes in the table (2RAT)
This machine type has its rotational axes at the side of the table. Rotating
tables are restricting the workspace of the machine severely. The
controller requirements are less extensive than for a machine of the 2RAH-
configuration. This originates mainly from the fact that the length
compensation of the tool is identical to the one of 3-axis milling and can be
done by introducing a simple ∆Z shift at the level of the NC-controller.
Drilling cycles do not constitute any problem for these machine tools, since
the spindle axis is parallel to the Z-axis of the machine at any time. This
fact also opens up the way to the description of circles in an arbitrary
plane. To achieve this, the workpiece is oriented in a way that the circle
can be described in the XY-plane of the machine. Also, options like RTCP
are not necessary for this kind of machine tools. 

Figure 2-4 : Five-axis machine with 2 rotational axes in the table
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An important disadvantage of this machine type is that the exact position
of the workpiece needs to be known before entering the postprocessing
phase. This originates from the fact that the axis values for the rotational
axes are depending on the position of the workpiece on the table. As a
consequence for this machine type, each change of workpiece position is
followed by the generation of a new NC-program by the postprocessor.

3. One rotational axes in the head, one in the table (1RAH-1RAT)
Typical for this machines is that they combine most of the disadvantages
of both other types. In this way, they are only suited for small to medium
size workpieces. But of all machine types, they have the easiest
construction because of the fact that no second rotary axis is build on top
of the first one.

All the above described 5-axis machine types are typically deducted from 3-
axis machines. But, in the beginning of the nineties, a new type of machine
with 5-axis milling capabilities was developed. The first design of this
alternative machine concept was based on the so-called “Stewart Platform”
as it is depicted in figure 2-5. 

Figure 2-5 : Drawing of the original 
Steward-platform [Steward 65]

These machines are usually called PKM’s (Parallel Kinematic Machines). The
most common type of PKM is the hexapod, which can be found in figure 2-6.
The name hexapod finds its origin in the fact that these machines have six
legs whose length can be independently controlled.

The parallel kinematic structure of PKM’s is imputed numerous advantages
w.r.t. 5-axis milling machines like : high stiffness, extreme accuracy, high
speeds and high accelerations. Especially the first two advantages (increased
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stiffness and accuracy) are questioned for real PKMs. Despite all advantages
found for these hexapods, there are still some remaining bottlenecks
avoiding the introduction of these machines in industrial applications. 

Figure 2-6 : Example of a parallel kinematics machine, with a supplementary 
rotary axis in the table for increased flexibility 

(source : Ingersoll-WZL Aachen)

Among the problems which still need to be solved are : the thermal stability
of the structure and the collisions occurring during machining [Lauwers 99].
Only when these problems are solved,  parallel kinematic machines will form
an alternative to conventional 5-axis machining. However, all developments
described in this thesis are re-usable for parallel kinematic milling machines. 

2.2.2. From 3-axis to 5-axis finishing : a natural evolu-
tion?

The advances in CAD/CAM systems created the possibility to shift from
traditional copy-milling techniques to CNC-controlled milling. For sculptured
surface machining, this was a big step forward. However, the drawbacks of
3-axis NC-milling for sculptured surface applications are numerous. So, the
further evolution of CAD/CAM-systems and machines made 5-axis milling
techniques available to the end-user. In the remainder of this paragraph, an
enumeration of different drawbacks of 3-axis milling is given together with
the response to this provided by 5-axis milling.

1. First, machining sculptured surfaces with 3-axis milling in combination with
ball nose cutters leads to unfavorable cutting conditions. This is a well
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known fact originating from the geometrical form of the ball nose cutter.
The actual cutting speed varies from maximal at the outer periphery of the
cutter to zero at the tool tip of the cutter (figure 2-7).

Figure 2-7 : Variable cutting speed at 
the cutting edge of a ball nose cutter

In 3-axis milling, this zero velocity point is in contact with the surface each
time the surface is normal to the tool axis and this causes surface
damages. By inclining the tool, the zero velocity point is moved away from
the surface and this affects the surface roughness in a positive way. This is
clarified in detail in paragraph 2.3.3. Influence of the tool orientation on
the surface quality.

2. Second, the workpiece is approachable only from one side by 3-axis
machining. 5-axis machining offers the possibility to access the workpiece
from 5 sides, under the strict condition that the fixturing is done
adequately. For this kind of machining purposes, different machine tool
builders offer cheap solutions in the form of indexable rotary table
accessories. These and native five-axis machines are then used for
indexing purposes only. This means that the rotary axes are turned in such
a way that the workpiece is accessible. After that, the rotary axes are not
moved anymore during the execution of the NC-program.

3. Three-axis finish milling is not allowing the use of any other tools than ball
nose cutters. For five-axis finishing, almost any kind of tool can be applied.
The scallops produced by 3-axis finishing with ball nose tools are higher
w.r.t. those produced by 5-axis finishing with flat end tools of the same
diameter (also see figure 2-15).
The different tools used for 5-axis (semi-)finishing can be classified
according to their application range (figure 2-8) :
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� Flat end cutters
These are universally applicable - for both semi-finishing and finishing
- and available as plain cutters or cutters with inserts. Early studies by
Vickers and Quan [Vickers 89] showed the advantage of using flat
end mills instead of ball nose cutters. They developed analytical
expressions for calculating the scallop heights produced by inclined
flat end and ball nose cutters. Evaluating these expressions clearly
showed the potential of flat end cutters w.r.t. the produced scallop
height.

� Thoroidal cutters
The surface roughness produced by this type of cutter during
finishing phase is even superior to that produced by flat-end cutters
[Bedi 97]. This type of cutter is available as radiused end mill or as
cutter with round inserts. 

� Ball nose cutters
With ball nose cutters, restmaterial can be removed which is present
at certain locations of the workpiece. This restmaterial is created
especially at those locations where the curvature is too high to be cut
with flat-end or thoroidal cutters. A further discussion on restmaterial
can be found in paragraph 2.3.2. Tool path parameters influencing
the surface quality.

Figure 2-8 : Different kinds of tools suitable for 5-axis machining.

4. Some workpieces are simply not machinable by means of 3-axis milling
(e.g. the impeller depicted in figure 2-9). They require at least the
capability of indexable rotary axes. In some cases, the type of application
can even require the synchronous use of all linear and rotary axes. 

flat-end thoroid ball-end
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Figure 2-9 : Example of a part not machinable 
by conventional 3-axis machining.

2.3. Tool path generation for five-axis 
milling

This paragraph describes a set of CAM-system issues, all related specifically
to 5-axis milling. First, an overview is given on how the combination of
position and orientation of the tool can be specified. Subsequently, the tool
path parameters impressionable by the CAM-system and their consequences
for the surface quality are discussed. After this, the influence of the
inclination on the surface quality is analyzed. Also the effect of the milling
direction on the surface quality is discussed. In the fifth paragraph, the
different major surface representation techniques for representing
workpieces inside a CAM-system are shown. The last topic is considering the
different methods for defining tool tracks on a surface.

2.3.1. Definition of the tool posture
When cutting a workpiece by five-axis milling, the orientation of the tool need
to be defined by the CAM-system in each point of the tool trajectory. The
combination of the tool orientation and the tool position is called the tool
posture. In the CL-DATA-file, the tool posture is defined by means of the
xyzijk-notation. In this expression, x,y and z are defining the position of the
tool tip with respect to the WCS (Workpiece Coordinate System). The
orientation is defined w.r.t. the WCS by means of the unity vector ijk. The
xyzijk-notation is used almost exclusively to output the tool posture to a
standardized file format (CL-DATA).
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Figure 2-10 : Tool posture definition in the CL-DATA file

No single CAM-system is using this xyzijk-notation internally to define the tool
posture. The reason for this can be found in the fact that this xyzijk-notation
is not related to any local surface information and thus cannot be used by the
user to specify a certain tool inclination w.r.t. the local surface properties.
Internally, CAM-systems are fixing the tool position by the coordinates
(x,y,z) of the tool contact point. The tool orientation can be defined in two
different ways (using the tool contact point) :

� lead and tilt (left side of figure 2-11)
In this case, the tool orientation is specified by two angles w.r.t. the
local surface normal vector. The first angle, α is the lead angle (also
called Sturz angle) and is defined in the plane A formed by the feed
direction and the local surface normal. The second angle, β is the tilt
angle and is defined in the plane formed by the normal on plane A
and the local surface normal. 

� inclination and screw (right side of figure 2-11)
In this system, the tool orientation is defined by two angles θ and ϕ.
θ is the inclination angle and is the angle between the surface normal
and the tool axis. ϕ is the screw angle and is defined in the plane
perpendicular to the local surface normal. The screw angle is
sometimes called yaw angle by other authors [Choi 93].
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Figure 2-11 : Two different ways of defining the same tool posture : on the 
left side the lead-tilt-system, on the right side the inclination-screw-system.

The transition from one angular definition system to the other is possible with
the following set of equations :

In commercial CAM-systems, the tool posture is often defined in the tool tip
instead of the contact point. A detailed discussion on this item can be found
in Chapter 4 - Tool Path Optimization Algorithms.

2.3.2. Tool path parameters influencing the surface 
quality

After the surface has been finished by five-axis milling, the resulting quality
of the surface can be measured. The parameters determining the surface
quality are : the cordial deviation, the scallop height, surface roughness,
restmaterial and appearing overcuts (figure 2-12, just to be perfectly clear,
the drawings are made for three-axis finishing with a ball nose cutter). The
following detailed discussion clarifies the relationship between these surface
quality parameters and the tool path parameters as imposed in the CAM-

(2.1)
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system. Another important tool path parameter is discussed separately in
paragraph 2.3.3. Influence of the tool orientation on the surface quality.

Figure 2-12 : Different kinds of surface errors on a finish-milled surface

The cordal deviation is directly linked to the cut step (figure 2-12a). The
cordal deviation is defined in the plane formed by the feed direction vector
and the local surface normal and equals the maximal distance between the
straight line connecting two successive tool positions and the nominal surface
profile. The cut step can be determined in different ways : 

� a fixed cut step, which results in a certain number of tool positions
spread equally over the whole length of the tool track (figure 2-13a).
The main drawback of the fixed cut step lies in the fact that the
cordial deviation is not under control. If this method is nevertheless
used, the cut step is fixed to a very low value. This then results in a
large number of excess tool positions in moderately curved areas.

� a variable cut step, triggered by the fact that the cordal deviation
should not exceed a certain tolerance value (figure 2-13b). This
tolerance value is often referred to as ‘intol-outtol’, where intol is the
acceptable deviation at the inner side of the surface and outtol is the
tolerable deviation at the outer side of the surface. In fact, this intol-

a. cordial deviation b. scallop height

c. rest material d. overcut

feed direction

feed direction feed direction

cordial deviation

restmaterial overcut

scallop height

step-over
distance
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outtol defines two offset surfaces where the tool track should stay in
between. In contrast with the fixed cut step, less tool positions will be
generated. This will have an overall positive effect on the
performance of the CAM-system, while the cordial deviation is
restricted to a certain value.

Figure 2-13 : The cut step parameter, fixed or variable.

The scallop height, also called cusp height, is directly related to the step-
over or the pick feed (figure 2-12b). The scallop height is defined as the
maximum distance between the resulting surface and the nominal surface,
measured between two successive tool tracks. This distance is determined in
a plane perpendicular on the feed direction and the local surface normal. For
5-axis milling with flat-end or thoroidal cutters, the scallop height will also be
depending on the orientation of the tool. Increasing the tool inclination will
result in a larger scallop height if the step-over is kept constant. The
necessary formulas for defining this are analytically deducted in A.1 Scallop
height and step-over calculations [Vickers 89].
Restmaterial is occurring at concave places on the surface, where the
diameter of the cutter is too large to fit the local surface properties. As a

nominal surface resulting surface

a. equidistant cut step

nominal surface resulting surface

b. tolerance-based cut step

intol
outtol
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consequence, the cutter is positioned further away from the surface and not
all the material is removed. Restmaterial can be avoided if the cutter
diameter is chosen carefully. For 3-axis milling with a ball-nose cutter, the
formulation is of this kind :

where R stands for the radius of the cutter and kmax is the maximal
curvature found on the surface. In the case of 5-axis cutting, the formulas
become more difficult, because the effective radius of the cutter changes
when modifying the inclination of the tool.

Overcut is the phenomenon occurring when the tool is removing too much
material. This situation is definitely unwanted and is mostly caused by
inaccuracies in the CAM-system. 

Surface roughness is characterized by roughness parameters (e.g. Ra, Rq
or Rz) and is influenced by the machine condition, the cutter, cutting
conditions, material and shape of the workpiece and clamping device. The
used CAM-strategy is affecting the surface roughness as well [AgsonGani97].

2.3.3. Influence of the tool orientation on the surface 
quality

The tool path parameters discussed in the previous paragraph (2.3.2.), were
general for all kind of finish-milling operations. The specific parameter for 5-
axis machining, the tool orientation, deserves some supplementary attention.
In what follows, its influence on different surface quality parameters is
discussed.

Surface roughness

Commercial CAM-systems will always force the user to apply a constant
inclination and screw angle. To investigate the technological implications
(mainly surface roughness) of the tool inclination, a test part made of steel
was milled with different inclination angles (figure 2-14) (earlier described in
[Kruth 94]). The steel used was UHB11 from Udeholm (AISI 1045) and the

(2.2)R 1
kmax
-----------<
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used cutters all were of diameter 20 mm. The thoroidal cutter has round
inserts of diameter 8 mm.

Figure 2-14 : The technological incidence of the inclination angle 
on the surface roughness (Ra)

For ball nose cutters the surface roughness increases if the tool axis is
positioned perpendicularly to the surface. This is caused by the low cutting
speed which leads to a build up edge, and by unfavorable cutting geometry
at the tool tip. For thoroidal and cylindrical cutters, on the other hand, the
inclination angle influences the roughness only slightly. However, the realized
surface roughness is significantly lower than for the ball nose cutter.

Scallop height

Another factor which is influenced heavily by changing the inclination is the
realized scallop height for an equal step-over. As the inclination is increasing,
the contact length is dropping and this results in a larger scallop height
between successive tool tracks. The contact length is defined as the width
over which the cutter touches the surface before exceeding a given depth of
cut.

Figure 2-15 shows the relationship between the inclination and the scallop
height for a ball nose cutter and a flat end cutter of diameter 20 mm. For
details on the calculations of scallop heights, the reader is referred to A.1
Scallop height and step-over calculations [Vickers 89].
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Figure 2-15 : The scallop height and its relationship
to the inclination for tools of diameter 20 mm. 

and a step-over equal to 3 mm.

Dimensional error

The inclination is also influencing the dimensional error on the surface. When
the inclination is increasing, the cutter tends to bend away due to the cutting
forces. This phenomenon, confirmed by [Tönshoff 89], is explained in figure
2-16.

Figure 2-16 : Tool deflection caused by cutting forces 
for a cutter with inclination θ 

The stiffness of the tool and its clamping is much higher in the direction of
the tool axis than perpendicular to the axis. The cutting forces will bend the
tool mainly in this last direction, especially if large tool cantilever or tool
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extensions are applied. The resulting error on the machined surface is about:
sin(θ) * s. The dimensional error has been verified experimentally under the
same circumstances as the tests for the surface roughness. The results are
depicted in figure 2-17.

Figure 2-17 : Deviation between the milled surface and the nominal surface 
and the relationship with the inclination 

The dimensional errors are not only caused by the bending of the tool but
also by the limited positioning accuracy of the five axis milling machine and
the reduced stiffness caused by the additional rotary axes. Large changes of
the tool orientation often yield large machine slide movements whereby the
positioning error increases.

From the surface effects described above it can be concluded that the
inclination angle should be kept as small as possible. However, the geometry
will form a restriction to this criterion. Especially for concave surfaces, a
certain minimal inclination angle is needed to avoid backcutting (also called
backward gouging). This is illustrated in figure 2-18.
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Figure 2-18 : Backward gouging in concave workpieces

Commercial CAM-systems use fixed inclination angles for a whole part. This
means that the inclination angle will be fixed according to the highest local
curvature found on the surface. For all other areas on the surface this
inclination angle will result in suboptimal surface quality.

2.3.4. Influence of the milling direction on the realized 
surface quality

When machining a workpiece with 3-axis milling, the resulting surface quality
will not depend very much of the chosen milling direction. Therefore, 3-axis
milling direction is mostly determined by the presence of surrounding
obstacles which are complicating the milling process or is sometimes arbitrary
chosen by the CAM-system.

Five-axis milling is putting additional constraints on the choice of the milling
direction. Surface quality will depend heavily on the chosen milling direction,
especially for cutter types like thoroidal and flat-end cutters. In these cases,
the milling direction can have an influence on the resulting surface roughness
as well as on the scallop height.

The following paragraphs will illustrate that the milling direction is strongly
depending on the surface curvature. For this reason, surface curvature is
already briefly introduced in this paragraph. The maximum and the minimum
curvature of a surface in a point P are called the principal curvatures and are
denoted respectively k1 and k2. The directions in which these extreme values
occur are called the principal directions. The unit vectors in these directions
u1 and u2 are called the principal vectors. Points on a surface can be
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normal

θ

danger for
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classified according to the value of k1 and k2, supposing that k1 is always
larger than k2. The following classification can be made :

� k1>k2>0  : the surface is concave in the evaluated point P.
� k2<k1<0  : the surface is convex in the evaluated point P.
� k2<0<k1  : the surface has saddle-properties at the evaluated point P.

The equations to calculate the principal curvatures and principal directions
can be found in several reference works e.g. [Marciniak 91].

Machining tests on a single curved workpiece (mould steel HB330), have
been done to find the optimal milling directions for the different surface types
(concave, convex) [Kruth 94]. One half of the workpiece has been cut
according to the direction of the curvature, the other half in the direction
perpendicular to this. The scallop height and the surface roughness have
been measured for all 4 areas (figure 2-19).

Figure 2-19 : Single curved workpiece machined in 
two different milling directions

� V1 : milling according to the direction of principal curvature for which the
curvature is zero, concave area.

� V2 : milling according to the direction of principal curvature for which the
curvature is greater than zero, concave area

� V3 : milling according to the direction of principal curvature for which the
curvature is zero, convex area.

� V4 : milling according to the direction of principal curvature for which the
curvature is smaller than zero, convex area

The results of the measurements (table 2-1) are illustrating the fact that
there is a strong correlation between surface quality, surface curvature and
milling direction. The scallop height is the smallest for the areas V1 and V4. It
can be concluded that the best surface quality (roughness and scallop height)

V2
V4

V3

V1
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will be realized when milling according to the direction of the smallest
absolute value of principal curvature. For example : a concave area will be
milled preferably according to the direction u2, because |k2|<|k1| for a
concave surface point. 

Most real workpieces are never completely concave or convex. For many
surfaces a milling direction will be chosen to suit for the most dominant area.
This most dominant area is usually the most curved area. A better approach
would be to subdivide the workpiece in convex and concave areas and to cut
them separately according to their preferable milling direction.

However, subdividing the workpiece according to the local curvature
properties is not evident. Commercial CAM-systems are not capable of
performing this subdividing action and making the different areas available as
an input for separate milling operations. State-of-the-art CAM-systems are
also not capable of guiding the tool over the workpiece in each arbitrary
direction over the surface (see also 2.3.6. Tool path generation methods for
polynomial surfaces). The factors enumerated above prevent to use of 5-axis
milling technology to its full capacities. The operation planning system
developed as part of this research work is giving a solution for these
shortcomings.

Cutter type Milling 
direction

Surface 
roughness 
Ra (µm)

Scallop height 
(µm)

Thoroidal cutter
dia. 20cr4 mm.

V1 0.6 3

V2 0.6 70

Flat-end cutter
dia. 16 mm.

V1 3 3.7

V2 3 60

Thoroidal cutter
dia. 20cr4 mm.

V3 0.5 22

V4 0.8 8

Flat-end cutter
dia. 16 mm.

V3 1.5 40

V4 1.5 5

Cutting parameters : ae= 5 mm. ; ap= 1 mm. ; feed = 0.1 mm/tooth
All cutters are coated carbide cutters.

Table 2-1 : Surface roughness and scallop height 
for different milling directions
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2.3.5. Common surface representation techniques inside 
the CAM-system

The choice for a certain surface representation system will have far-reaching
consequences for the capabilities and performance of the CAM-system. In
general, the different surface representation techniques can be divided into
three main groups : polynomial representation, faceted models and Z-map
models. They are discussed separately in the next three paragraphs, also
pointing out their strenghts and weakness related to NC-machining.

2.3.5.1. Polynomial surface models [Marciniak 91][Kerstens99]
Most CAD systems are using parametrical functions to represent surfaces. In
this form, surface points are described by the mapping p(u,v) where p is a
point in 3D-space and u and v are location parameters of a point in a 2D
reference plane. When a coordinate system U=(Q,x,y,z) is chosen in 3D-
space, then the mapping is uniquely defined by p(u,v)=(x(u,v), y(u,v),
z(u,v))  (figure 2-20). Lines on the surface with a constant value for u or v
are called the isoparametric lines of the surface .

Figure 2-20 : Parametric representation of a surface

CAD-systems are using partial polynomial functions and a set of control
points P to define a parametric free-form surface (figure 2-21). The form of
this free-form surface is determined by weighting the control points with
these partial polynomial functions. In general, the surface is not going
through these control points. Depending on the used polynomial functions,
these free-form surfaces are called Bézier-, B-spline- or NURBS-surfaces.
More information on the different types of surfaces can be found in [Farin 96]
and [Piegl 97].
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Figure 2-21 : Parametric free-form CAD surface [Piegl 97]

Sculptured surfaces representing an engineering artifact are often consisting
of more than one surface (figure 2-22). For example, the surface of an inner-
panel stamping die for a passenger car typically contains about 2500
surfaces. The resulting surface is then called a compound surface. The
constituting faces usually are trimmed off in order to fit in the overall
compound surface.

Figure 2-22 : Example of a seat, consisting 
out of different trimmed surfaces

In the described research work, polynomial models will be used almost
exclusively for tool path generation. This is the reason why the different
methods for generating tool paths on polynomial surfaces are described in a
separate paragraph (2.3.6. Tool path generation methods for polynomial
surfaces).

a. control points b. resulting surface
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2.3.5.2. Faceted models
A faceted model in its most general form is a discrete non-parametric
representation, where the surface is represented by a set of faces. The most
used form is the one where triangles are used for representing the surface.
Where ever in this work the term ‘faceted models’ is used, triangle-based
faceted models are meant.

One of the most used triangle-based facet model formats in CAD/CAM-
technology is probably the STL-format. STL stands for Stereo-lithography
Tesselation Language, and refers to the representation of 3D forms as
boundary representation solid models constructed entirely out of triangular
facets. Each triangle is represented by its three vertices (figure 2-23).
Faceted models can be rendered using Gouraud- or Phong-shading as in
figure 2-24. As most CAD-systems are supporting this STL-format for
exporting geometry to rapid prototyping systems, the STL-format is also
available for use in CAM-systems. 

The STL-format is also very popular for copying reverse engineered
workpieces on a NC-milling machine. The conversion of a cloud of points into
a polynomial surface model is cumbersome and time consuming. Therefor,
the result of reverse engineering a workpiece is often converted in an STL-
model which then is directly used in the CAM-system.

Another advantage of faceted models lies in the fact that STL has become an
industry’s standard. This results in STL-files which are perfectly
interchangeable between different CAD- and CAM-systems.

The use of faceted models for CAM purposes also has some disadvantages
like :

���� less suitable for the generation of multi-axis tool paths
If a milling track is defined over the surface, the normal direction of
the encountered facets along this milling track is discontinuous. Since

Figure 2-23 : Sculptured surface, 
described as a faceted model

Figure 2-24 : Shaded image of the 
faceted model
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the tool orientation is heavily related to this local normal direction,
methods need to be developed for smoothing the tool orientation
over the triangles. The generation of gouging free multi-axis tool
paths and the corresponding problems are described in [Kiswanto99].

���� accuracy
The  faceted model is a discrete approximation of the original
workpiece (CAD or physical). Generating a tool path on a faceted
model is a second approximation. If the facetting tolerance during
the tesselation process is taken too large (e.g. > 0.1 mm), facets will
be visible on the workpiece after machining. Therefor, in mold and
die-making industry, tolerances are commonly chosen to be
0.005 mm or less. 

���� size of the model
If the facetting tolerance is chosen small to improve the accuracy of
the CAM-system, this will result in STL-files which are exceeding the
size of the original CAD-files a number of times. Therefor, the CAM-
system should be capable of manipulating huge faceted models and
performing calculations on them.

As a consequence of the above described disadvantages, faceted models as
such are used mostly in simple CAM-systems. However, advanced CAM-
systems use it internally for example for executing gouge checking for multi-
axis milling purposes.

2.3.5.3. Z-map representation [Choi 98]
A Z-map is a special form of a discrete non-parametric representation in
which the heights at the grid points are stored in a two dimensional array.

Most often, a Z-map model is obtained by a ‘virtual’ digitizing process which
is called Z-map sampling. The geometry used for this Z-map sampling is
usually defined by means of one of the two other surface representation
techniques. 
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Figure 2-25 : Single level Z-map model

The Z-map sampling process is easy and straightforward to carry out. Let
(x0,y0) be the corner point of a rectangular non-parametric domain on which
a regular grid is to be defined and let γ be the grid interval, then the grid
points {xi, yi: i ∈ [0,m], j ∈ [0,n]} are determined by 

and the z-value at a grid point (xi,yi) is the array element z[i,j]. 

For evaluating the Z-map surface, a distinction is made whether the point to
be evaluated lies on the grid or not :

���� for an ‘on-grid’ domain point :
The indices i,j are obtained from :

so that its value is given by z[i,j].
���� for an ‘off-grid’ domain point :

The z-value for an ‘off-grid’ domain-point is obtained by interpolating
the z-values at the neighboring on-grid points. For example, an
elaborate scheme for evaluating its geometry is to interpolate each
row and column of Z-map points as a composite cubic curve so that
the rectangular surface above each Z-map cell is modelled as a
bicubic Coons patch [Farin 96].

Complicated models (e.g. blades) will result in surfaces having more than one
z-value for a given domain-point (x,y). In this case, a multi-level Z-map
model as shown in figure 2-26 may be employed. The multi-level Z-map is
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also called dexel model and is also used as the basis for numerous NC-
verification systems.

Figure 2-26 : Multi level Z-map model

A main advantage of Z-map models is the possibility to track unmachined
material. This can be done by performing all machining operations on a
separate Z-map model of the blank part and comparing this model with the
Z-map model of the finished part. In this way, unmachined regions (also
called restmaterial) can be detected easily.

Z-map models have an inherent limitation in coping with vertical walls and
sharp edges on the surfaces. However, when a higher accuracy is needed,
edge-extended Z-map models can be applied [Choi 98]. Also, they are not
suitable for use in CAD-systems. Therefor, a translation step will be
necessary to export the model from the CAD-system to the CAM-system.

2.3.6. Tool path generation methods for polynomial 
surfaces

Through the years, different methods have been developed for generating
tool paths. For finishing operations, three different kinds of methods are
distinguishable [Kim 95] :
� cartesian tool path generation

In this case, the tool tracks are generated into a cartesian plane, usually
the xy-plane. Internally, the tool tracks are calculated in a plane laying
above the workpiece and then projected onto the workpiece. The tool
orientation can be modified to a certain fixed value of lead and tilt with
respect to the surface.
This method works fine for simple curved workpieces, but is failing when
workpieces are highly double-curved or strongly concave. The reason for
this can be clearly seen from figure 2-27. One surface was extracted from
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the original object, a camera. The projection of a certain position from the
cartesian plane to this surface is ambiguous. A possible extension to
cartesian tool path generation is the polar tool path generation. Instead of
defining the tracks in a xy-plane, the tool tracks are generated in a
cylinder with radius r. The example of figure 2-27 can be machined with
this polar tool path generation method, with a cylinder defined along de x-
axis and positioned inside the closed free-form surface.

Figure 2-27 : Cartesian generation of a tool path for a camera.

� parametric tool path generation
With the parametric tool path generation method, the tool moves
according to the isoparametric lines (u or v) of the underlying surface.
Most of the methods belonging to this category are of the so-called
contact driven type.  This means that the contact point will move along
the isoparametric line, which is in fact most often a smooth line.  The
significance of this is illustrated in paragraph 4.4.1. Discussion on the tool
path requirements. 
Without further extension, these methods are  incapable to reckon with
the trimmings actually constraining the part surface(s) (figure 2-28). The
reason for this lies in the fact that trimmings are not present in the surface
representation itself, but they are imposed at a higher level. This results in
tool paths actually exceeding the trimmings which is in general not
allowable.
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Figure 2-28 : Example of a trimmed NURBS-surface

Since the generated tool path is depending on the iso-parametric lines, an
unevenly distribution of these latter can cause irregular scallops on the
surface (figure 2-29). Irregular scallops will involve additional finishing or
polishing effort.

Figure 2-29 : Unevenly distribution of the 
iso-parametric lines of the NURBS-surface

� by means of a drive surface (also called : drive/part method)
In this method, a drive surface is constructed covering one or more part
surfaces (figure 2-30). Then, a tool path is generated in this drive surface
most often according to the isoparametric lines of the drive surface. In the
next step, the tool postures are projected on the part surface(s) according
to a pre-defined projection vector. This projection vector can have a fixed
direction, or can be defined with respect to the drive surface, e.g. : normal
to drive surface. 

u

v
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v
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Figure 2-30 : Driving geometry defining
the tool path on the part surfaces

The advantage of this approach lies in the fact that tool paths can be
constructed covering multiple surfaces, which are even allowed to be
trimmed or overlapping each other. From all available methods, this one is
the most powerful and versatile. But, this method is also containing some
severe drawbacks, which are only coming to the surface after a thorough
study. These drawbacks will be described in Chapter Chapter - Tool Path
Optimization Algorithms.
Constructing drive surfaces is an important but difficult task for the CAM-
operator. It is important because of the fact that the ‘quality’ of the drive
surface will influence the resulting tool path. Drive surfaces not having a
form similar to the form of the underlying part surface(s) will give rise to
inferior tool paths. However, no support tools for the construction of drive
surfaces are available within the normal CAD/CAM-system. Hence this
became a research object which is covered in Chapter 3 - Operation
Planning.



From a tool path in the CAM-system towards a valid NC-program 41

2.4. From a tool path in the CAM-system 
towards a valid NC-program

Having the tool path in the CAM-system available, there are still some steps
to be taken before the workpiece can actually be machined. The different
actions to be taken before a valid NC-program is available to the machine are
shown on figure 2-2, in the beginning of this chapter.

In this paragraph, the state of the art is described rather than giving details
on ongoing research like STEP-NC. STEP-NC is using machining features
(which are still containing geometry information) as the basis for NC-
programs instead of using the tool path movements in the CL-DATA as
generated by the CAM-system. In STEP-NC, the level of information is higher,
but this will also shift part of the CAM-intelligence to this STEP-NC module
which is replacing the postprocessor. So far, no STEP-NC systems are known
capable of generating 5-axis milling tool paths. More information on STEP-NC
can be found on their web site (http://www.step-nc.org).

2.4.1. Exporting the tool path from the CAM-system
The tool path is exported from the CAM-system in the form of a neutral data
file : the CLDATA-file. CLDATA stands for Cutter Location DATA. The
CLDATA-file is subject to the ISO3592 standard, which dates from 1978.
Since the NC-controllers went through a whole evolution since that time, a
new standard has been worked at by the ISO working group
ISO/TC184/SC1/WG4 and will be published soon (planned for fall 2001). 

A CLDATA-file consists of a sequence of one or more records. Each record
contains a record type code. For example : type 2000 is the integer code for
postprocessor commands and this record carries specific instructions for the
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NC-postprocessor. The tool position is given with a type 5000 record. The
format of this type 5000 record is set by a type 9000 record (table 2-2).

The way of describing the tool posture as xyzijk is explained in detail in 2.3.1.
Definition of the tool posture.
The last option in table 2-2 contains supplementary surface normal
information. This enables the possibility of performing radius compensation
at postprocessing level.

2.4.2. Postprocessing
During the postprocessing phase, the CLDATA-file is converted into a
machine specific NC-file. This NC-file is directly executable on the NC-
machine without any further processing. Under normal circumstances, the
NC-file is put on a shared network disc, from where it can directly be read by
the NC-controller.

The NC-postprocessor consists of two main parts :

Parameter value included in type 
9000 record 

(multax parameter)

Cutter location data included in 
type 5000 record

0 Multi-axis OFF 
(i.e. 3-axis machining)

Tool position data (xyz)

1 Multi-axis ON
(4 to 5-axis machining 
without normal surface 
vector)

Tool position and tool axis vec-
tor data (xyz ijk)

2 Multi-axis ON
(4 to 5-axis machining 
with normal surface vec-
tor)

Tool position, tool axis vector 
and surface normal vector data 
(xyz ijk lmn)

Table 2-2 : Multi-axis functionality for CLDATA
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���� Coordinate transformation engine
For multi-axis tool paths, this module translates all tool postures (xyz ijk)
to the machine coordinate system. This coordinate transformation can be
written as a matrix-equation :

with

The matrix A is unique for a given 5-axis milling machine. Depending on
the configuration of the 5-axis milling machine, the rotary machine
coordinates A and B of equation (2.5) should be replaced by the proper
pair of rotary axes (AB, BC or CA).
For the 5-axis MAHO-machine available in the PMA-laboratory, the
relationship between the rotary axes and the ijk-vector is defined in matrix
equation (2.6). A schematic overview of this machine can be found in
figure 2-31, showing the rotary axes B and C.

(2.5)

Xcl,Ycl,Zcl,Icl,Jcl,Kcl CLDATA-coordinates

XM,YM,ZM,AM,BM machine-coordinates 
(for a 5-axis milling machine)

Xtr,Ytr,Ztr,Atr,Btr in order to compensate for the posi-
tion of the set-up w.r.t. the absolute 
zero-point of the machine coordinate 
centre.

(2.6)

XM
YM
ZM
AM
BM
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Figure 2-31 : Schematic representation of the 5-axis MAHO-machine

These three equations (2.6) result in the following solution for B and C
given the tool axis orientation (direction cosines i,j,k) :
� B = arccos(k)      and C = tan-1(j/i) (as sin(B) > 0)
� B = -arccos(k)     and C = -tan-1(j/i) (as sin(B) < 0)

Each tool axis orientation can be achieved at two different positions of the
rotary axes. However, the limited range of the rotary axes or collisions
often eliminates one of these solutions. If the principal B-axis is zero (i=0,
j=0, k=1) then any value for the second axis is satisfactory. This is called
a degenerated position : the C-axis is parallel to the tool axis and
therefore has no influence on the orientation of the tool axis with respect
to the clamping table.
If the tool axis is moved from the first solution space (B>0) into the other
solution space (B<0) then the tool axis has to be moved through the
degenerated position (B=0 , i=j=0 and k=1).

���� Formatting module
This module generates the NC-program according to the syntax rules
applicable for the NC-controller of a particular machine. The NC-program
contains the consecutive positions of the tool (expressed in machine
coordinates) and supplementary technological information for the control
of the machine (e.g. coolant on/off, tool changes...).

Five-axis postprocessing even contains more specific issues compared with 3-
axis machining than described above. Only the topics which are of interest
for this research work have been described. For a more detailed overview of
the specific postprocessing issues for 5-axis machining, please see
[McKillop 99].
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2.4.3. NC-simulation for detecting collisions
The increasing complexity of sculptured surfaces as constructed by
designers, is posing higher demands at the machining side. To fulfill these
demands, the use of 5-axis milling techniques and machines is often
required. However, for workpieces with higher complexity, the chance for
having collisions on these machines is rising as well. A severe collision can
paralyze a production machine for weeks. Therefore, several mechanisms
have been developed to detect and avoid these collisions. They are described
in paragraph 2.4.3.2 . 

2.4.3.1. Different simulation tasks
Besides the obvious task of detecting collisions, other tasks are covered as
well by simulation. These tasks can often be executed by different simulation
tools at different places in the NC-programming process flow. The different
tasks are :

���� Gouging detection
Gougings are collisions between the cutter and the workpiece and are
most often caused by inaccuracies in the calculations of the CAM-
system. They are described in paragraph 2.3.2. as overcuts.

���� Restmaterial recognition
Restmaterial recognition will give visual information to the user about
the unmachined regions of the workpiece.

���� Simple collision detection 
Simple collision detection means that collision is checked between
part and tool/tool holder. 

���� Advanced collision detection (collision checking on machine-
level)
In this case, all kind of collisions can be detected appearing between
any two elements of the following : workpiece, tool, tool holder,
clamping device or a moving part of the machine. It will depend on
the type of machine (see section 2.2.1.) which kind of collision is
most likely to happen. In figure 2-32, a near collision situation is
shown between the head of the machine and the clamping table of
the machine. For this kind of application, collision checking on
machine-level will be necessary in order to avoid unwanted collisions
during workpiece machining.
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Figure 2-32 : Five axis milling of a propeller blade
(picture courtesy of John Crane Lips)

2.4.3.2. Collision detection mechanisms
Several opportunities exist along the trajectory followed to generate a NC-
program from the CAM-system to the machine in order to detect the
collisions in advance (figure 2-33) :

� first chance : at the level of the CAM-system
� second chance : at postprocessor level
� third chance : on the machine

The three different opportunities are discussed in detail in the remainder of
this paragraph. The capabilities of all available simulation tools is illustrated
as well.

Head of the machine

Near collision situation

Workpiece

Clamping table
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Figure 2-33 : Different chances for collision detection.

The different possibilities to tackle appearing collisions are :
���� At the level of the CAM-system

The tool path can be simulated on two different levels :
���� Basic tool path simulation inside the CAM-system

Most CAM-systems are capable of checking for collisions between the
tool and the part. Most often, actions can be defined to be executed
when this kind of collisions occur. Typical actions offered are : 
� skip : remove the colliding tool position and jumps directly to the

next tool position.
� warning : generate a warning for the operator.
� retract : perform a retract along the tool axis.

These actions were originally designed for 3-axis milling algorithms.
As a result, an obtained 5-axis tool path after a collision avoiding
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intervention is often not satisfying. Some CAM-systems (e.g. :
Camand, Unigraphics) have incorporated the tool holder into their
collision checking algorithms. In this case, the user can parametrically
specify the dimensions of the tool holder. Since the set of parameters
specifying the tool holder is rather limited, the tool holder in the CAM-
system has to be over-dimensioned w.r.t. the real one. 
Other CAM-vendors (e.g. OpenMind) developed a multi-axis collision
avoidance system which is capable of adapting the tool angle when
collisions occur between part and tool/tool holder [Koch 99].
Simulation of the behavior of the entire NC-machine is not possible
inside the CAM-system. The reason for this is lying in the fact that the
kinematics of the machine are not known at this level.
All commercially available CAM-systems have developed appropriate
algorithms which are capable of avoiding gouging in most situations.

���� External tool path and material removal simulation systems
Although material removal simulation is not an obligatory step in the
NC-program preparation process, it can help identifying milling
problems in advance.
Material removal simulation software is typically a software tool which
is capable of checking all tool movements described in the CL-file,
although systems exist which are capable of processing NC-code as
well. Other information which is fed to the material removal
simulation system are files containing the geometry information of
the finished workpiece and of the blank workpiece. Besides this, the
scenario in the software can be completed by adding geometrical
information about clamps and fixtures. Based on this information, the
material removal process caused by the defined tool path can be
simulated. In figure 2-34, a workpiece being verified in a NC-
simulation system is depicted. Detected gougings are shown in a
different color (darker gray in the figure) and even the scallop height
is perceptible.
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Figure 2-34 : Workpiece overview in the Vericut NC-verification-system
(picture courtesy of CGTech)

Typical errors which can be found with the aid of these NC-
verification systems are :
� rapid motion contact
� collisions with fixtures and clamps
� inaccurate programming (e.g. generated restmaterial or gouging)

Some NC-verification systems have the possibility to export
unmachined material as a STL-file. This STL-file then can be fed back
to the CAM-system for further use. The actual disadvantage to this
approach is that only CAM-systems based on faceted models can
benefit of this future.
Recent evolutions show the integration of material removal system
into the CAM-system (e.g. Unigraphics). The main advantage of this
is the fact that the information on the removed material is now
available in the CAM-system itself.

���� At postprocessor level
When postprocessing is done, the exact NC-code which will be send to the
machine is known. At that moment a simulation of the machine
movements in a NC-simulation system is the best chance of finding
collisions before the actual machining of the workpiece. The goal of NC-
simulation systems is to simulate the machine movements in a realistic
way, taking into account any machine or controller specific features.  All
NC-simulation systems offer the possibility to automatically check for
collisions between one or more pair(s) of  machine components, tools,
workpieces and fixtures. Through the years, NC-simulation systems have

gouging detected

simulated scallops
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made great advances w.r.t. the accuracy and the speed of collision
checking. In figure 2-35, an overview of such a NC-simulation system is
shown for a large 5-axis machine.

Figure 2-35 : Example of an NC-simulation system (UniSim)

Collision checking by means of NC-simulation can be done easily during
night in a batch process. The results of the collision checks are then
summarized in a collision report. This collision report gives information
about the NC-lines where collisions happened and the type of objects that
have collided (figure 2-36).
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Figure 2-36 : Example of a collision report.

The model of the NC-machine which is inside the simulation system is a
truthful copy of the machine in the workshop. The NC-machine can be
modeled in a CAD-system, an then exported as STL-files (or another
neutral format) which can be imported in the simulation system. In the
simulation system itself, the kinematic links between the different
components are then assigned.

���� On the NC-machine
Collision checking on the NC-machine is dangerous and time-consuming.
This is especially so for one-of-a-kind machining of high complexity
workpieces. In that case, the time that the machine tool is actually milling
can drop below 50 % of the actual available machine time.
Several options exist for collision checking on the machine :
���� Executing the program without workpiece or with extended 

tool length
In this case, the workpiece is removed from the machine and/or the
tool is made virtually longer. For this last option, the tool length is
made larger in the controller of the machine while leaving the
physical tool undisturbed. As the NC-program is executed, the
collision risk is reduced but still present for tool, tool holder, table and
machine. If the workpiece set-up on the machine is complicated, it
might become difficult to interprete the machine movements without
having the workpiece on its place. This is illustrated in figure 2-37. If
the workpiece would be omitted, the tool and machine movements do

Simulation Protocol
-------------------

Filename ............ : last.dnc
Date of creation .... : Fri Oct 6 16:10:22 1998

Collision occurred in 5 lines :
151 : N310 X-225.56 Y1568.224 Z-196.057 B-99.222 C55.827
152 : N312 X-238.63 Y1561.916 Z-195.057 B-99.367 C55.162
165 : N338 X-494.27 Y1399.822 Z-168.457 B-101.356 C37.961
1022 : N1520 X-607.51 Y1287.13 Z-138.569 B-101.22 C25.083
1023 : N1522 X-610.253 Y1290.27 Z-138.569 B-101.22 C25.083

Components verified for collision :
1 : fixt1 <> head1
2 : fixt1 <> head2
3 : blade <> head1
4 : blade <> head2
5 : blade <> t12
6 : fixt1 <> t12
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not have any sense. The operator can not assess the next movements
that will happen.

Figure 2-37 : 5-axis milling of a shoe last.

���� Soft material cutting
As an alternative to air cutting, soft material is often used. Typical
soft materials are : CibaTool BM5460 (Ureol) and CibaTool BM5185.
The advantages of these materials are obvious : when colliding with
any of the parts of the machine, the soft material will be damaged
instead of the machine. Another important advantage is that objects
made in ureol have a superior finish quality and are usable as
prototypes. An example is shown in figure 2-37.

2.5. Conclusion
A lot of progress has been made by the machine tool builders as far as the
construction of reliable and accurate five-axis milling machines is concerned.
Technology which was first adapted in high speed three-axis milling
machines is now transferred to five-axis milling machines.

But, the software tools supporting five-axis milling have not grown to the
same extent. As a consequence, approximately 90% of the five-axis milling
machines are used for indexing purposes (3+2-milling). The number of five-
axis machines really used for five-axis synchronous milling can grow
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significantly if the supporting software tools are improved and integrated.
The following paragraphs briefly resume the needs which are at the origin of
this new support tools.

On the one hand, software support tools to assist the CAM-operator during
the preparation phase of a five-axis milling operation are missing. As a
result, critical choices as e.g. the milling direction and tool diameter need to
be made by the CAM-operator. Even for an important task as the
construction of the drive surface, the CAM-operator is left over to his own
limited experience (see also paragraph 2.3.6. Tool path generation methods
for polynomial surfaces). This will often result in sub-optimal tool paths which
can cause an inferior surface quality of the machined workpiece. The desired
supporting software tool would be typically something like a low-level process
planning system acting on the level of the operation. The functionality of this
software tool is described in Chapter 3 - Operation Planning.

Furthermore, paragraph 2.3.3. showed the influence of the tool orientation
on the resulting surface quality. In order to maximize the benefits of this tool
orientation, the CAM-system should be able to optimize the tool orientation
for each single tool position. The integration of a tool orientation optimization
engine into a ‘real’ CAM-system is not realized so far. Only prototypes for
academic purposes are existing, which are not taking into account the strict
demands posed by a commercial available CAM-system. The developments in
the field of tool orientation optimization are described in Chapter 4 - Tool
Path Optimization Algorithms.
A third weak point in the preparation chain for multi-axis machining is the
ability to react to collision situations. Although NC-simulation is a large step
forward for the easy detection of collisions, it remains a difficult task for the
CAM-operator to define a correct reaction on the collision report produced by
the simulation software. This reaction can only be improved by a closer
integration between CAM-system, postprocessor and NC-simulation. In this
way, the collision information can be fed back to the CAM-system and used
for avoiding the collision automatically. Chapter 5 deals with the integration
of CAM, postprocessor and NC-simulation and the development of collision
avoidance actions.
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C H A P T E R

OPERATION PLANNING

3.1. Introduction
Operation planning is the technique of defining subsequent operations for
the multi-axis machining of complex shaped products. With this definition,
operation planning can be considered as a kind of low-level process planning.

Until now, no technique is capable of executing the process planning for both
roughing and (semi-)finishing of sculptured workpieces. So far, most effort
has been put in process planning systems for prismatic workpieces and
elementary operations (e.g. drilling, 3-axis milling) [Van Zeir 97]. Process
planning in its most general form determines how a workpiece will be
manufactured. In other words : process planning is the crucial link between
design and manufacturing. CAPP-systems assist the user during the process
planning job. Both fully automated and interactive assistance CAPP-software
packages exist.

For prismatic workpieces, CAPP-systems mostly generate a process plan
based on the features appearing in the design. When traditional methods
have been applied during the design phase (i.e. design by adding geometric
elements or by using design features), recognition of the design features will
help finding the features to be machined. More sophisticated systems allow
the designer to use machining-related features to design products. This will
simplify the use of a CAPP-system.

For sculptured workpieces, the situation is by far more complicated. The
mathematical representation of sculptured surfaces (e.g. Bézier, NURBS) is
not containing any machining related information. In addition to this, the
recognition of ‘sculptured features’ (e.g. concave or convex areas) is not as
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easy as identifying a cylinder in a prismatic workpiece. Therefore, the
geometrical information is the key factor in the process planning for free-
form surface machining [Choi 94]. In [Lee 95], Yuan-Shin Lee is presenting
an overview of the requirements posed to CAPP for multi-axis milling.
According to this, the CAPP-system should meet the following requirements
(Compared to our definition, Lee’s requirements are describing the needs of a
CAPP/CAM-system) :

� automatic operation planning of roughing, semi-roughing and
finishing;

� automatic generation of tool selection, feedrate and cutting
parameters to avoid overload;

� on-line correction strategy to generate error-free NC-code (no
gouging and tool interference);

� systematic handling of machining-unfeasible and design-change data;
� compatibility with concurrent-engineering frameworks (with functions

of machining feasibility checking, machining time, machining cost
estimation, etc.);

� support of intelligent manufacturing systems with automatic process
planning and error-free machining.

So far, no single CAPP-system has been developed capable of executing all
these tasks. For some of the tasks described in the list above, solutions can
be provided at other levels in the milling preparation process. E.g. the task of
the on-line correction strategy for avoiding gouging and tool interference is
most often performed by the CAM-system. 

In this research work, a process planning system for multi-axis finish milling
has been developed. The developed process planning system is acting on a
low-level i.e. closely integrated in the CAM-system and it is capable of
generating specific data for the operations to be created. These two reasons
make that it is called an operation planning system instead of a process
planning system. The term ‘operation planning’ consists of two separate
terms :

���� operation
An operation is a unit machining action (UMA) on a workpiece which
is defined as a whole. 

���� planning
Planning is, in this context, the process of fixing the parameters of the
operation. Moreover, even geometrical information is generated, in
this way helping the user during the set-up of the operation.
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The purpose of an integrated operation planning system is to provide the
CAM-operator with all information necessary for defining an operation. An
overview of this information is given in the next paragraph. 

An overview of all tasks to be performed by the developed system follows in
paragraph 3.3 Need for an operation planning system.

3.2. Overview of the related research.
Different methods have been developed for process planning of sculptured
surfaces. This paragraph gives an overview of most of them, together with
their strong and weak points.

In [Lee 92] a method is described for extracting the process plan for 3-axis
roughing and semi-roughing. Intersecting the surface geometry with ‘hunting
planes’ creates a 3-dimensional view of the cavity to be cut (figure 3-1). In
each of the hunting planes, a contour is extracted from the geometry. The
maximal applicable tool diameter is determined in each hunting plane. Each
hunting plane corresponds with a layer to be removed by the 2.5 D milling
process. In a postprocessing phase, hunting planes can be merged in order
to result in the smallest possible number of machine tool movements. Lee
also integrated the tool path generation into the system. From this research
work it became already clear that the process planning for sculptured surface
machining needs to be more tightly integrated into the CAD/CAM-system
then needed for prismatic workpieces. The reason for this is that new
geometrical information (e.g. hunting planes) is returning from the CAPP-
system to the CAM-system. 

Figure 3-1 : Contour extraction for 3-axis roughing and semi-finishing 
[Lee 92]
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Related to 3-axis sculptured surface finish machining, Lee presented a
method for process planning in [Lee 00]. By means of analysis of a NURBS-
surface, critical regions of the surface that are unfeasible for machining are
identified. For a given cutter size, the surface is dichotomized into critical
and machinable regions. The factor determining whether a point on the
surface is critical or not, is the local surface curvature. If this maximal
curvature kmax is larger than 1/r, where r is the cutter radius, local gouging
will occur. Because the method for dichotomizing the surface is analyzing the
underlying NURBS-surface directly, the method is computational efficient. On
the other hand, only one surface can be analyzed and machined at the same
time.

In [Elber 93] and [Elber 95], Gershon Elber is describing an analytical method
for trichomotizing a NURBS-surface into concave, convex and saddle areas
(figure 3-2). The surface analysis is executed using scalar and vector fields
whose definitions are derived from the original NURBS-surface. Contours are
generated around the resulting areas. These contours can then be used for
trimming the original surface. The presented method is fast and robust, but is
lacking support for multiple surface analysis.

Figure 3-2 : Bicubic surface trichotomy [Elber 93]

Kang and Suh focussed in their research work [Kang 95][Kang 97] on the
machinability and part set-up orientation for a given surface model. For this
approach, product visibility cones (PVC) are used (figure 3-3). These PVC’s
are then combined into a binary spherical map. Advantages of this method
are the robustness and the fact that it is purely analytical. On the other hand,
the main drawback lies in the fact that decisions are taken based on
incomplete information. In other words : decisions are taken about set-up
orientation and machinability without taking into account the detailed
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information about the machine. Therefore, the solutions found by this
method are only a subset of the possible solutions. But, this is also a
disadvantage of all other described methods.

Figure 3-3 : Product Visibility Cones (PVC’s) [Kang 95]

Chapter 4 of [Choi 98] presents an overview of the available CAPP-
methodologies for sculptured surfaces. All proposed methodologies are fitting
in the ‘generative’ approach to process planning. In the ‘generative’
approach, UMO (Unit Machining Operations) are generated based on a
generic process planning logic.  

For this ‘generative’ approach the following is needed :
� a generic process planning model
� a mechanism for extracting machining features
� a feature-based process planning mechanism

The generative process planning for sculptured surface machining can be
regarded as the ‘reverse’ of metal-removal process i.e. during process
planning material is added to go from the sculptured surface to the blank
geometry. As a generic process planning model B.K. Choi selects a
hierarchical model. This model consists of a ‘global’ planning phase and a
‘local’ planning phase. 

The approach which best fits the definition of ‘operation planning’, as stated
in paragraph 3.1, is described in [Weule 99]. Starting from a NURBS-surface,
the surface is divided into five-axis millable regions (figure 3-4). Other
supported actions are : tool selection, tool path generation with gouging
check and  step-over calculation. The approach proposed by the authors
seems to be very powerful, but from the paper it is not clear whether the
support for multiple NURBS-surfaces has been implemented so far.
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Figure 3-4 : Structure of the 5-axis development environment [Weule 99]

3.3. Need for an operation planning system
The increasing complexity of the surface models inside CAD/CAM-systems
(e.g. compound surface of more than 1000 patches) amplifies the need for a
system supporting the user in taking decisions on the way a workpiece will be
milled. The user is expecting this system to assist him in taking decisions on
the following subjects :
���� subdivision of the surfaces

This task can be seen as the recognition of machining features. The choice
of the appropriate parameters defining a five-axis milling operation for a
workpiece will depend heavily on the curvature of the workpiece.
Examples of surface conditions requiring an appropriate parameter choice
are :
� Concave regions with high curvature can force the use of ball-nose

cutters. 
� Smooth curved convex regions are preferably cut with toroidal

cutters. 
� Surfaces are best cut according to the direction of the smallest

absolute value of principal curvature (see also 2.3.4. Influence of the
milling direction on the realized surface quality).
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The examples above illustrate the need for dividing the whole part
surface1 into different regions according to their curvature type. These
curvature types are : convex, concave and saddle. The local curvature
type of a surface point need to be the resolving factor determining to
which region the point will belong.

���� determination of the maximal tool diameter
When different regions have been determined, it makes sense to calculate
the maximal allowable tool diameter to be used. The advantage of doing
so is twofold : on the one hand restmaterial generated by using a too
large cutter is avoided while on the other hand the most effective cutter
for a certain region can be selected. The cutter choice for concave and
saddle regions is obviously more critical than for convex regions. 

���� calculation of the preferred milling direction
Each surface point is having its own preferable milling direction (PMD)
which is corresponding to the direction of the smallest absolute value of
principal curvature (see also 2.3.4. Influence of the milling direction on
the realized surface quality). For a region, different calculation techniques
can be applied to find a suitable milling direction. 

���� drive surface construction
The construction of ‘high quality’ drive surfaces demands a lot of time and
experience of the CAM-operator. Flat or cylindrical drive surfaces are easy
to construct, but do not result in satisfying tool paths. The more the drive
surface is approaching the original form of the part surface, the better the
resulting tool path will be.
Manually constructing drive surfaces covering a certain milling region is a
difficult task. The steps to be taken are then :
� extracting the surface patches covered by a certain region
� fitting a new patch through these patches in a way that it is accurate

enough to serve as drive geometry
� trimming this new surface with the region contour.

If this procedure is followed carefully, it can result in a valid drive surface.
However, automating the generation of drive surface will improve the
quality of the drive surfaces and will allow the creation of drive surfaces
having the iso-parametric lines running in the preferred milling direction.
This makes sense, since quite a lot of the existing multi-axis milling
strategies use these iso-parametric lines for defining the tool movement
(also : 2.3.6. Tool path generation methods for polynomial surfaces). 

1. A part surface can consist of different surface patches. 



62 Operation planning structure

The procedures listed above have been implemented in the newly developed
operation planning software.

3.4. Operation planning structure
Before detailing all different components and aspects of the developed
operation planning system, a general overview of the system is presented in
this paragraph. Figure 3-5 shows a simplified structure of the operation
planning system.

Figure 3-5 : Overview of the Operation Planning activities

During phase 1, actions are taken to build an information structure which is
containing all necessary surface information for the following stages. This
information is stored in a special data structure, called an octtree. The details
on phase 1 are covered in paragraph 3.5 Information gathering. 
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In phase 2, the gathered surface information is processed in the analysis
module. As a result, milling regions are defined based on the curvature
distribution. For each of these milling regions, an appropriate milling direction
is determined as well as the maximal applicable tool diameter. A detailed
description of all algorithms used in phase 2 can be found in 3.6 Analysis of
the surface information.
The main task to be executed during phase 3 is the construction of a drive
surface for each selected milling region. The goal of this semi-automatic drive
construction method is to generate drive surface with equidistant iso-
parametric lines, having the u- or v-parametrization oriented according to the
preferred milling direction. Using the combination of the parameters
determined during phase 2 and the drive surface generated during phase 3,
the CAM-operator can easily construct the operation for the specified milling
region. A thorough study of the drive surface construction algorithm is
executed in paragraph 3.7 Drive surface fitting.

3.5. Information gathering
In the context of this research work information gathering is falling apart in
two different sections. It is not restricted only to the extraction of
information, but is extended to storing the extracted information. In the
following paragraphs, attention will be paid to both of them. 

A study of the information needs posed during the analysis phase, revealed
the necessity of a number of basic parameters to be stored in the data
structure, being basically :

� xyz-coordinates of the surface point
� surface normal (n)
� principal curvatures (k1 and k2)
� principal curvature directions (u1 and u2).

The actual calculations for deriving the desired parameters will depend on
the surface type which is used during the calculation phase. This subject is
discussed in paragraphs 3.5.1 to 3.5.3.
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3.5.1. Information extraction directly from the NURBS-
surface

NURBS-surfaces are forming a powerful and versatile tool for representing
complex shaped workpieces. Since most multi-axis CAM-systems are using
NURBS-surfaces for the representation of the workpiece shape, the possibility
of extracting information directly from the NURBS-surfaces needs to be
studied carefully. 

The different surface characteristics directly accessible for a certain point on
a surface patch are :

� xyz-coordinates of the surface point
� surface normal (n)
� first order derivatives (du,dv)
� second order derivatives (dudu, dudv, dvdv)

These surface characteristics can be calculated for each point on the NURBS-
surface [Choi 98][Marciniak 91]. Most CAM-systems provide standard
functionality for accessing this information directly. In this way, no custom
algorithms need to be written for getting these surface characteristics.

The methods for calculating the needed principal curvatures and principal
curvature directions, based on above mentioned derivatives, can be found in
multiple reference books e.g. [Marciniak 91].

Getting a correct perception of the actual surface is very important.
Therefore, the surface needs to be evaluated in a number of points. If the
number of evaluated points is too low, the ‘picture’ of the surface will not be
satisfying. On the other hand, if the number is too high, calculations are
slowed down heavily. Preferably, the number of evaluated points will be
higher in strongly curved areas. The evaluated points need to be stored in a
data structure, which is not only containing the points’ coordinates but also
all the related surface information. The success of the operation planning
software is undeniably connected with the accessibility of the data structure.

The most trivial distribution of evaluation points would be based on the iso-
parametric grid of the NURBS-surface. The main characteristics of this
approach are :

� The evaluation has to be done in several stages. Evaluation of the
points found during this first stage will give an impression of the
areas which are highly curved. In a second stage supplementary
points can be added in these areas. A refinement strategy will take
care of this process until a certain level of accuracy is achieved (figure
3-6).
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Figure 3-6 : Initial evaluation point distribution, with two refinement stages 
illustrated for a selected part of the NURBS-surface

� The data structure can rely on the u,v-parameters of the iso-
parametric grid. This is quite easy and gives information on the
vicinity of one point w.r.t. another. This vicinity information will prove
to be important during the analysis stage.

� Trimmed NURBS-surfaces will cause supplementary problems.
Trimmings are imposed as boundary curves at a higher level.
Therefore, surface information will be available even for surface
regions which have been trimmed off. As a consequence, these points
need to be removed from the data structure.

� The use of u,v-parameters as key-parameters for the data structure is
making the information extraction extremely difficult for multiple
NURBS-surfaces. Another reason for this is the lack of any
relationship between the u,v-parametrization of two different
surfaces. When this relationship is missing, also no direct information
about vicinity of two points is available. Before being able to check
possible vicinity of two points, the xyz-coordinates need to be
compared.

3.5.2. Information extraction based on faceted bodies
If the CAM-system is only containing part surfaces in the form of one or more
faceted bodies, the extraction of information will be significantly different in
comparison to NURBS-surface information extraction. Faceted models (see
paragraph 2.3.5.2 Faceted models) are consisting of small triangles
approximating the original workpiece as close as possible. The triangles are
defined by their three corner points - called vertices. 

refinement

phase 1

refinement
phase 2
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Using faceted bodies as basis for geometry interrogation, all data gathered
will be stored in an information structure with the cartesian coordinates of
the examined points as the key. The information structure which is most
capable of storing 3D-coordinates of points in an efficient and easily
accessible way is the ‘octtree’. Octtrees are commonly used for the
representation of shapes in 3 dimensions. One of their main advantages lies
in the fact that they can grow very easily. More details on octtrees can be
found in [Glassner 94]. 

The calculation of the necessary surface characteristics (n, k1, k2, u1, u2) is
not trivial. The curvature can not be calculated directly out of the surface
description like it is done for NURBS-surfaces, but it has to be estimated with
information from the position of the surrounding points [Wollmann 00].
Véron [Véron 98] presents a method for estimating this curvature
information. For the calculation of the Gaussian curvature, the following
formula is proposed for an inner vertex I surrounded by a number of outer
vertices O :

Where K is the Gaussian curvature, αi the angles of the facets Fi closest to
the inner vertex I. ai are the edges of these facets and li is the length of the
opposite edge w.r.t. the inner vertex I for each facet Fi (figure 3-7).

Figure 3-7 : Geometrical parameters for the determination of the Gaussian 
curvature K for the inner vertex I.

(3.1)K
2π αi

i
∑– 

 

1
2
--- ai

1
8
--- αi( )li

2cot
i
∑–

i
∑

----------------------------------------------------=



Information gathering 67

Since the length of the edges ai and li is explicitly included in formula (3.1),
the Gaussian curvature K found as the result of this formula will depend on
the size of the facets Fi. To exclude the influence of this facet size factor, the
formula has been re-written :

In formula (3.2), DK stands for the density of the Gaussian curvature (also
called invariant of the Gaussian curvature). The outer edges li are replaced by
Li=αiL (the arc length of αi for a certain radius L), where L is of unity length.
Besides this, the edges ai are corrected by Ai=½αiL

2 (the circular sector of
unity radius L and angle αi).

Similar formulation can be developed for the mean curvature, for the
determination of the surface normal, etc. However, problems will start to
occur when surrounding surface information is missing. This especially occurs
at the edges and in the corners of faceted body. For point b in figure 3-8,
there are only vertices available in a sector of 180 degrees. The situation for
point c is even worse : only vertices of it’s own facet are available for
calculating the curvature. This means that for vertex c the estimated
Gaussian curvature DK will turn zero whatever it’s real curvature would be.

Figure 3-8 : Identification of problem areas 
for curvature determination of faceted bodies.

This approach is showing that the use of faceted bodies is facilitating the
storage of data in a dedicated information structure. However, quite some
difficulties arise when extracting the curvature out of the faceted bodies. 
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3.5.3. Combined information extraction method
Combining the advantages and disadvantages of previous approaches is
leading to a better solution. The CAM-system (Unigraphics), used throughout
this research work, is based on NURBS-surfaces and utilizes faceted bodies
for auxiliary purposes (e.g. fast checking for gouging). Internally, one faceted
body is created for each surface patch. Since both surface types (NURBS and
faceted bodies) are available in the CAM-system, this gives the possibility to
combine both approaches. The methodology to be followed becomes then :

� Use the information from these faceted bodies for generating the
octtree data structure.

� For each point of the data structure, calculate the corresponding point
on the NURBS-surface. For this point on the NURBS-surface, the
principal curvatures and the directions of principal curvature can be
determined easily.

This approach has been implemented during the research work and proved
valuable. With this approach, the evaluation points are generated easily
(derived directly from the faceted bodies) and are distributed according to
the surface curvature.

3.6. Analysis of the surface information
Surface analysis will analyze the information gathered during the information
gathering phase in order to extract the machining parameters defining the
milling operation. 

In paragraph 2.3.4. it has been proved that the resulting surface quality
heavily depends on the chosen milling direction. The choice for a certain
milling direction is related to the surface type (concave or convex) of the
workpiece. Complex shaped workpieces having concave and convex areas
neighboring to each other will complicate the choice of a milling direction and
force the user to take compromises.

Generating separate regions according to the underlying surface type will
open the way to define more effective milling operations. Milling operations
which are defined for a specific region can be optimized related to milling
direction and cutter size. The determination of the appropriate milling
direction and cutter size forms part of the analysis task and are respectively
described in paragraph 3.6.2 and 3.6.3. The creation of the separate
curvature-based regions is discussed in paragraph 3.6.1.



Analysis of the surface information 69

3.6.1. Surface region creation
The goal of ‘creating surface regions’ is to end up with a set of polygons
bounding the different areas to be cut on the workpiece. To achieve this, a
number of consequent steps need to be taken :

� categorizing each point (concave, convex or saddle)
� grouping the different points together as a region
� creating polygons around these regions

3.6.1.1. Categorizing the points
Based on the curvature properties stored for each point in the octtree-based
data structure, classification of the points is done. The classification into
convex, concave and saddle points is also called trichomotizing. The result of
this classification action can be, supposing that k1 is always larger than k2
(see also figure 3-9) :

� the surface is concave at the evaluated point 
k1>k2>0

� the surface is convex at the evaluated point
k2<k1<0

� the surface has saddle-properties at the evaluated point
k2<0<k1

Figure 3-9 : Distinction between convex, concave and saddle-type points

Actions should be taken to avoid overreaction for the classification of points.
If a surface is smoothly curved or nearly flat in a point, the found milling
direction in that point is not critical. Therefore, a fourth category of surface
curvature properties is introduced : ‘flat’. Points are denominated as ‘flat’ if
their curvature is not exceeding a certain specified value. A new name for

concave convex saddle
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this kind of categorization can be : quadchotomizing (analog to
trichotomizing). The categorization of the points then results in the following
expressions :

In table 3-1 the conditions in the right row are containing a new variable :
FR, which stands for Flatness Radius. This flatness radius is a variable which
can be influenced by the user and which is determining how much attention
should be paid to almost flat regions. If FR equal to 0, no points will be
classified as flat. FR equal to infinity classifies every point as being flat.

A graphical representation of the division of points made as a function of k1
and k2 can be found in figure 3-10.

Figure 3-10 : Division of the points into different categories : 
definition of the flatness radius FR.

Point type Condition 1 Condition 2
flat /

concave

convex

saddle

Table 3-1 : Conditions valid for the different point types

k1
2 k2

2 FR2<+

k1 k2 0> > k1
2 k2

2 FR2≥+

k2 k1 0< < k1
2 k2

2 FR2≥+

k2 0 k1< < k1
2 k2

2 FR2≥+

III

III IV

k1

k2

FR

Concave

Convex Saddle

Flat

Void
(k2 > k1)



Analysis of the surface information 71

The range for the flatness radius is going from 0 to infinity. This last value is
causing software implementation problems. Therefore a new variable is
introduced called FV, flatness value. The range of FV is ranging from 0 to 1.
The relationship between flatness value and flatness radius is defined by the
following equation :

FV equal to 0 will result in a FR equal to zero, while a FV of 1 will give a FR of
infinity. The q-factor can be used as a factor to correct the relation between
FV and FR. Practical tests showed that q equal to 0.01 is an appropriate
value.
An example on the influence of the FV-parameter can be found in section
3.8.1 Example 1 : the influence of the flatness value FV and the minimum
group size MGS on the milling region definition.

3.6.1.2. Grouping the different points as regions
Each point of the octtree-based data structure now theoretically belongs to a
flat, concave, convex or saddle type region. But there is no coherence
between the different points having the same curvature properties, even if
they are neighboring. Therefore, the points which are neighboring and
having the same curvature properties will be grouped together in so called
milling regions. 

During the grouping process, all facets are visited. The three vertices of the
facet need to be assigned to a group. A group is characterized by its group
number. If necessary, additional group numbers are automatically created
(starting from 0). As processing is going on, facets will be found for which
one or more vertices already have been assigned to a group, because a
vertex is mostly belonging to more than one facet. As a consequence, four
different grouping situations occur, based on the number of already assigned
vertices of the facet. The different grouping situations, together with their
related actions are shown in the flow chart of figure 3-11 and are listed
below.

(3.3)FR q 1 FV–( )log⋅( )–=
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Figure 3-11 : Flow chart showing the decisions and actions 
to be taken during the grouping phase.

���� No vertices of a facet have been assigned to a group
For each vertex of the actual facet, the neighboring facets are checked to
see whether they already have assigned vertices. If an assigned vertex
belonging to a neighboring facet is found having the same curvature
categorization, the same group number is assigned to the actual checked
vertex. 

# of assigned
 vertices = 0

# of assigned
 vertices = 1

# of assigned
 vertices = 2

assign a f i rs t
vertex of the facet

assign a second
vertex of the facet

assign a third
vertex of the facet

check the actual situation
and merge if necessary

YES

YES

YES

NO

NO

NO

Grouping algorithm, executed one time for each vertex in the octtree

Postprocessing step 1 : Merging groups

Postprocessing step 2 : Elimination of small groups

Postprocessing step 3 : Snake group filtering
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The example of figure 3-12 is illustrating this approach. The facet A has
been checked and no assigned vertices have been found. Subsequently
the surrounding vertices of v1 are searched and checked if they are (1)
having the same curvature categorization and (2) have been assigned a
group number. If vertex ‘c’ is full filling these conditions, v1 is assigned the
same group number as vertex ‘c’.

Figure 3-12 : Group number assigning procedure 
for the case where no vertices has been assigned before.

If no surrounding and already assigned vertices are found having the
same curvature properties, a new group is created. One vertex of the
facet will be assigned this new group number.
As soon as one vertex of the facet has been assigned a group number, the
algorithm jumps to the situation ‘1 vertex has been assigned’.

���� 1 vertex has been assigned
The 2 remaining unassigned vertices are compared successively with the
assigned vertex. The first one found which is having the same curvature
categorization as the assigned vertex will adopt the group number of the
assigned vertex. In the example of figure 3-13, v2 is the assigned vertex.
If v1 OR v3 is having the same curvature categorization, they will adopt
the group number of v2.

Figure 3-13 : Vertex checking in the same facet.

A

a

b

cd
: assigned vertex
: unassigned vertex

A

: assigned vertex
: unassigned vertex
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If none of both vertices is satisfying the conditions above, a procedure
similar to the procedure of figure 3-12 is started to find assigned
surrounding vertices with the same curvature categorization.
If no surrounding and already assigned vertices are found having the
same curvature properties, a new group is created. One of the two
unassigned vertices of the facet will be assigned this new group number.
As soon as 2 vertices of the facet have been assigned a group number,
the algorithm jumps to the situation ‘2 vertices have been assigned’.

���� 2 vertices have been assigned
The surface categorization of the unassigned vertex will be compared
with the other two vertices. If one of the other two vertices is having the
same curvature categorization, the unassigned vertex will adopt the group
number of this already assigned vertex.
If this is not the case, the procedure is started to find assigned
surrounding vertices with the same curvature categorization.
If no surrounding and already assigned vertices are found having the
same curvature properties, a new group is created. The unassigned vertex
of the facet will be assigned this new group number.

���� All vertices have been assigned 
If the procedure is called and all vertices already have been assigned, a
check step is executed. In this check step, the 3 vertices are checked if
among them 2 vertices can be found which are having the same curvature
categorization and are belonging to a different group. If this is the case,
the two involved groups are merged and get one group number.

If the process described above has been executed for all facets, all vertices
have been assigned a group number. Further efforts will be done to improve
the quality of the milling regions :
���� Merging groups

Despite the attention paid to the grouping algorithm, groups can be found
on the surface which are neighboring and having the same curvature
categorization. Therefore, a merging step is executed to merge
neighboring groups with the same curvature properties together.

���� Small group elimination
Small parts of the surface having a specific curvature property will cause
the formation of small groups of vertices. It does not make sense to treat
these groups as separate milling regions. Therefore they are absorbed by
the largest neighboring group, even if this group is having a different
curvature categorization. In this way, large groups will even grow larger.
The user can specify the minimum number of vertices a group should
possess. The used abbreviation for minimum group size is MGS.
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���� Snake filtering
Some groups have parts which are elongated. These elongated parts of a
group are not useful because they are nor easy nor favorable to mill
(figure 3-14). These snake parts of a group are adopted by one of the
groups they are neighboring to, even if this is group is having a different
curvature categorization.

#

Figure 3-14 : Snake part of a group

The result of the grouping process is a group division of all the members of
the octtree data-structure. If the division is not satisfying, the group
processing can be repeated after changing the flatness value or the minimum
number of vertices in a group.

If the group division is satisfying, the milling regions are defined and can be
further processed.

3.6.1.3. Polygon creation around the regions
After the grouping phase, the milling regions consist of a number of points.
In order to really define milling regions, boundaries need to be fit around the
different groups. An additional advantage of these boundaries lies in the fact
that these boundaries can be used for visualization purposes.

It is important to state that the region should be slightly larger than the
minimum spanning contour curve around the group’s points. Milling regions
should overlap a little, in order to create a smooth transition from one milling
region to another. The easiest way to create this overlapping is to take the

snake part -  snake part - snake part
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closest points of neighboring groups as the basis for the polygon creation
around the group (figure 3-15). The drawback of this approach is that the
amount of overlapping is indirectly depending on the triangle size.

Figure 3-15 : Polygon overlapping for 
maintaining the surface quality

Knowing this, two different approaches have been developed :
���� Approach 1 : Point ordering algorithms

As a first approach, all surrounding vertices around a group are taken into
consideration. The search method used for this is relying on the
underlying facet structure. The outline of the search method is as follows :
� Loop all vertices of the group
� Find the surrounding vertices of the actual checked vertex
� If one of this surrounding vertices is belonging to another group than

the actual one, add it to the list of candidates.
Once the search for surrounding vertices is completed, the list of vertices
need to be arranged in order to end up with a polygon. This problem can
be defined as a 3D-point ordering problem. A lot of resemblances can  be
found between this problem and the three dimensional Travelling
Salesman Problem (3D TSP). However, solving this NP-hard2 problem
with approaches like Genetic Algorithms or Simulated Annealing would be
too time consuming. 
Instead, a faster heuristic approach has been developed. The main idea
behind this approach is to start with one arbitrary vertex of the list and
then checking the list for the next vertex lying closest to the actual vertex.
This will lead to a suboptimal solution of the TSP. However, all suboptimal
solutions for this particular TSP will turn out to be not valid. The reason for

2. A problem that is NP-hard or NP-complete is one that can only be solved with an algorithm 
that takes a non-polynomial length of time (i.e. the time taken grows faster than any 
polynomial, as some parameter increases). [http://thesaurus.maths.org]

overlapping polygonsneighbouring polygons
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this is that they are intersecting at some points the milling region and
create loops in the boundary.

���� Approach 2 : Boundary generation based on the faceted body 
In this approach not only the vertices and their positions will be evaluated,
but also the underlying facet information will be used in order to use as
much geometrical information as possible for solving the problem. This
facet information enables to check if a candidate vertex for the next
position in the polygon is really the best possible solution. The different
steps of the algorithm are explained below.
� At start, a facet is searched which is satisfying the following

combination of conditions : A AND (B OR C). Whereas :
A : The facet is containing at least one vertex of the actually
processed group
B : The facet is missing a neighbor facet at at least one of it’s three
sides.
C : The facet has two vertices belonging to another group as the
actual group.
B is the condition to find vertices, lying at the edge of the faceted
body (FB). These vertices are also called ‘edge vertices’. C is the
condition to find vertices of other groups neighboring to the actual
group.

� As soon as such a facet is found, actions are taken depending on
whether condition B  or C is fulfilled.
� Condition B is fulfilled : 

Take two vertices (#1 and #2) of the found facet (f1) at the side
of the missing neighbor and add it to the polygon (figure 3-16,
left). 

� Condition C is fulfilled :
Take two vertices (#1 and #2) of the found facet (f1), which is
belonging to another group than the actual group (figure 3-16,
right). 
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Figure 3-16 : Polyline construction at outer (physical) edges 
and at inner region boundaries.

� Repeat the search of the first step in the algorithm, but add a
supplementary condition : the new facet found should have one of
the found vertices (usually #2) as a member vertex. 

� If such a facet is found, actions are again taken depending on wether
condition B or C is fulfilled.
� Condition B is fulfilled :

Determine the vertex of the found facet at the side of the missing
neighbor and which is not already member of the polygon. Add
this vertex to the polygon.

� Condition C is fulfilled :
Determine the vertex of the found facet which is belonging to
another group than the actual group and which is not already
member of the polygon. Add this vertex to the polygon.

These last two steps of the procedure are repeated until the polygon is
enclosing the entire milling region. Special conditions will apply when
switching over from external edges to internal boundaries and vise versa.
These special conditions are necessary to guarantee the correct
functioning of the developed algorithm.

Figure 3-17 shows a picture with the polygons created for 4 different groups
on a double curved surface (the original surface is also shown in figure 3-29
on page 94).
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Figure 3-17 : Polygons created for four different groups 
on a double curved surface.

The used CAD/CAM-system (Unigraphics) is generating one faceted body
(FB) for each surface patch. As a consequence, if the actual evaluated part
surface is containing more than one surface patch, the polygon creation
algorithm will be executed separately for each faceted body (see also
paragraph 3.8.2 Example 2 : operation planning applied for multiple surface
patches). In a later phase, polygons created for the same group can be
merged together. However, in the actual implementation this merging
process is never executed, because this additional merging step proved to be
not strictly necessary.

3.6.2. Determination of the milling direction
Determining the preferred milling direction (PMD) is a task which has to be
executed with great care. The final result, i.e. the surface quality of the
workpiece, is heavily depending on the chosen milling direction. With this in
mind, the main conclusion of paragraph 2.3.4. Influence of the milling
direction on the realized surface quality is : 
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The  best surface quality (surface roughness and scallop height) will
be obtained when milling according to the direction of the smallest
absolute value of principal curvature. 

Different strategies can be followed for the calculation of a PMD for a certain
region. Among them are :

���� Statistically mean PMD
Determine the PMD for each member point of the region. Then take
the statistically mean of all individual PMD’s of a region as the region’s
PMD.

���� Dominant member PMD
Find the member point in the specified region with the highest
curvature  (highest positive curvature or lowest negative curvature).
Determine the PMD for this member point and use this as the region’s
PMD.

A main disadvantage of the statistically mean PMD lies in the fact that it is
depending on all the members of the region. As described in paragraph
3.6.1.2, member points can be added to a region which are not having the
same curvature properties as the original member points. Often, these newly
added member points will have individual PMD’s differing quite a lot from the
original member points PMD’s. In this case, the statistical mean PMD will lead
to a PMD which is too much a compromise to actually fit the high needs
posed to the PMD. Moreover, the highest curvature is often imposing the
most severe constraint (e.g. maximum tool diameter, minimum tool
inclination for a given tool diameter). Defining the PMD according to the
dominant member will release those constraints up to their least critical
value.

3.6.2.1. Dominant member PMD
In each region, the preferred milling direction is calculated from the most
dominant member of that region and lies along to the direction of smallest
absolute value of principal curvature (of that member). This most dominant
member of the region is the member with the highest 'weight' factor,
determined as follows:

This function was chosen because the weight becomes 0 for k1=k2=0 and it
reaches a maximum value of 1, if k1 or k2=∞. The scale factors a and b can
be adopted in order to filter specific cases. These specific cases are shown
below, together with a discussion on the determination of the appropriate
scale factors :

(3.4)W 1 e
a k1 b k2⋅+⋅( )–
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���� Points with convex properties : a=1, b=1
For points with convex properties (k2<k1<0), other choices for the
parameters are available as well. The most obvious choice would have
been a=2, b=0 and thus giving highest importance to k1 (i.e. lowest
convexity, PMD will be oriented according to u1). Choosing for a=b=1
gives the advantage of really taking the point with the highest overall
curvature for the whole region (both k1 and k2 are included). This choice
also makes it consistent with the parameter choice for the concave points.

���� Points with concave properties : a=1, b=1
In this case, the advised milling direction will lie according to k2.
However, for concave (k1>k2>0) areas the importance of k1 should not
be underrated. It turns out being important to choose the right milling
direction in highly curved areas. This is illustrated in figure 3-18, where
two different points A and B are shown, both lying on the same surface
patch and having identical value for k2. But, in this specific case the
milling direction of point B will have the preference over the milling
direction of point A. The higher value for k1 in point B is not only
complicating the tool positioning. The negative effects on the surface
quality will be much higher when choosing an alternative milling direction
for point B compared with point A. The technological background on this
subject is described in paragraph 2.3.4. Influence of the milling direction
on the realized surface quality.

Figure 3-18 : Cross-section in two different points A and B 
of a surface patch along a plane lying according 
to the local surface normal and the direction u1 

A B

B

A

(below, hidden
behind the surface)
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���� Points with saddle properties : a=2, b=0
As far as saddle points are concerned, only the concave curvature value k1
will be important. This concavity will determine in which direction the
cutter will traverse the saddle surface in the best way.

The parameters a and b have been chosen in such a way that their sum for
each different curvature classification (convex, concave or saddle) equals
to 2. This is forced by the fact that regions are often not only existing out of
points having all the same curvature classification. In that case comparable
results need to be obtained for each different kind of curvature classification.

It is important to state that the proposed set for the parameters a and b is
not the only valid one. Other parameter sets can be proposed, in order to
stress other factors (e.g. only focussing on k2 for concave areas by setting
a=0, b=2).

3.6.3. Calculation of the cutter size
Cutter size calculations will give an indication of the maximum tool radius of
the cutter to be used. The advantages of using a cutter which is as large as
possible are :

� More effective cutting because less tracks are needed for finishing the
same workpiece getting the same surface quality. As a consequence
the effective cutting time is dropping too.

� On the other hand, if the number of cutting tracks is kept equal for an
increasing tool size, the scallop height is decreasing. A decreasing
scallop height results in an overall higher surface quality, in this way
reducing the needed polishing time.

Different criterions can be developed for convex and concave regions.
However, finding an optimal tool diameter for convex regions is by far less
critical than it is for concave regions. Very large cutters can be used for
cutting convex regions without creating gouging marks on the surface. 

For concave regions, the maximum tool radius will be restricted solely by the
highest principal curvature for a certain region. This maximum value for the
tool radius is calculated for a flat end cutter. For thoroidal cutters, a separate
set of formulas can be deducted. However, the maximum tool radius as
calculated for a flat end cutter can usually serve as a good approximation for
the maximum radius of a thoroidal tool.
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In a point with concave properties, the flat-end cutter will always fit inside a
sphere with radius Rsphere :

This implies that a maximum value for the inclination angle need to be fixed.
The value of Rsphere is derived from the values of the principal curvatures k1
and k2 in the dominant member (see paragraph 3.6.2.1 for a definition of the
dominant member). Because k1 is always larger than k2, this results in :

Combining equations (3.5) and (3.6) leads to :

The estimated value for Rcutter is the maximum radius of a flat end cutter for
a certain value of the inclination angle. It should be brought to the reader’s
attention that the calculated value of Rcutter will be a conservative estimation.
This means that larger cutters can be admissible under certain circumstances
(like a milling direction laying according to the calculated preferred milling
direction). 

3.7. Drive surface fitting
As long as the drive/part surface paradigm is existing, it has been suffering
from a number of drawbacks (see also paragraph 2.3.6.). The main drawback
is that constructing ‘high quality’ drive surfaces (NURBS-surfaces) is a
cumbersome task. In this case, ‘high quality’ is referring to the realized tool
path on the part surface. It is important to notice again, that in the approach
of this research work, a part surface can consist out of different surface
patches. 
The operation planning system developed in this research work provides a
solution for the construction of drive surfaces. A new drive surface is
automatically generated using the previous generated information.

The following rules apply for the automatic construction of drive surfaces :
� The shape of the drive surface should approximate the shape

of the original part surface as close as possible. This will create
the possibility to have the tool tracks spread equally over the part
surface. Figure 3-19 shows the tool path generated by means of a

(3.5)

(3.6)

(3.7)
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rectangular drive surface (only the outside contour of the drive
surface is shown). Figure 3-20 shows the tool path generated by
means of a drive surface with a shape approximating the original part
surface. In both cases, the drive pattern is generated according to the
iso-parametric lines of the drive surface. The vector used to project
the drive pattern is in both cases perpendicular to the drive surface. It
is obvious that milling tracks are spread more equally in figure 3-20
than in figure 3-19.

Figure 3-19 : Tool path generated on the top surface of a car mirror by 
means of a rectangular drive surface. 

Figure 3-20 : Tool path generated on the top surface of a car mirror by 
means of a drive surface having a similar shape as the original part surface.
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� The iso-parametric lines of the constructed drive surface
should run according to the PMD. When creating milling patterns
in a drive surface, they usually lie according to the u- or v-
iso-parametric lines. If the new drive surface has the u- or v-iso-
parametric lines lying in the same direction as the PMD, this will result
in less tracks being needed to achieve a certain surface quality
(scallop height & surface roughness).

� The drive surface need to be ‘nicely’ shaped. Sometimes, the
underlying part surface has a capricious shape and borders. In that
case, it can be better to create a drive surface that has a more simple
shape. If the resulting drive surfaces contains degenerated areas or
other anomalies, this can have negative effects on the resulting tool
path quality. For smoothly curved surfaces, this condition will result in
almost rectangular drive surfaces, where the iso-parametric lines are
running almost parallel. For highly curved surfaces, the drive surface
will evolve to a form similar to the one in figure 3-20.

In order to fulfil the requirements listed above, the following strategy has
been developed for the generation of new drive surfaces for selected regions:

���� Generating ‘grid points’
These grid points are created as a rectangular grid on the original
part surface(s). This grid is covering the selected region(s).
Extrapolated grid points are added were needed to complete the
rectangular grid.

���� Fitting a drive surface through the grid points
A new drive surface is fitted through the set of grid points. 

���� Superimposing the boundary
The tool path can be limited to remain inside the boundary curve of
the selected region(s).

The next three paragraphs will describe and discuss the different steps more
in detail.

3.7.1. Grid point generation
With the conditions posed to the drive surface in mind, two different methods
have been developed for generating the rectangular grid of points necessary
for the drive surface fitting (paragraph 3.7.1.1 and 3.7.1.2). The first method
is typically focussing on the smoothly curved surfaces, while the second
method is better suited for highly curved surfaces.

If the actual shape of the underlying part surface is not rectangular,
extrapolation techniques are used to generate supplementary grid points
(paragraph 3.7.1.3).
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3.7.1.1. Grid point generation in a 2D-bounding box
The easiest method for grid point generation is the one using a 2D-bounding
box. The 2D-bounding box should be interpreted as a beam with 2 finite and
one infinite dimension. The direction for which the beam is stretching out to
infinity is always lying according to the surface normal of the most dominant
member of the region. This most dominant member is also the member for
which the Preferred Milling Direction (PMD) has been determined. The local
surface normal of the most dominant member, together with the PMD will
determine the orientation of two of the faces of the beam. The other two
faces are perpendicular to these first ones.

The finite dimensions of this 2D-bounding box are determined in such a way
that all the member points of the selected region(s) are lying inside this box.
The most effective way to achieve this, is by running through all the
composing points of the 3D-polygon which is forming the boundary curve for
the specified region. Figure 3-21 is showing the 2D-bounding box for a
specific region. However, for the presentation in the figure, the box has been
represented as a 3D-volume enclosing the 3D-polygon.

If a group is represented by more then one polygon (see also paragraph
3.6.1.3 Polygon creation around the regions), the algorithm for the
construction of the 2D-bounding box will run through all polygons for
determining its size.

Figure 3-21 : 2D-bounding box for a specific region 

Subsequently the grid points are determined. In a first step an equally
spaced grid of parallel rays, all having the direction parallel to the sides of the
2D-bounding box (in figure 3-21, this is the z-direction). In a next step, the
intersection points between the rays and the faceted bodies are calculated.
The result of this intersection process is a set of points, called grid
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points (figure 3-22). The advantages of using this intersection process
instead of the obvious projection of points (defined in the xy-plane of figure
3-21) on the set of faceted bodies, will become clear in paragraph 3.7.1.2.

Figure 3-22 : Bounding box and generated grid points 
for a specified milling region (black polygon) and milling direction

The distance between the rays influences the shape of the generated drive
surface. If the distance is smaller, the number of rays will increase and as a
consequence the resulting drive surface will better approximate the part
surface. The distance can be set interactively. A further improvement would
be to make the grid generation tolerance based. This means that even for an
equally spaced grid, the resulting drive surface will lie within a certain
tolerance band w.r.t. the original part surface(s). In this way, the quality of
the final drive surface can be fixed in a more direct way.

Problems can occur with this 2D-bounding box method when the ray casting
process is returning more than one intersection point. In that case, the drive
surface fitting process will fail and return bad drive surfaces. The following
addition to the method can provide an answer to this problem.

3.7.1.2. Grid point generation through slicing
With this method, a solution is provided for the ‘multiple intersection point’
problem of the 2D-bounding box method. While in the 2D-bounding box
method the rays are all parallel to each other, the new method is not using
parallel rays anymore.

X
c

Y
c

Z
c



88 Drive surface fitting

In a first phase, the surface is sliced by planes parallel to the preferred
milling direction (PMD) (figure 3-23). The result of this is a set of polylines
which are commonly called slices. 

Figure 3-23 : Slicing of the part surface with parallel planes.

In a second phase, the longest slice is chosen. The surface under this slice is
evaluated in a number of equally spaced points for finding the local surface
normal (figure 3-24). The perpendicular set of slices is generated by
intersecting the surface with another set of planes. These planes are defined
using the equally spaced points, their local surface normal and the direction
perpendicular to this longest slice.

PMD
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Figure 3-24 : Determination of the local surface normal 
in equally spaced points of the slice.

Slicing surfaces is a well known technique for which software libraries can be
found. This slicing method will be able to tackle highly curved surfaces which
would not have been possible with the 2D-bounding box. However, in the
actual software project this slicing method is not implemented.

3.7.1.3. Extrapolation of the grid points
When a region is located near to the border of the workpiece and the PMD is
not lying parallel to the edge of the surface, grid points are missing. These
missing grid points will avoid the drive surface to become ‘rectangular’ and in
this way influence the quality of the drive surface negatively.

The accuracy of the added grid points during this extrapolation phase is not
extremely important. Only the points added at the immediate proximity of
the border of the part surface should be accurate enough to avoid large
errors on the drive surface to be generated. The position of the other grid
points is not so important because the tool path generated in this part of the
drive surface will never be projected onto the part surface. 

For the 2D-bounding box method, the rays are already fixing the grid points
to be extrapolated in 2 directions. Only a z-value along the ray has still to be
determined. The developed algorithm searches for missing grid points which
are having 3 non-colinear known neighboring grid points (figure 3-25). In
practice, this means that a square of grid points is identified, where one grid
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point is still missing. A plane is fitted through the 3 known grid points and the
z-value of the missing grid point is determined by intersection of this plane
and the ray. 

Figure 3-25 : A square configuration of three 
known grid points and one unknown grid point.

Figure 3-26 shows the result after generation of extrapolated grid points.

Figure 3-26 : Extrapolated grid point generation for a 
convex milling region on a double curved surface.

An algorithm with LIFO-properties (Last In, First Out) will not be capable of
returning a good set of extrapolated grid points. The reason for this is that
mostly just extrapolated points are used as input for new grid points to be
extrapolated. Replacing LIFO with FIFO (First In, First Out), forces the
algorithm first to go through all known grid points, before using extrapolated
grid points as the basis for new grid point calculations An example of the
FIFO-approach is shown in figure 3-27. It represents the lower left corner of
the surface in figure 3-17.
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Figure 3-27 : Extrapolation example, showing the FIFO-approach.

The most common problem after fitting the drive surface through the grid
points, is that at the borders of the part surface the drive surface is drifting to
far away from the original part surface. The reason for this is that the original
grid points - used for generating the extrapolated grid points - are lying to far
from the border of the part surface. Figure 3-27 illustrates this : points A, B
and C are located rather far from the border of the original surface. The
extrapolated point D will tend to drift away to far from the original part
surface, especially if this is not a smoothly curved surface. This problem can
be solved by using additional points of the octtree-data structure lying closer
to the border of the part surface. These supplementary points are used
during the plane fitting process to increase the accuracy. By using these
supplementary points, situations occurring at the border with only 2 known
grid points available can be solved in order to find the 2 unknown grid points.
If these actions are executed before running the normal algorithm, the
accuracy of the extrapolated drive points at the border of the part surface(s)
will increase significantly. These facts have been confirmed by experiments. 

The chance exist that the overall accuracy of the fitting process can be
increased by leaving the C1-extrapolation and switching to C2-extrapolation
instead. However, this can be dangerous and cause instabilities in the
extrapolated part of the surface. More points will be needed to fit a surface
through and to determine the extrapolated grid point. In addition, this would
demand supplementary CPU-power and therefore slow down the
extrapolation process.

Legend
original grid points
phase 1 grid points
phase 2 grid points
phase 3 grid points

D
A

B C
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3.7.2. Drive surface fitting through grid points
If all necessary grid points have been determined, standard surface fitting
techniques are used to construct the drive surface. The surface fitting
technique, applied in this research,  is available in the used CAD/CAM-system
(Unigraphics) and is fitting a NURBS-surface through an array of 3D-points.
The required parameters are :

� Degree in u-direction (equals to 3)
� Degree in v-direction (equals to 3)
� Number of rows (depends on the chosen accuracy by the user)
� Array of 3D-points

An example of such a generated drive surface can be seen in figure 3-28. The
drive surface is stretching out over the border of the original part surface.

Figure 3-28 : Fitted surface for a milling region on the part surface.

For fitting a drive surface, smoothness is normally being the main focus. A
surface which is going through all the given grid points might cause
overreaction in all further operations (e.g. tool positioning). As a
consequence, general least squares fitting techniques are most suitable
within this approach.



Examples 93

3.7.3. Superimposing the boundary curve
A drive surface generated for a certain region will always be too large. The
reason for this can be found in the ‘rectangularity’ condition imposed to the
drive surface.

If the drive surface is too large, excess drive positions will be generated.
There exists two kinds of excess drive positions :

���� Exterior drive positions
Drive positions generated on the part of the drive surface originating
from the extrapolated grid points will not pose any problem. These
drive positions will be projected beside the part surfaces. 

���� Region exceeding drive positions
On the other hand, the part of the drive surface that originated from
the original grid points (not extrapolated) which are lying outside the
actual milling region can form a problem region. These drive positions
will be projected onto the part surfaces. As a consequence, the actual
milling path will exceed the boundaries of the defined milling region.

Trimming the drive surface with the boundary of the milling region will not
give the desired result. The CAM-system used is not taking into account the
trimmings while generating the drive positions.

The only chance for intercepting the drive positions is in the projection
algorithm (see also paragraph 4.3 Peculiarities of the part/drive surface
mechanism). Before actually projecting a drive position on the part surface, it
is checked whether the drive position is lying inside the actual milling region
boundary. This principle is called ‘superimposed boundary’. So far, the
principle has not been implemented, because it would require drastic
changes in the CAM-system.

3.8. Examples

3.8.1. Example 1 : the influence of the flatness value FV 
and the minimum group size MGS on the milling 
region definition

So far, no example has been given showing the influence of the flatness
value FV on the definition of the milling regions. In this paragraph, a set of
examples will illustrate this influence. The minimum group size MGS (see also
section 3.6.1.2), which is the other factor influencing the grouping algorithm,
is kept constant for this examples. A second set of example images show the
influence of this minimum group size, while keeping the flatness value
constant.
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���� Influence of FV on the milling region definition
In  the following figures, the milling region definition is illustrated for a
low, moderate and high value of FV. This is done by means of a double
curved surface (actual dimensions : 100 by 100 mm.).

Figure 3-29 : Double curved surface used for testing purposes

From this surface, half of a circle has been trimmed away in order to
illustrate the capabilities of the algorithms on trimmed surfaces.
The numbers of the milling regions in the following figures are assigned by
the developed software on a random basis. The arrows in the figures give
the direction of the PMD of the different groups.

Figure 3-30 : Milling region definition for FV=0.25 
and a MGS of 35 members.

For figure 3-30, groups 0 and 2 are saddle-type, 1 is convex and 3 is
concave. 
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Figure 3-31 : Milling region definition for FV=0.65
and a MGS of 35 members

In figure 3-31, group 1 and 4 are saddle-type, 0 is flat, 3 is convex and 2
is concave.

Figure 3-32 : Milling region definition for FV=0.85
and a MGS of 35 members

In figure 3-32, 0 is a flat group while 1 is concave and 2 is convex.
Looking to these images, following considerations can be made :
� The convex group is not having the expected PMD (a direction similar

to the PMD of group 1 in figure 3-31 is expected). A possible cause
can be searched for in the facetting algorithm. If the facetting
algorithm has not created any vertices in the direct neighborhood of
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the point on top of the convex area (which would have the highest
weighting factor for the PMD), another vertex will claim this highest
weighting factor. In that case this will result in a slightly different PMD
for this milling region.

� For figure 3-30, it was expected that the two saddle regions 0 and 2
would be merged together. In practice this did not happen because
there are lying one or more points of group 1 and 3 in between. No
direct solution is provided for this, because possible alterations to the
merging algorithms can result in unwanted mergings of other groups.
For this and other special cases, the CAM-operator can use a manual
combination method. This combination method allows the merging of
groups directly before the drive surface generation phase. Notice that
increasing FV from 0.25 to 0.65 further separates the two saddle
regions, but that a further increase to 0.85 will merge those two
saddle regions (i.e. into a simple ‘flat’ region).

� Further improvements are possible : e.g. giving the chance to the
CAM-operator to generate its own milling direction when the
proposed milling direction is not satisfactory.

���� Influence of the minimum group size on the milling region 
definition
Figure 3-33 shows the milling region distribution for the same flatness
value FV as the one used for figure 3-31. But, a different value was used
for the number of vertices a group should minimally contain (MGS-
parameter). In figure 3-33 (MGS equal to 5), an overreaction can be
noticed and the number of milling regions is by far too large. A large
number of milling regions will result in too many milling operations to be
defined separately.
On the other hand, a MGS-value which is too large will result in significant
milling regions which are joined together and loosing their specific
identity. Therefore, the value of MGS can be interactively determined by
the user and visually checked before it is actually fixed.
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Figure 3-33 : Milling region definition for FV=0.65
and a MGS of 5 members

3.8.2. Example 2 : operation planning applied for 
multiple surface patches

One of the main demands posed to the operation planning system is that it is
capable of handling multiple and trimmed surface patches. The capability of
handling trimmed surfaces is already shown in the previous example
(paragraph 3.8.1), where a double curved surface was used with a circular
trimming. The present functionality for multiple surface patches is
demonstrated in figure 3-34 and figure 3-35. The example represents the
sole of a shoe last modelled a surface generated by reverse engineering. For
more details on reverse engineering and surface modelling aspects, see
[Kerstens99] and [Kruth 98b]. For the purpose of the test, the original
surface has been split into 4 separate C2-continuous surface patches.
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Figure 3-34 : Shaded image of four C2-continuous surface patches
 representing the sole of a shoe last

Figure 3-35 : Milling region definition for the sole of a last

Some remarks on figure 3-35 :
� Milling regions which are located on more than one surface patch are

drawn on the screen as separate polygons. This is the case for region
1, 2 and 3 in the figure. Internally, the software is capable of handling
these multiple polygons for the generation of drive surfaces.

� Milling regions 5 and 6 should not be considered, because they are
located in a degenerated area of the part surface. In degenerated
parts of the surface, curvature calculations tend to be inaccurate.

� Milling regions 2,3 and 4 are having different curvature
categorization, but can be processed together based on their
similarity related to the milling direction. This decision can be taken
by the CAM-operator and forced by the manual combination of the
different milling regions. Regions 5 and 6 can also be processed
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together with 2,3 and 4 because they are representing degenerated
areas.

3.9. Conclusions
An operation planning system for five-axis finish milling was developed,
allowing process planning for sculptured surfaces. The main outcome of the
operation planning phase is :

� subdivision of the surface into milling regions
� determination of the maximal tool diameter
� calculation of the preferred milling direction
� drive surface construction for specified milling regions.

The result of the development is a software prototype capable of executing
the above described tasks.
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C H A P T E R

TOOL PATH OPTIMIZATION
ALGORITHMS

4.1. Introduction
A possible definition of tool path optimization could be : improving all
parameters influencing the generated tool path. In this context, the tool path
is only seen from a geometrical point of view. This means that feed, speed or
other technological parameters are not considered. In practice, the tool
inclination and the step-over width turned out to be the most important
factors with this respect.

At least 10 different research groups worldwide developed an optimization
strategy adapting the orientation of the tool based on the local surface
properties. Nevertheless, commercial CAM-systems are not adopting this
technology in their system. The main reason for this is easy to find and is
called : robustness. Robustness is important for nowadays CAM-systems,
because the users are expecting a workpiece to be cut, no matter how good
or bad the part surfaces are conditioned. An additional argument valid for
most of the developed academic prototypes is the lack of computational
efficiency.

The step-over width is influencing the surface quality heavily (see also
paragraph 2.3.2. Tool path parameters influencing the surface quality).
Optimizing the step-over will not only improve the surface quality, it will also
reduce the number of steps needed to achieve this surface quality.
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In this research work, an approach for tool orientation optimization has been
developed which fits in a standard CAM-system. This means that the
algorithm is taking advantage of the drive/part surface paradigm. The power
of this paradigm over other tool path generation methods has been
illustrated in Chapter 2. Besides this, a method is proposed for optimizing the
step-over width. 

4.2. Overview of the related research
This paragraph illustrates the efforts of other researchers on the optimization
of the tool path. The optimization algorithms have been divided in two
groups : optimization of the tool orientation and optimization of the step-over
width. These two groups are discussed in two separate paragraphs, 4.2.1.
and 4.2.2..

4.2.1. Tool orientation optimization
The ultimate goal of optimizing the tool orientation is to maximize the
machining strip width. This machining strip width is the width of the
machined region that lies within the required tolerance. This tolerance is
usually specified by means of the allowable scallop height. It is important to
notice that only concave areas are candidates for tool orientation
optimization. For convex and plane areas, the tool inclination α is set to a
safety angle of 1° to 5°, because negative inclination angles are not allowed
for gouging reasons.

Figure 4-1 : Realizable machining strip width for a specified allowable 
scallop height (feed direction perpendicular on the paper plane).

Several methods have been developed for maximizing this machining strip
width by means of optimizing the tool orientation. This paragraph is
presenting an overview of the available methods, showing their advantages
and drawbacks.

nominal surface
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Local surface approximation [Kruth 94][Lee 97][Jensen 93]

The easiest method for tool orientation optimization is to use the local
surface curvature in the contact point P. By means of the local principal
curvatures k1 and k2 (see also appendix A), a local surface approximation can
be reconstructed. In a coordinate system XYZprincipal {i.e. u1=(1 0 0) and
u2=(0 1 0)} defined in the contact point P, equation (4.1) approximates the
shape near this actual point P. This is called the quadratic approximation of
the surface in the point P.  

This quadratic surface approximation then can be used to calculate the
allowable inclination angle for a given tool. Figure 4-2 shows a cylindrical tool
(radius R, corner radius cr) that is inclined with an angle α w.r.t. the surface
normal passing through the contact point P. The effective contour of this tool
is located on a fictive sphere with radius equal to Rsphere and whose centre is
located on the surface normal.

The local surface approximation of equation (4.1) and the fictive sphere
describing the tool impact (equation (4.2)), will determine together how
much material is cut away (gouging). Preventing gouging requires the radius
of the sphere to be smaller than 1/k1. For a detailed discussion on the way
how this is implemented, the reader is referred to [Kruth 94].

Figure 4-2 : Cylindrical tool with corner radius located 
inside a fictive sphere [Kruth 94]
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This method is fully analytical and very fast. On the other hand, since it is
using the quadratic surface approximation in the point P, all small surface
anomalies in the neighborhood of the point P are disregarded. Especially
when milling detailed surfaces with large cutters (e.g. 80 mm or more),
details on the surface can be cut away unintentionally.

A variant on this method can be found in [Jensen 93]. This method is
inclining the cutter in such a way that the cutting profile (in the plane formed
by the surface normal and the side vector1) fits within the sectional cut of the
design surface (figure 4-3). Also for this method, only surface information
from the contact point is used. Moreover, it only considers curvature and
gouging perpendicular to the feed direction.  

Figure 4-3 : Cross-section of the workpiece in the plane 
formed by the side vector and the surface normal, 

showing the cutting profile and the design surface [Jensen 93].

Effective cutting shape fitting [Redonnet 00][Kruth 94]

With this method, having many variants, the tool is fitted as close as possible
on the part surface. In this case, no surface approximation is used, but the
entire surface definition is used in order to avoid gouging. In contradiction
with the previous described method (local surface approximation), most of
the effective cutting shape fitting methods are determining the tool posture
iteratively. In literature, effective cutting shape fitting is also often called
‘curvature alignment’. 

In [Redonnet 00], a method is described for optimizing the lead and tilt angle
based on the study of the intersection between the cutter and the part
surface in a discrete number of points. Therefore, the cutter is first positioned
on the concave surface in the contact point Q0 using the surface normal as

1. The side vector is determined as the vector perpendicular to the plane formed by the surface 
normal and the feed vector.
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the tool orientation (α=β=0). This contact point Q0 remains at the same
position on the surface, even if α or β are modified. Subsequently, a discrete
number of intersection points Mi is regularly distributed over the intersection
curve between the tool and the surface. One co-ordinate system (Q0, t, b, n)
is fixed to the surface, using the directions of surface normal n, the feed
direction t and the side vector b as the axis directions (figure 4-4). The
coordinates of the points Mi are expressed in this coordinate system as
(xi, yi, zi). A second coordinate system (Q0, X, Y, Z) is locally fixed to the tool
(and thus rotating when α and/or β changes). The coordinates of the points
Mi are denoted in this coordinate system as (Xi, Yi, Zi). In the local reference
of the tool, the coordinates of the point Mi can be expressed as follows :

In the local reference of the tool, it will be necessary for all Zi values to be
negative so as to produce no interference between the tool and the
workpiece. In terms of optimization, the problem arises as follows :

The developed algorithm is optimizing α and β in such a way that the
conditions of equation (4.4) are fulfilled. 

Figure 4-4 : Distribution of the test-points around 
the circumference of the tool tip [Redonnet 00]
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The advantage of a method like this one is found in the fact that they are
capable of avoiding gouging in 99 % of the cases. According to the
developers, the method is very fast (about 100 posture calculations
per second). However, a drawback can be found in the fact that the
intersection positions are never re-evaluated. This means, that the changes
of α and/or β) are based on distance calculations w.r.t. the original
calculated intersection points. In most cases (especially with small values
for β) , this assumption will result in correct gouge-free tool postures. But,
for large values of β (certainly in the case collision avoidance would be
applied), the cutter will not be positioned anymore above the same part of
the surface and as a consequence other surface points should be involved in
the distance calculation.

A different approach is proposed in [Kruth 94], where the distance between
the inner circle C(γ) of a toroidal cutter and the underlying part surface is
minimized, while the contact point is kept at the same place.

Figure 4-5 : The inner circle of a toroidal cutter

Only the lead angle α is subject to the optimization process. The circle is
defined parametrically as :

with v1, v2 two orthogonal vectors with length equal to the radius of the inner
circle and γ the angle w.r.t. vector v1.

The distance between the surface and the cutter in the point γ equals :
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For each γ (i.e. each point on the inner circle) the values u and v must be
searched which minimize dist_surf. If the position u,v is determined, the
necessary modification ∆α of the lead angle can be calculated by the
formula :

The addition of intol is originating from the fact that the cutter is allowed to
penetrate to deep into the part surface, as long as this supplementary
penetration is less than the value of intol.
Multiple parameters (u,v) need to be searched in order to find the best
possible lead angle α. Numerical techniques are applied during this
optimization process. The processing speed obtained is slower compared to
standard CAM-systems. However, these CAM-systems use full tool projection
techniques in order to guarantee gouging-free tool postures, while the
method described in [Kruth 94] is avoiding gouging conditions by modifying
the tool orientation. The commercial CAM-systems are also not optimizing the
lead angle,  but are giving the tool a fixed orientation.

Figure 4-6 : Lead angle optimization for a 
toroidal cutter (=fly cutter) [Kruth 94]

Multi-point positioning [Klocke 98][Warkentin 98][Warkentin 00]

Most of the techniques developed so far are positioning the cutter with one
contact point on the surface. However, recent developments showed that by
using several contact points a better geometric match between the tool and
the surface can be realized. [Warkentin 98] also demonstrated that cutter
contact points are arranged symmetrically around the surface’s direction of

(4.7)∆α arc dist_surf intol+
distance_to_rot_axis
-------------------------------------------------

 
 tan–=
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minimum curvature u1. Figure 4-7 shows that the realized contact length is
increasing when the cutter position is optimized towards two contact points
instead of one. These two contact points are called the bitangency points.

Figure 4-7 : Single contact point positioning (a) vs. 
bitangency contact positioning (b) [Klocke 98]

The main advantage of this method is found in the fact that larger step-over
distances are becoming possible because of the better match of the tool on
the surface. If the step-over is kept equal w.r.t. a single point positioning
method, the scallop height will reduce significantly. However, tool positioning
is becoming more complex compared with the single point positioning
methods and only applicable in specific situations (i.e. concave areas).

4.2.2. Step-over width optimization
Common five-axis tool path generation methods are using the u,v-
parametrization of the surface for guiding the tool over the surface. As
illustrated in figure 2-29 in 2.3.6. Tool path generation methods for
polynomial surfaces, an unevenly distribution of the isoparametric lines can
cause irregular scallops on the surface. Several authors ([Hwang 92][Lin 96]
[Jensen 93]) presented approaches describing the calculation of the ‘optimal’
step-over. The step-over which is calculated in these methods is the one to
guarantee that a certain scallop height will not be exceeded. During the rest
of the tool track, the scallop height can be significantly less, in this way
creating an irregular workpiece surface. This irregular surface condition is
unfavorable for succeeding operations like polishing. 
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In order to overcome this, only one real solution has been presented so far
for 5-axis milling. In [Lee 98] and [Lee 98b], Y.S. Lee proposed the following
approach : non-isoparametric tool path planning. An evaluation of the
machined strip width serves as the basis for calculating the distance between
the tool tracks. This machined strip width calculation can be executed for ball
nose cutters independently of its orientation or for thoroidal or cylindrical
cutters with a specified orientation. As a consequence, the step-over width is
subject to continuous variations along the tool track. 

In this way, a more efficient tool path planning becomes available, with less
redundant tool motions (figure 4-8). The main drawbacks of the method can
be found in the fact that the tool path can become unstable (e.g. by isolated
loops in the tool path). Further research will be necessary to improve the
capabilities and stability of this approach. 

Figure 4-8 : The non-isoparametric approach based 
on the feasible machining strip width [Lee 98].

4.3. Peculiarities of the part/drive surface 
mechanism

CAM-systems using the part/drive approach for the generation of  tool path
involve quite a lot of other mechanisms. These supplementary mechanisms
are necessary to guarantee the quality of the tool path mainly w.r.t.
requested tolerance. In this section, a short overview of some of the
peculiarities of this part/drive surface mechanism is given as they have
influenced the development process within this research work of the tool
posture optimization process.
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Drive point projection

In the drive surface a drive pattern is generated. Usually, such a drive
pattern is a parametrically generated tool path on the drive surface (see also
the section ‘parametric tool path generation’  in 2.3.6. Tool path generation
methods for polynomial surfaces). The drive pattern is represented by a
sequence of drive points (DP’s). These DP’s are representing the tool tip. In
the second phase of the tool path generation, in each drive position, the
entire tool is projected on the part surface. The projection stops as soon as
one contact point between the tool and the part surface is found. As a
consequence, this ‘full tool’-projection method is beneficial from the
viewpoint of gouging. Figure 4-9 shows how the projection method is
working in the case when the tool orientation is specified w.r.t. the local part
surface normal. Part A of the figure shows how the drive point is projected
from the drive surface (DS) on the part surface (PS). In this projected
point, the tool orientation (i.e. inclination angle θ) can be determined w.r.t.
the part surface normal (part B). Part C shows the ‘full tool’ projection from
drive surface towards part surface.

Figure 4-9 : Drive projection method for a tool orientation specified
w.r.t. the local part surface normal

One of the disadvantages of the method described above is that the tool
orientation is determined based on the surface normal passing through the
tool tip. Instead of using the surface normal in the tool tip, the surface
normal in the contact point should be used for getting correct results.

Good cutting practice is expecting that the contact point between cutter and
part surface is lying in front of the cutter (looking in the feed direction).
When the contact point is kept in front of the cutter, the cutting speed in this
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contact point will be constant. But, the projection algorithm of the CAM-
system is accepting the first contact point it finds as valid. As a consequence,
situations as in figure 4-10 can occur. The real contact point (CP) is differing
from the expected contact point (ECP). This situation especially exists if the
inclination angle is chosen too small. Special care will need to be taken during
tool inclination optimization in order to guarantee that the contact point stays
in front of the cutter.

Figure 4-10 : Contact point not lying in front of the cutter.

Intermediate Drive Point Generation 

The generation of intermediate drive points (IDP’s) is a complex mechanism
which is triggered by the CAM-system at a number of occasions. At start,
drive positions (DP’s) are generated in the drive surface. Two different
strategies for determining the initial drive positions exist :

���� Fixed number per tool track
A fixed number of equally spaced drive positions is generated for
each tool track.

���� Tolerance based
In this latter case, the drive positions are generated in such a way
that the tool track they are forming in the drive surface is lying in the
intol-outtol tolerance band. Since drive and part surface are usually
not identical in shape, this tolerance based generation of drive points
is not correct.

In a second stage, drive positions are projected onto the part surface. If the
tool path between two successive projected drive points is lying outside the
specified intol-outtol tolerance band, supplementary drive points will be
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necessary. These intermediate drive points are generated between the two
original drive points. Figure 4-11 shows a 2D-cross-section of a typical
situation. IDP1 is generated right in between of both drive positions. This
IDP1 is then projected on the part surface. The IDP-mechanism successively
checks the tool track between the left original drive position and IDP1. If the
linear connection between these points is exceeding the intol-outtol tolerance
band, an additional intermediate drive point (IDP2) is generated. 

Figure 4-11 : Intermediate drive point generation mechanism for the case 
where the drive points are equally spaced

It is important to notice that this intermediate drive point generation
mechanism allows the CAM-operator to generate only a limited and fixed
number of initial drive points. If additional drive points are needed, they are
created automatically during the tool path generation on the part surface
through the described IDP-generation mechanism.

4.4. Methodology for optimizing the tool 
orientation

4.4.1. Discussion on the tool path requirements
As discussed in paragraph 4.2 Overview of the related research, quite some
approaches exist to the optimization of the tool orientation. Some of the
approaches are optimizing only the inclination angle, others are optimizing
the screw (or tilt) angle as well. From the global approach developed in this
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research work, the inclination angle is the only one involved in the tool
orientation optimization process. The reasons for not changing the screw/tilt
angle are twofold : 

� Industrial users want to minimize the movements of the rotary axes.
The rotary axes are always the slowest axes of the machine. If large
rotational movements are executed during small linear movements,
the effective realized feed on the surface will slow down. 

� If the screw angle is rising above a value of 10 to 15 degrees, the
contact length is decreasing and becoming heavily asymmetrical
(figure 4-12, 4-13).

Figure 4-12 : A larger value of the screw angle results 
in asymmetrical and smaller contact length.

Figure 4-13 : Shaded representation of the contents of figure 4-12.

However, as will be described in Chapter 5 - Collision Avoidance Techniques,
the screw angle will be modified during collision avoidance action. If this
happens, the tool path optimization algorithm will always try to reduce the
screw angle as soon as possible back to zero.

inclination : 10°
screw : 90°

inclination : 10°
screw : 45°

inclination : 10°
screw : 0°

CL CL CL

= contact point
CL = contact lengthView in the direction of the feed vector
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Following list summarizes most of the requirements imposed to a tool path
suitable for five-axis milling :

���� minimize the inclination 
Minimizing the inclination will fit the tool better on the surface and will
maximize the contact length in the same time. At the same time
gouging will be avoided, removing the need for a supplementary
mechanism to detect and avoid gouging situations.

���� minimize the screw to zero
This item has been discussed in the previous paragraph.

���� minimize the rotary axes’ movements
The rotary axes’ movements should be minimized in order to not
damage the surface. In general, the rotary axes are less accurate
than the linear axes of a multi-axis milling machine. A supplementary
reason can be found in the fact that the rotational axes are usually
slower than the translational axes.

���� contact point on a smooth curve
Preferably, the contact point should always lie in front of the cutter
and move on a smooth curve. This requirement corresponds with the
condition that the screw angle should be minimized to zero. Fixing the
screw angle to zero will prevent the contact point to jump around
over the surface . It is expected that the surface quality will improve
as a consequence of this measure.

In section 4.4.2., the tool posture data structure is discussed. Part of the tool
posture data structure is offered by the used CAM-system, part is newly
developed in this research work.

In the following sections (4.4.4. and 4.4.5.), an overview is given of two
developed tool axis optimization methods. The first method is a numerical
optimization approach, while the second method is taking more advantage of
the part/drive surface paradigm.
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4.4.2. Tool posture data structure
In a first phase, the tool posture data structure of the involved CAM-system
has been studied. Each element of the tool posture data structure is
containing the following members :

���� tool end xyz
���� tool axis ijk 

Inclination and screw angle can be derived at any time from the tool 
axis vector.

���� cut vector (representing the feed direction)
���� contact type

Different types of contact are possible between the cutter and the
surface. One contact point, bitangency or even tritangency points.

���� contact points (up to 3) 
These contact points are separate data structures not only containing
information on the contact point itself, but also on the surface it is
located on.

Supplementary information has been added in a separate class (called ETP :
Enhanced Tool Posture). This information has not been added in the original
class, considering that if the changes to the original source files of the CAM-
system are minimized, only minimal changes are necessary to migrate to a
new version of the CAM-system. The ETP-class contains the following
information :

���� contact point
The tool posture optimization algorithm developed in this research
work is optimizing towards one contact point. One of the developed
algorithms is using this contact point-variable also to store an
estimated contact point. After a tool posture has been determined
completely, this variable contains the real contact point.

���� inclination and screw angle
The original tool posture data structure only provides information on
the tool axis. In this research work, inclination and screw are used for
defining the tool posture. The inclination and screw are incorporated
in the data structure in order to facilitate the collision avoidance
calculations described in Chapter 5.

���� originating drive point
This is the drive point which was used for creating the actual tool
posture. In this way, the relationship between the tool posture and its
originating drive position stays preserved.
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���� work space indicator
This work space indicator is added for the collision avoidance method
which is re-configuring the axes (more information : 5.5.3. Axes pose
re-configuration for collision avoidance). By means of this variable,
the workspace is attached to each tool posture, allowing to
(re-)postprocess correctly afterwards. 

4.4.3. Optimization methods
When developing a method for the optimization of the tool postures, the
peculiarities of the CAM-system need to be considered. As a consequence, it
is important to notice that some of the possible solutions are excluded in
advance. In what follows, two different optimization methods are described.
More optimization methods were developed, but rejected in an early stage
because of not complying to some of the criteria posed to tool path
generation methods. Among these criteria can be found :

� robustness
� computational efficiency
� implementation time

The first described implementation (section 4.4.4.) uses techniques closely
related to the effective cutting shape fitting (described in section 4.2.1.).
Based on the experiences with this first method, a second optimization
method has been developed. This second optimization method is developed
based on the local surface approximation and extensively making use of the
possibilities offered by the CAM-system (section 4.4.5.).

As a further development, a optimization method for equalizing the scallop
height is presented in section 4.5.

4.4.4. First optimization method
In this first approach, several attempts have been made to fit the effective
cutting shape fitting algorithm in the CAM-system. Initially, the tool posture is
calculated and the tool is projected using standard functionality of the CAM-
system (figure 4-14). In general, the tool inclination which is used for the full
tool projection is equal to the previous optimized tool inclination (i.e. the
optimal tool inclination calculated at the previous tool posture). At the
beginning of a milling track, an initial value will be applied for the tool
inclination.
The tool inclination present in this initial tool posture is then used as the
starting value of the optimization algorithms. The effective cutting shape
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algorithm which has been implemented is based on [Kruth 94]. The main
modification has been caused by the fact that the original algorithm was only
capable of handling one untrimmed surface patch, while the modified
algorithm can handle a surface consisting out of multiple, trimmed surface
patches.

Figure 4-14 : Drive/part surface approach 
for generating the initial tool posture

The optimization algorithm, explained here for a cylindrical cutter, calculates
the angle ∆θ over which the cutter should be rotated around the contact
point (CP) to fit as close as possible to the part surface. To do this, the
algorithm constructs a function ∆θ=f(u,v) representing the relationship
between the underlying surface below the tool2 (with parameters u and v)
and the angle over which the cutter is allowed to rotate. This function is then
minimized to obtain an optimized value for the angle ∆θ. The minimization
procedure is based on a two-dimensional Newton-Raphson method starting
from a given point on the part surface. Most often, the start point used is the
projection of the tool tip along the actual tool axis. The result of this
minimization method is the nearest local optimum in the surrounding of this
start point. 

The risk exist that, if the surface has tiny details and is cut with a large
cutter, that the algorithm gets stuck in a local minimum. To overcome this
problem, multiple starting points are chosen on the contour of the cutter. In

2. The underlying surface below the tool is the area of the part surface located directly below 
the tool.
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PS

DP
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this way, different values of ∆θ will be determined. At the end, the maximal
value of ∆θ will be added to the actual tool inclination, in this way ending up
with an optimized tool posture.

The two-dimensional Newton-Raphson method (NR), which is in fact a
steepest decent method, requires an evaluation of the distance between the
actual evaluation point on the cutter and the underlying surface below the
tool. The stop criterion of the NR-method is that this distance come close to
zero (or within a certain specified tolerance band, to assure the numerical
stability of the algorithm). A second condition, capable of stopping the NR-
algorithm, is checking whether the maximal number of iterations is not
exceeded.

After implementation, the tool path generation turned out to be too slow.
Compared with the normal tool path calculation of the CAM-system, the
method is performing between 5 to 10 times slower. The main reason for this
need to searched in the shortest distance computation (which is a standard
functionality of the CAM-system). To overcome this, the shortest distance
calculation has been replaced with a standard point projection functionality.
However, this point projection need to be done on a certain surface patch. If
the NR-method arrives at the border of such a surface patch and jumps to
the next surface patch, it can happen that the algorithm jumps back to the
first surface patch. Additional effort to improve the stability of the projection
algorithm and the NR-algorithm did not resulted in the expected speed
improvements.

Additional drawbacks of the algorithm were the divergence problems in
certain examples and the fact that the contact point is not lying where it is
expected (figure 4-10). Especially this last fact is causing errors in the
calculation of ∆θ.

4.4.5. Second optimization method
In order to overcome the disadvantages of the first optimization method, a
second optimization method has been developed. This method extensively
uses the functionality of the CAM-system and is, as a consequence, more
closely integrated in it.

Within the second approach, the first estimation of the tool axis inclination is
not done by the CAM-system, but is based on the local surface curvature
properties. This estimation is not guaranteed to be gouge-free, because it
only uses the curvature properties of the actual point on the part surface.
This first estimation is then further refined until a gouge-free tool posture is
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realized. The different stages of the optimization process are further
described in the figures (figure 4-15, figure 4-16 and figure 4-18a) and the
description below these figures.

Figure 4-15 : First stage of the 2nd optimization method

1. After the generation of the drive points in the drive surface (DS), the drive
point is projected on the part surface (PS). The projected point will be the
contact point of the tool. Therefore, the drive point is called the DCP
(Drive Contact Point) because it is related to the contact point on the part
surface. This differs from commercial CAM-systems, where a drive point
normally corresponds to the tool tip.

2. In the contact point (CP), the local surface approximation (for details see
section 4.2.1.) is calculated. Out of this, an approximation of the tool axis
inclination can be made, which will act in further calculations as the lower
limit for the tool inclination. Because of the nature of this approximation,
gouging is very likely to occur when this estimated tool axis inclination
would be used. Therefore, during the following optimization steps only an
increase of the inclination angle will be allowed.
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Figure 4-16 : Second stage of the 2nd optimization method

3. The entire tool is given the estimated tool axis in the drive surface.
Subsequently, the tool is projected on the part surface using the standard
CAM-systems’ functionality for tool projection. The tool projection returns
a contact point (CCP = CAM Contact Point), which might actually be
located everywhere on the bottom of the cutter (see also 4.3 Peculiarities
of the part/drive surface mechanism). 

4. The tool axis is adjusted (a certain value is added for θ), based on the
relationship between the desired contact point (CP) and the contact point
returned by the tool projection method (CCP). The goal is to minimize the
distance between CP and CCP. The approach which has been chosen is to
calculate the ∆θ-value based on the tool shape and the relationship
between CP and CCP.

Figure 4-17 : Calculation of ∆θ based 
on the relationship between CP and CCP
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Figure 4-18 : Final stage of the 2nd optimization method

5. Finally, the tool is projected again with the newly calculated tool axis. The
full tool projection is needed to ensure gouge-free tool postures.
Otherwise, CPU-intensive calculations would be necessary to check
gouging occurrence between tool and part surface in phase 4 of the
calculations.

Steps 3,4 and 5 are repeated until a criterion is fulfilled. Possible criterions
are :

� CCP is close enough to CP
� ∆θ is not positive anymore

Both criterions have been tested in the software, but the first one proved to
be not reliable. It is not easy to find a clear definition of ‘close enough’ in
terms of a certain distance, which makes the criterion usable. Therefore, the
‘∆θ is not positive anymore’-criterion has been selected and used in the
software.

The method described above is resulting in smooth tool movements and an
excellent surface quality (which is demonstrated in section 4.6 Examples).
The processing speed is comparable to the normal CAM-system speed for the
generation of such a tool path. The reason is that comparable techniques
have been used for the construction of a valid tool posture as in the native
CAM modules.
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4.4.6. Applied heuristics
Optimization is useful, but can sometimes lead to overreaction. For example,
without any special precautions, the optimization module will try to optimize
the inclination for each individual IDP (Intermediate Drive Point, see also
4.3 Peculiarities of the part/drive surface mechanism). However, if the
original drive positions were close enough to each other, optimization of the
IDP’s is not leading to a further improvement of the tool path. Mostly the
optimization of IDP’s is causing small - and therefore unwanted - corrections
of the tool orientation.

In order to guarantee an optimized tool path with smooth behavior, some
heuristics have been implemented during the research work. All heuristics
can be switched on or off. The developed heuristics are :

Filtering tool posture changes
���� Mechanism for normal drive points :

If the next tool posture (generated for the next drive point), is only
containing a small change (-1°<∆θ<0°) w.r.t. the previous tool
posture, the change will not be executed. But, if the tool posture
change ∆θ calculated by the optimization algorithm is an increase of
the inclination angle, it will be executed anyway in order to prevent
gouging.

���� Mechanism for IDP’s :
If intermediate drive points are closely to each other, tool postures
are never optimized. The tool posture is linearly interpolated between
the previous and the next tool posture. If the distance between tool
postures is not too far, this will usually result in satisfactory tool
paths.

Speed limitation of the tool orientation change

Modifying the tool orientation too fast can have disastrous consequences for
the surface quality of the produced workpiece. This is further illustrated in
section 5.5.1.4 Calculation of the bounds, where the technological
consequences of modifying the tool posture are illustrated.

This speed limiting process can be visually expressed as in figure 4-19. θmin
and θmax are the absolute limits imposed to the inclination angle θ. θmin is
put to 0°, to ensure that the tool will not be cutting with its bottom. The
upper limit θmax, is necessary to avoid that the tool deflection will become to
large (see also 2.3.3. Influence of the tool orientation on the surface quality).
Most often, this θmax will be put to 45° in order to enable powerful collision
avoidance (see 5.5.1. Tool posture modification as collision avoidance
action).
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Figure 4-19 : Variable and fixed bound applied for next tool postures

In the figure above, the first tool posture has already been calculated and
optimized (resulting in θ1). The next tool posture (= the tool position at the
next drive point) has to lie between the boundaries θ2,min and θ2,max. These
boundaries are increasing with the distance between the different postures.
Therefore, they can be represented by triangles as in figure 4-19. In this
case, the inclination angle for tool posture nr. 2 (θ2) was increased in order
to avoid gouging. For tool posture nr. 3, θ3,max equals to θmax, because this
is the absolute limit which may not be violated. In this case, calculations
proved that a small decrease of θ is possible without gouging. However,
instead of decreasing the inclination angle for only a small gain in contact
length, the inclination angle is kept constant. A similar figure can be
constructed for the screw angle ϕ, but this angle is only modified during
collision avoidance action. More details on this can be found in
5.5.1.4 Calculation of the bounds.

4.5. Integrated inclination and step-over 
optimization

One of the most cited disadvantages of five-axis milling with flat-end or
thoroidal cutters are the irregular scallops which are produced. These
irregular scallops are most often a consequence of the irregular distribution
of the tool tracks over the surface (see also section 2.3.6. Tool path
generation methods for polynomial surfaces, figure 2-29). The parameter
most directly influencing the scallop height is the step-over distance, but also
the inclination of the tool has a strong influence on the realized scallop
height.

Distance

1

2 3

�min=0°

�max�2, max

�

�2, min

�3, min

�3, max

�3�2�1



124 Integrated inclination and step-over optimization

As described in section 4.2.2., step-over optimization can be seen in two
perspectives so far :

� the value of the step-over is adapted so that the cusp height3 is not
exceeding the maximal defined value. 

� the position of the tool track is changed in such a way that the cusp
height remains almost equal along the tool track.

Compared to these two methods, the newly proposed method is working
differently. Before the actual tool path is calculated, it is sampled in N
consecutive positions. In these positions, a quick tool posture is calculated
based on the local surface approximation. Based on this, the realizable
contact length in these N positions can be calculated. The smallest contact
length (CLsmall) found is hold. Then the calculation of the tool track starts.
Instead of optimizing the tool inclination to a maximal contact length, the
inclination is modified in order to realize the CLsmall. In this way, all tool
postures along the tool path will end up with a realized contact length close
to this CLsmall. The step-over distance to the next tool path is taken equal to
CLsmall. If this principle is used throughout the whole workpiece, a workpiece
with a more equal scallop height distribution will be the result.

Figure 4-20 : Step-over optimization towards a constant contact length

However, an approach like this can only be effective, if these calculations are
done based on the part surface. This is the main difficulty, because in
commercial CAM-systems the step-over distance is determined during the
generation of the drive positions and based on the drive surface. In the

3. Cusp height is a synonymic for scallop height
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frame of this research work, two possibilities exist to enable the
determination of step-over distances based on the part geometry :
���� Performing step-over calculations in a  drive surface based on 

the underlying part geometry. 
In this case, N sample drive positions are generated, which are then
projected onto the part surface. These projected tool postures are
optimized to find the largest possible contact length. Subsequently, the
step-over distance needed on the part surface is known. In a last phase of
the step-over calculation method, this step-over need to be projected on
the drive surface. After this phase, CLsmall can be determined in the drive
surface.
The described method is cumbersome and time consuming because it is
requiring many steps before the optimized step-over distance is
calculated. Also the implementation of this method would require
substantial changes to the CAM-system.

���� The usage of drive surfaces generated by the operation planning 
system.
The shape of the drive surface generated by the operation planning
system is approximating very well the shape of the underlying part
surface. If this is the case, the step-over distance can be calculated based
on the drive surface without making unacceptable errors. The
implementation of this method requires less changes to the CAM-system
than the first method. 

Although the second method looks promising, the implementation has not
been carried out in the frame of this research work.

4.6. Examples
The method developed in 4.4.5. has been experimentally verified during
several tests on industrial workpieces. However, in order to quantify the
realized benefits of this method, an academic workpiece has been milled
(figure 4-21). The workpiece dimensions are 100 by 100 millimeters and it
has been cut on the 5-axis milling machine available at K.U.Leuven
(MAHO 600C). The workpiece material has been cut both in Ureol (CibaTool
BM5460) and aluminium (AlMgSi1). For the experiment, a toroidal cutter of
diameter 20 mm with two inserts of 8 mm has been used. In all tests, 20
tracks have been spread over the surface. The feed direction was
corresponding to the direction of the Y-axis in figure 4-21.
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Figure 4-21 : Concave-convex workpiece surface

During one test, a reference workpiece has been cut with the normal strategy
provided by the CAM-system. The inclination angle was put to 9°, this is the
minimal inclination angle necessary to avoid gouging in the concave area of
the workpiece. A second workpiece has been milled with the optimized
strategy, explained in paragraph 4.4.5..

The scallop height of the two workpieces was investigated using a 3D
coordinate measuring machine COORD3 MC-16 equipped with a Wolf&Beck
laser-scanning probe. Figure 4-22 shows the  raw scanning data. 

Figure 4-22 : Measured profile of the workpiece in the convex area
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Aside from the measurements with the COORD3 measuring machine, the
waviness profile has been measured as well with the Rank Taylor Hobson
TalySurf 120L. The waviness depth (Wt) has been taken as a representative
value for the scallop height. Figure 4-23 and figure 4-24 show photographs
of the milled workpieces together with the measured scallop height in the
convex area.

In the concave area, the difference between the standard and the optimized
tool path generation method is small. However, differences occur in the
convex region (figure 4-22). While for the standard method the inclination
angle remains constant, in the optimized method the inclination angle will be
decreased until almost 0° for convex areas. As a consequence, the scallop
height will decrease below the value realized by the standard tool path
generation method.

4.7. Conclusions
The tool inclination optimization developed in this research work showed the
potential for the optimization of tool orientation in an integrated CAM-
environment. High gain in surface quality w.r.t. traditional fixed tool
inclination becomes possible. The applied heuristics make the method
performing fast on actual workstations. If the step-over is also subjected to
optimization, the surface quality (surface roughness and scallop height) will
even increase more.

Figure 4-23 : Machined part with 
constant inclination angle of 9º

Scallop height : 115 µm

Figure 4-24 : Machined part with 
optimized inclination angle

Scallop height : 35 µm
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Different optimization methods have been checked for their possibilities :
���� optimization towards a maximal material removal rate. 

In that case, the optimization looks for the smallest possible
inclination angle in each tool position. Applications where the residual
amount of material is subject to minimization require this kind of
optimization.

���� optimization towards a constant contact length. 
In this case, the optimization of the tool inclination will focus on
equalizing the contact length over the whole length of the tool track.
This approximates the optimization towards a constant scallop height.
This kind of optimization is extremely useful for parts which require
polishing afterwards.
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C H A P T E R

COLLISION AVOIDANCE
TECHNIQUES

5.1. Introduction
Generating collision-free multi-axis NC-programs is an iterative and time-
consuming process. Computer aided collision detection techniques (see
paragraph 2.4.3. NC-simulation for detecting collisions) proved a valuable
tool in shortening the NC-programming time. 

Collision avoidance at the level of the CAM-system is feasible, but only for
collisions occurring between tool, toolholder and workpiece. However, a
thorough checking for collisions will require the involvement of collision
checking between tool, toolholder, workpiece and machine components.
CAM-systems are lacking information on the movements of the machine
components because these movements are only fixed during the
postprocessing phase.

An integration of the CAM-system, the postprocessor and the NC-simulation
system will bring together all the required information and is the aim of this
research work. Based on the NC-simulation results, corrections can be made
to the tool path while it is generated. Such an integrated system should
deliver collision-free tool paths and related NC-programs.
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5.2. Overview of related research
Other researchers already developed some approaches to collision avoidance
for multi-axis milling. This paragraph gives an overview of most of them,
pointing out their strong and weak points.

Many methods can be found in literature with sounding titles as ‘Collision-free
5-axis tool path generation...’. However, most of these methods are only
avoiding gouging conditions between the tool and the part surface.
Interesting lecture on the subject of gouging can be found in [Takeuchi 92],
[Weule 99] and [Rubio 98].

Morishige [Morishige 97] and Choi [Choi 98] developed collision avoidance
methods using the C-space approach adopted from robot motion planning.
The underlying idea of C-space is to represent the tool orientation in an
appropriate space in which the obstacles have been mapped. Figure 5-1
illustrates this approach, where the collision areas have been colored dark
gray. 

Figure 5-1 : Concept of the 2-dimensional C-space 
with inclination angle θ and screw angle φ 
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This ‘a priori’ approach for limiting the tool axis posture to certain values is
reliable and valuable. However, it is difficult to take the machine components
into account in this approach. 

A nice practical application of the C-space approach can be found in
[Morishige97a]. In this case it has been used for the 3+2 indexed roughing of
small impellers, where the colliding elements are mostly tool, toolholder and
part. Those components are all available in the CAM-system and can be used
for modelling the C-space. The common free angle1 is determined for the
extreme points A and B of the cutting surface (figure 5-2 - left). This cutting
surface is the plane where the actual step of the roughing process is
executed. The resulting tool posture will be used for the roughing process
with a ball-end mill cutting in 3+2 mode (indexed rotary axes). It is supposed
that the common collision-free tool angle found for the extreme points A and
B will also be collision-free for all intermediate tool postures. Morishige
refined his approach even more in [Morishige 99], where a 3-dimensional C-
space was used to control the tool path movements.

Figure 5-2 : C-space based tool posture decision for the impeller example.
(left) : two points where 2-dimensional C-space is generated

(right) : obtained common free area [Morishige97a]

A theoretical approach to collision avoidance can be found in [Elber 98]. The
part surface is dichotomized in to two different sets of regions (figure 5-3) : 

� regions which are accessible without colliding the check surfaces2.
� regions for which the check surface will cause collisions.

For determining this dichotomy, a tool orientation equalling to the normal is
supposed. This supposition is the main disadvantage of this method. Very
often, the tool orientation will undergo an optimization which will introduce a

1. Common free angle = the tool orientation which results in a collision-free tool 
posture for a defined number of positions.

2. Check surfaces are surfaces that may not be penetrated by the tool (i.e. that 
should be collision free).
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small inclination angle. In that case, the created dichotomy is not correct any
more.

Figure 5-3 : A spherical check surface and an almost flat part surface. 
The inaccessible circular interior area is trimmed away [Elber 98].

Other authors also focussed on this accessibility analysis and are generating
Product Visibility Cones in a set of points on the workpiece [ElMaraghy 98]
(see also the work of Kang and Suh, described in paragraph 3.2 Overview of
the related research.).
In [Lee 95a], Y.S. Lee presents a method for global tool interference
checking in 5-axis machining. The proposed method is working in two
phases. During the first phase, the tool position is checked for possible
interference with the convex hull of a check surface being considered. If
interference is detected, the switch is made to the second checking phase. In
this second phase, the tool interference is calculated and the tool orientation
is corrected if needed. The advantage of this method over other similar
methods lies in the computational efficiency. The first conservative checking
phase is extremely fast, while the second phase delivers a solution to the
collision problem. The disadvantage lies again in the fact that this method
can only avoid collision between the known entities in the CAM-system:
tool/toolholder and part.

[Lauwers 99] presents a collision avoidance approach based on a workspace
model which has been incorporated in the CAM-system. A workspace model
is a model describing all tool positions which are reachable by the machine.
In the CAM-system, the workpiece is positioned in this workspace model. The
workspace model is always constructed for a fixed tool orientation or a cone
specifying allowed tool orientations. This cone contains all tool postures with
an inclination less than e.g. 10°. Figure 5-4 shows the workspace model for
an Ingersol Hexapod and a cone of 5° limiting the tool inclination. By means
of this workspace model, the CAM-system can perform a fast interrogation on
the feasibility of a generated tool posture. 
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Until now, the workspace model only has been implemented for PKM’s
(Parallel Kinematic Machines). PKM’s often collide with themselves and in this
case an ‘a-priori’ approach like a workspace model is sensible. However, the
system is applicable for common 5-axis milling machines as well. In that case
the workspace model will be representing the axis limitations of the machine.

Figure 5-4 : B-rep representation of a workspace model
for a given cone of 5° [Lauwers 99]

In [Kruth 99] and [Lauwers 99], the post-processor and NC-simulation
system has been integrated in order to create collision avoidance capabilities
(figure 5-5). The integration of these two components enabled the possibility
to modify and correct the NC-code during postprocessing. In this way,
collisions can be solved without the long iteration step of returning to the
CAM-system. An additional advantage of this approach lies in the fact that
the CLDATA is not altered. Collision avoidance actions which are available at
the postprocessor level are:

� Translate the clamping position of the workpiece on the
machining table (only valid for machines with 2 rotary axis in the
table).

� Extend the tool length (only allowable in soft materials or with
large and stiff tools)

� Axis pose re-configuration using machine redundancy. Make
use of the available machine redundancy to reconfigure the position
of the various axes to change from redundant position A to redundant
position B. In a 5-axis machine, each posture of the tool w.r.t. the
workpiece can normally be achieved by two redundant machine
positions (A and B). E.g. flipping the two rotational axes over some
plane of symmetry will result in the same tool posture.
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Although this approach proved to be useful, some collisions are not avoidable
by postprocessor action. On the other hand, this approach turned out to be
very fruitful for PKM’s, since these machines usually offer quite a lot of
redundancy. Looking to the most common type of PKM, the hexapod,
additional redundancy is found in the rotation of the platform. This rotational
degree of freedom can be used to solve a collision of the internal structure
(collision between the legs) of the hexapod.

Figure 5-5 : Information flow of the NC-postprocessing 
and simulation software [Kruth 99]

Collision avoidance also found its way to commercial CAM-systems.
OpenMind introduced 5-axis collision-free tool path generation in its
hyperMILL CAM-software [Ams 00][Koch 99]. For this specific case, collision
avoidance is also executed based on the information available in the CAM-
system (which is tool, toolholder and workpiece). This approach proved to be
useful for complex workpieces where the chance for collision with tool and
toolholder is very high (e.g. impellers). Other specific niche-players in the
CAM market, like NREC (now Concepts ETI, developing CAM-software for the
machining of blisks), also provide solutions for  collision avoidance at this
level.
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5.3. Developed global collision avoidance 
concept

5.3.1. Introduction
Before developing a global collision avoidance system at machine level, an
investigation has to be made about the information present in the different
steps of the multi-axis milling process flow (see also figure 2-2). Also, the
possibility to influence the tool path or NC-program at the different stages of
this process flow is important to know. The result of this investigation can be
found in table 5-1.

From the investigation in table 5-1, following conclusions can be drawn :
� All the information needed to detect collisions at machine-level and to

decide on the collision avoiding action is provided in the NC-
simulation system.

� The place where most influence can be exerted on the tool path is in
the CAM-system.

As a consequence, only an integration of a CAM-system and NC-simulation
system can lead to a 100% collision-free tool path generation. Only in this
way the collision information on machine-level can be fed back to the CAM-
system in a structured way. Important to notice already at this stage of
conception is that the CL-DATA generated by this integrated system will no
longer be machine-independent. This sacrifice is necessary in order to enable
global collision avoidance. 

5.3.2. Basic concept
A control loop is constructed for generating a collision-free tool path
(figure 5-6). The different modules within the control loop are :

Available information Tool path / NC-program

CAM-system Workpiece, tool, toolholder Modifiable

Postprocessor No model information available Modifiable to some extend (1)

NC-simulation system Workpiece, tool, toolholder, 
machine

Not modifiable

(1) :  a defined tool posture can be realised in two different ways on most multi-axis 
milling machines.  Two different configurations of the head or table can be chosen, both 
realising the same tool posture.

Table 5-1 : Overview of the present information and the possibility to exert 
influence on the tool path in the different stages of the multi-axis 

programming flow.
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� Tool path Generation Module
� Kinematics Engine
� NC-simulation System
� Collision Avoidance Module

Figure 5-6 : Control loop for automatic collision avoidance

Each generated tool path posture (x,y,z,i,j,k) is directly converted by the
kinematics engine into a NC-block3 and checked for collision by the NC-
simulation system. If collision happens, the ‘collision avoidance module’
applies a collision avoidance algorithm. Three different collision avoidance
algorithms have been developed :

1. Tool orientation modification
The first algorithm tries to solve the collision by proposing a new tool
orientation. The modified tool posture is again checked for collision. The

3. A NC-block consist of one line of NC-code as it can be interpreted by the machine 
controller.
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search for a collision free tool posture may require several iterations
(loops). The iteration loop will be continued until a valid tool posture is
found or if a limit condition is reached. The most common limit condition is
a maximum number of iteration steps.

2. Axis pose re-configuration
If the collision can not be solved by tool orientation modification, the
system proposes the selection of an alternative machine axis configuration
as a second collision avoidance algorithm. In this case, the tool is retracted
after it’s last collision-free tool posture, the machine is reconfigured and
the tool engages again. 

3. Tool retract
If the reconfiguration of the position of the machine axes is not capable of
avoiding the collision, the system forces a tool retract. The tool will not be
re-engaged at the same position (same drive point). It will skip a number
of drive points and will be re-engaged when a new collision-free tool
posture is found along the tool track. The un-cut material will be identified
as rest material, for latter removal.

The communication between the different modules of figure 5-6 is treated in
paragraph 5.4 Control loop design. Furthermore, the three different
algorithms are discussed in separate paragraphs, all located in paragraph
5.5 Collision avoidance methods. 

5.4. Control loop design
Before starting with the implementation of the control loop, several
influencing factors need to be investigated :

� What information need to circulate in the control loop in order to
make the iteration process as effective as possible ?

� What alterations need to be made to the original software modules in
order to make them capable of processing one NC-block at a time ?

The information needs are described in the first subparagraph (5.4.1.), while
the modifications to the original modules are described in paragraph 5.4.2.

5.4.1. Information contents
With regard to the information needs of the collision avoidance system, three
different kinds of data can be distinguished :
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���� Initialisation data for the NC-simulation system
At start-up, all necessary data need to be made available to the NC-
simulation system. This data consists of :
���� geometrical data of the workpiece, tools, fixtures and 

general check geometry
In the system developed here, the geometrical data is passed in the
native NC-simulation data format, which is based on the STL-format
(see also paragraph 2.3.5.2 Faceted models). This data can be
generated by the CAM-system.

���� tool data
All relevant tool data (diameter, length, corner radius etc.) is passed
to the NC-simulation system and filled in its tool database.

���� orientation of the workpiece in space and in relation to the 
machine origin
It is important that, in the NC-simulation system, the workpiece is
positioned on the machine in the appropriate way. This is done by
means of a supplementary coordinate system (called CA4-coordinate
system) in the CAM-system. This coordinate system is mapped on the
machine coordinate system of the NC-simulation system (a figure
explaining this for the actual implementation can be found in
Appendix B - B.2 Implementation issues).
In the developed prototype system it is difficult to position the CA-
coordinate system in the CAM-system, because of the fact that the
dimensions of clampings etc. need to be taken into account. A
possible way of improving this would be by positioning the workpiece
directly in  the NC-simulation system and then determining the
position of the CA-coordinate system in the CAM-system from this
situation.

���� machine scenery
The machine scenery is the description of the coherence of the
different machine components and is defining the kinematics of the
machine.

���� controller information
The controller information specifies the behavior of the NC-controller
used on the real machine. With this controller information, the NC-
simulation is capable of translating NC-statements into movements of
the virtual machine which are corresponding to the reality.

4. CA stands for Collision Avoidance
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���� Process input data for the NC-simulation
During simulation, data need to be passed from the CAM-system through
the kinematics engine to the NC-simulation system. These data are :
���� Machine axes values X,Y,Z,A,B (in a NC-statement)
���� Axes configuration choice

The functionality of this parameter is explained in section 5.5.3. Axes
pose re-configuration for collision avoidance.

���� Collision pairs to be checked
Collision pairs are couples of elements to be checked. The elements
which can be checked with each other for collision are listed in
table 5-2. The main reason why collision checking can be triggered on
or off for these collision pairs, is that with each supplementary
collision check the performance of the NC-simulation is decreasing.
Therefore, it is important to determine the critical set of collision
pairs, in order to minimize the time needed for NC-simulation.
In this table, a distinction is made between machine head and
machine tool. The reason for this is that the chance for having
collision between machine head and other components is usually
larger than the chance for having collision between machine tool and
other components.  
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Part Faces X X* X
Machine Head X 0
Machine Tool X

Tool Holder
0 : not valid for collision check
X : possibility to switch collision check on/off
* : if the part is positioned on the table it collides with the machine tool
** : switching this feature on will decrease performance of the 
system. Gouging conditions are supposed to be handled by the CAM-system.

Table 5-2 : Matrix with collision pairs
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���� Data from the NC-simulation system to the avoidance module
The collision avoidance module is fed with data from the NC-simulation
system. Depending on the choice for a certain simulation system, the
contents of the information flow from the NC-simulation system towards
the collision avoidance module can differ. The actual NC-simulation
system delivers the following information flow :
���� Status of collision

The collision status is binary. Either collision is detected by the NC-
simulation system, or the actual position is collision-free. Near-
collision situations are not detected.

���� Collision class
The collision class is the description of the pair of colliding elements.
Special codes are given for describing the crossing of limits of the
different axes.

���� Collision curve
In order to have an impression on the seriousness of the collision, the
depth of collision should be passed from the NC-simulation system to
the avoidance system. The depth of collision can help the collision
avoidance system to determine whether a collision avoidance action is
successful or not. However, this parameter is not available in the
simulation system and therefore the length of the collision curve was
chosen instead (figure 5-7). Some of the available commercial
simulation systems (e.g. IGRIP) are not giving back any information
(nor collision depth, nor length of the collision curve), which would
complicate the development of fast and reliable collision avoidance
algorithms even more.

���� Collision vector
The collision vector is the vector pointing away from the tool axis
towards the centre point of the collision curve (figure 5-7). This
vector can be used in the avoidance module to adjust the actual tool
posture in order to generate a collision free tool posture. Since severe
collision will generate multiple collision curves, the collision vector will
be pointing to the longest collision curve.
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Figure 5-7 : Collision curve and collision vector

���� Tendency
The tendency variable is used to show which of the following
conditions holds :
� The length of the collision curve has been monotonously

increasing or decreasing during the last movement.
� The length of the collision curve has been increasing AND

decreasing during this last movement.

5.4.2. Module adaptation for realizing the control loop
According to figure 5-6, four different modules are involved in the control
loop mechanism. These modules need to be adapted in order to allow single
tool posture processing. Besides this, the information flow (described in
paragraph 5.4.1.) need to be established in order to provide all the necessary
data to all modules.

In the prototype software developed within this research work, the NC-
simulation system is working as a black box in non-graphical mode. This
means that the movements of the machine are not visualized while the
collision avoidance system is running. The reason for this is that the
visualization process of the moving machine objects is not necessary and
consuming to much CPU-power. However, the possibility exists to replay the
executed commands in the NC-simulation system afterwards. This will help
identifying errors in the development of the collision avoidance algorithms.

collision vector

tool axis

centre point

collision curve
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The different components of the collision avoidance system have all been
integrated into the CAM-system (figure 5-8). A control module has been
added in order to control the different actions taking place in the system. The
arrows in figure 5-8 have the following meaning : the arrow points from the
module which is calling towards the module which is called (‘calling
convention’). For each call, information exchange is taking place between the
two involved modules.

The tool path generation module is always available in the CAM-system. In
this research work, the optimization of the tool posture has been included in
this tool path generation module as well. The NC-simulation system is
linked to the CAM-system through a communication interface. This
communication interface creates the possibility to link other NC-simulation
systems. The communication interface between the CAM-system and the NC-
simulation system is described in appendix B as well as the data structure
needed for this. For the comprehensibility, the kinematics engine (see
figure 5-6) has not been included in the representation. However, it can be
seen as an additional step before entering the NC-simulation block. The last
module which is linked to the control module is the collision avoidance
module. In this module, all collision avoidance actions are calculated.

Figure 5-8 : Global software architecture 
for the collision avoidance module.

A short overview of the available commands is given here :
���� Start simulation

Start the simulation system in non-graphical mode.
���� Initialize simulation

Provide all the necessary information on workpiece, workpiece position on
the machine, etc. 
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���� Update tool
To update the present tool information. Necessary if tools are added or
modified during collision avoidance actions.

���� Check collision
The collision is checked while checking also intermediate tool postures in
the movement from the previous tool posture to the actual one. The
distance between the intermediate tool postures is determined by a
specified tolerance.

���� Check collision simplified
The collision is checked for the next tool posture. The intermediate
positions are not checked. 

���� Move to
With this command, the machine can be set to a specified position while
not performing any collision detection. This is useful when the previous
movement needs to be rechecked for collision. By means of the
‘move to’-command, the machine tool is repositioned in the previous
position.

���� Stop simulation
Ends the simulation process.

5.5. Collision avoidance methods
According to paragraph 5.3.2., three different collision avoidance approaches
are possible : tool posture adjustment, axis pose re-configuration and tool
retract. The control module will decide what collision avoidance action should
be tried first. In a first stage, tool posture adjustment will be used to
overcome the collision problems. If this proves not to be successful, a re-
configuration of the position of the machine axes will be suggested as a next
collision avoidance action to be undertaken. As a last stage, a tool retract will
be forced and the CAM-system will generate rest material for the positions
where the tool is not in contact with the workpiece. As soon as a re-entry of
the tool is possible, the tool will engage again.

It is important to notice that other collision avoidance actions are possible.
Details on these methods as well as the reason why they have not been
selected can be found in paragraph 5.5.4. Other collision avoidance actions.
The different collision avoidance methods are discussed in the following
paragraphs (5.5.1. to 5.5.3.). 
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5.5.1. Tool posture modification as collision avoidance 
action

Of all available collision avoidance methods, this one is the most powerful
and versatile collision avoidance technique. The tool posture is changed in
such a way that the contact point of the tool remains the same and that only
the orientation is changed. While the principle is easy, extreme care need to
be taken to make the tool posture changing algorithm robust. This
robustness is necessary to avoid unwanted and dangerous tool movements
caused by the collision avoidance action.

This collision avoidance method will make extensive use of the information
returned by the NC-simulation system. This information comprises the
collision type, the centre of the collision curve, the length of the collision
curve and the collision vector (see also 5.4.1. Information contents). Other
necessary information will be retrieved from the tool path generation module,
like the actual tool posture and the bounds for the inclination angle (θk,min
and θk,max) and the screw angle (ϕk,min and ϕk,max). These bounds are not
constant, but will be different for each tool posture. The calculation of these
bounds is treated in 5.5.1.4 Calculation of the bounds. It is important to
notice that none of the information is directly passed from tool path
generation or NC-simulation module to the collision avoidance module, but
that all information is centralized in the control module.

Two different algorithms have been developed for collision avoidance by
changing the tool posture :

���� Aggressive algorithm for collision avoidance
This algorithm tries to find a collision-free tool position as fast as
possible. These ‘quick’ collision-free tool positions are not always
optimal in the sense that the change of inclination and/or screw
angles may be larger than really needed. 

���� Smooth algorithm for collision avoidance
As an answer to the main disadvantage of the previous method, this
algorithm will try to find better collision-free tool path positions. It
searches for collision-free tool positions very close to the collision
(just not colliding). This will result in a more smooth tool path and is
therefore called as such.

5.5.1.1. Aggressive algorithm for collision avoidance
The first tool posture which has been checked for collision is normally one
with an inclination θk,min. This θk,min should be regarded as the minimal
achievable inclination, as it has been calculated by the optimization algorithm
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in the tool path generation module. If this proposed tool posture turns out to
be colliding, the scheme illustrated in figure 5-9 is followed for further
collision avoidance actions. The first check for the tool posture with an
inclination of θk,min is shown in figure 5-9 as check number 0.

Figure 5-9 : Graphical representation of the aggressive algorithm 
for finding a collision free tool orientation

The algorithm uses a kind of Bisection Search Method to find a collision free
tool orientation within the given bounds for inclination and screw angle. The
algorithm continuously switches between the bounds of the inclination angle
and the screw angle. This means that after each check within the bounds of
the inclination angle, a full search is done within the bounds of the screw
angle. After this full search for the screw angle, the algorithm checks the next
position for the inclination angle and if the collision still occurs, the search
within the bounds for the screw angle is repeated. The number of checks
within each bound can be set by the user. In the example of figure 5-9, the
number of checks for the screw angle is set to five.

Search direction
The direction of search for the inclination angle is always positive (increasing
angle). A search in the negative direction, starting from a given inclination
angle generated by the tool path generation module, would increase the
chance for gouging. 
The direction of search for the screw angle is as such that the tool will move
in the opposite direction of the collision vector (see its definition in section
5.4.1.). This collision vector is calculated after each collision check. Further,
after each check, the system evaluates the length of the collision curve. A
decreasing length means that the chosen direction is the right one. An
increasing length will start a search in the opposite direction.
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If the search direction is reversed more than once, the conclusion is that the
collision avoidance algorithm is trapped in a canyon. This means, that the
collision length is increasing whatever direction is chosen. A possible solution
to this is then to take a larger step value of the screw angle, to move out of
the canyon.

Oscillations
At each occasion of a new generated tool position, the tool path generation
module will try to decrease the value of the inclination angle and
increase/decrease the screw angle back to 0°. These changes on θ and ϕ are
constrained by the bounds on inclination and screw and the gouging
conditions.
However, this angle decreasing action of the tool path generation module can
cause oscillations in the tool path at certain occasions. An example of such a
tool path is shown in figure 5-10. The tool path in this figure is representing
the movements of the tool tip.

Figure 5-10 : Oscillation in the generated tool path for the foot of a blade 
(entire blade can be seen in figure 5-17)

Tool posture 1 (not shown in figure 5-10) was colliding and as a consequence
avoidance was applied. This is tool posture 1*. The second tool posture is
positioned closer to the surface by the tool path generation module
(decreasing inclination and screw) and is collision-free. Tool posture 3 is
again positioned closer to the surface and is colliding. As a consequence,
collision avoidance action is undertaken and inclination and screw are
increased to find a collision-free tool posture. This is tool posture 3*. The
process then repeats itself for the next tool postures. 
These kind of oscillations form a main reason to switch over to the smooth
collision avoidance algorithm.

Stop condition
The algorithm stops when a collision free tool position is found or when a
maximum number of checks is exceeded.

1*

2 3*

3 4 5*

5
6 7*

7
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5.5.1.2. Smooth algorithm for collision avoidance
The smooth algorithm tries to find a collision free tool path position which is
closer to the collision area. The algorithm is similar to the previous one, but
as soon as a collision free tool position is found, the Bisection Search Method
is continued in the opposite direction. An example is given in figure 5-11. 

Check number 1 is collision free and thus the algorithm proceeds testing in
the other direction (position number 2). In this example, position 2 has
collision and the algorithm proceeds by evaluating the change of the screw
angle. If collision still occurs, the algorithm further checks position 8 (middle
of position 1 and 2).

Figure 5-11 : Graphical representation of the smooth algorithm 
for finding a collision free tool orientation

It is important to state that even this smooth method will result in a sub-
optimal collision-free tool posture. Because discrete steps are taken during
the collision avoidance, there will always exist a collision-free tool posture
which will be closer to the collision then the actual one.

The smooth algorithm requires more iteration steps (detailed numbers are
given in section 5.5.5. Examples). It’s up to the user whether to make the
choice between a fast aggressive tool path generation or a more smooth and
optimized tool path asking more CPU time.

5.5.1.3. Optimization of the avoidance methods
Both collision avoidance methods require a number of collision checks by the
NC-simulation system, heuristics can help to speed up the convergence
process.

Inclination

Screw

 θ  θ
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on direction of collision vector
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A first action which can help to accelerate the convergence process towards a
collision-free tool posture is called : ‘learning’. With this approach, the
information of nearby already processed tool postures is used. If a collision
was avoided in a neighboring point by changing the tool orientation, the next
colliding tool posture will directly be changed to a posture similar to the
previous one. This ‘learning’-approach is not only making the collision
avoidance faster, it will also make the tool path smoother. This is because of
the fact that all collision avoidance actions will have the same direction.

The second implemented heuristic which is capable of speeding up the
avoidance process is : estimate the success rate of avoidance. This
heuristic is useful when applying the technique of intermediate drive points
(see section 4.3 Peculiarities of the part/drive surface mechanism). Assume
that a tool posture is checked for which all neighboring tool postures proved
to have an inevitable collision. In this case, it is not making sense to put to
much effort in this tool position when it is colliding. In this implementation,
no collision avoidance action is undertaken if a colliding tool posture has only
colliding neighboring tool postures. An improved algorithm could possibly let
the allowable number of collision avoidance actions vary according to the
estimated success rate of avoidance.

So far, these are the only two heuristics implemented. Further tuning of the
collision avoidance module for a certain range of products can possibly
involve the use of more heuristics.

5.5.1.4. Calculation of the bounds
The maximum and minimum angles for the inclination angle (θk,min and
θk,max) and the screw angle (ϕk,min and ϕk,max), depends from the tool
position (k) and are defined based on two rules :

� There are user-defined absolute and minimum values for both angles
(θmin and θmax) and (ϕmin and ϕmax). 

� The speed of angle change may not exceed a given value. This means
that drastic changes of the tool orientation are not allowed.

The first rule is imposed by the user, who can limit the tool inclination and
screw to a certain minimum or maximum. The second rule need some
clarification. Common engineering intuition, which is in fact a wonderful but
sometimes dangerous thing, expects that drastic changes of the tool
orientation over a short tool path distance are influencing the surface quality
in a bad way. As a consequence, the influence of the speed of change of the
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inclination angle has been investigated. A flat surface was machined and the
inclination was changed from an initial value down to zero and this over a
distance of 50 mm (table 5-3).

From table 5-3 it can be seen that the error on the surface is increasing when
the speed of change of tool orientation increases. This maximal surface
deviation error are found at the beginning and the end of the tool orientation
change.

More experiments with tool orientation changes of 5, 10 and 20 degrees over
different distances of 20, 40, 60 and 80 millimeters have been executed in
the PMA-lab. These tests were done on steel UHB11 (1.0820) at a cutting
speed of 100 m/min and a feed of 0.05 mm/tooth on the 5-axis MAHO 600C
milling machine. These test confirm the fact that the largest surface deviation
error is found at the beginning and at the end of the tool orientation change.
Furthermore, a global shape error is found as well as a superimposed
oscillation. This last error (oscillation) seems to be machine-specific and was
not found on tests on a MECOF Speedstyle machine.

Initial
inclination θ

Surface 
deviation error

3° 10 µm

5° 13 µm

8° 18 µm

10° 20 µm
Workpiece material : Avional T4

Tool ø20cr3.5 mm
vc=350m/s, feed = 0.2 mm/tooth

Machine : MECOF Speedstyle

Table 5-3 : Error as a function of speed of change of tool orientation

�

50 mm
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Figure 5-12 : Waviness profile for variation of 10 degrees over a track of 
80 mm. The profile has been measured with a Rank Taylor Hobson 120L.

Toroidal cutter ø20cr4 mm, depth of cut 1 mm, 
workpiece material : steel UHB11

The roughness value Ra is almost not influenced by the tool orientation
change. This is illustrated in table 5-4, where the results of cutting tests on
the changes of tool orientation are depicted.

As a conclusion to these experiments, it is important to notice that the errors
found can differ from machine to machine. However, it is expected that for
every machine an increase of the measured error will be found for faster tool
orientation changes.

Tool orientation change
5° to 0° 10° to 0° 20° to 0°

D
is

ta
nc

e 
of

 c
ha

ng
e

80 mm 1.70 µm 1.58 µm 1.75 µm

60 mm 1.76 µm 1.60 µm 1.91 µm

40 mm 1.72 µm 1.72 µm 1.66 µm

20 mm 1.84 µm 1.67 µm
Workpiece material : UHB 11, machine : MAHO 600C

Tool : ø20cr4 mm
Depth of cut : 1 mm

Table 5-4 : Measured Ra-values

start of tool 
orientation change

end of tool 
orientation change
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The way the bounds are influencing the actual tool path generation is shown
in figure 5-13. This figure is dealing with the bounds on the screw angle.
Similar figures can be constructed for the inclination angle.

Figure 5-13 : Calculation of the allowable screw angles
for collision avoidance

The absolute maximum and minimum values are displayed by the dotted
lines (e.g. ± 45 degrees). The collision area is indicated by the gray region
(just as an example). Tool postures generated by the tool path generation
module are numbered as 1,2,3,4,... and are all characterized by a screw
angle of 0°. Tool posture 1 is collision-free, while the posture 2,3,4 are in the
collision area. In order to find the bounds for correcting tool posture 2, two
lines with a slope defined by the maximum speed of angle change are
constructed in point 1. The valid range R2 can be easily drawn. After this, a
collision-free tool posture is found within the defined bounds (2*). The valid
ranges R3 and R4 are constructed in a similar way, by constructing lines
starting in the points 2 and 3. Note that range R4 is bounded by the
maximum value ϕmaximum. The tool path positions 2,3,4,... are corrected to
positions 2*,3*,4*,... .

Many CAM-systems, as well as the one used for this research work, are using
non-sequential tool path generation. The basic algorithm for this non-
sequential tool path generation is explained in paragraph 4.3 Peculiarities of
the part/drive surface mechanism. With regard to the intermediate tool
postures, bounds are not only set by the previous point, but also by the next
point. This is illustrated in figure 5-13, for the tool posture with number 3.1 .
The range for the valid screw angles has to be defined by constructing lines
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in the two neighboring points 3 and 4. The example also shows, that even if
the tool path position 3.1 is collision free, it has to be corrected to 3.1* in
order to fulfill the requirements of the smooth angle change.

Practical experiments showed that the speed of change of tool orientation
need to be much larger than what has been used in the experiments shown
in table 5-3, figure 5-12 and table 5-4. This forms a dilemma for the user :

� If a larger speed of tool orientation change is chosen, this will affect
the realized surface quality. However, this will result in a more
powerful collision avoidance system.

� If the speed of tool orientation change is limited, the collision
avoidance will be less powerful, but the surface quality will remain at
the expected level. On the other hand, this choice results often in
areas where restmaterial need to be removed afterwards. This
restmaterial removal is done with ball nose cutters, which are not an
ideal choice for a good surface quality result.

5.5.2. Tool retract as collision avoidance action
This is the most easy collision avoidance action, as it is not requiring any
iteration steps. If the control module decides to generate a tool retract, all
further calculations for this tool posture can be omitted and the tool is
retracted along the tool axis. This retract is generated starting from the
previous tool posture, which is the last collision-free tool posture. 

It is important to notice that even this retract action can cause collisions.
However, with the actual collision avoidance system it is not possible to check
for collisions during retract or engage movements. Since this is only an
implementation issue, almost no further research is required in order to
incorporate modifications of the retract direction into the collision avoidance
system.

A first practical example of this tool retract is shown in figure 5-14. This
figure shows the tool path in the CAM-system for the machining of part of a
propeller blade. The tool retracts along the tool axis due to collision between
the machine head (of a large 2RAH-machine) and the foot of the blade. 
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Figure 5-14 : Tool retract due to collision between machine head 
and part of the propeller blade

Figure 5-15 shows another practical example. A car mirror is cut on a large 5-
axis machine (also 2RAH-configuration). An additional block is sticked to the
lower side of the mirror. The collision avoidance system generated a tool
retract in time to avoid collision with the block.

cutting
movement

engage

retract
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Figure 5-15 : Machining of a car mirror

5.5.3. Axes pose re-configuration for collision avoidance
The re-configuration of the head as a collision avoidance action was first
introduced by Kruth et. al. in [Kruth 99]. This seemed to be also a valid
approach for use in the collision avoidance system developed in this work.
Figure 5-16 gives an impression of the collision avoidance potential of this
approach, here demonstrated with a table axis re-configuration of a 2RAT-
machine. By re-configuring the rotary axes of the machine, the switch can be
made from one solution space (B<0) to another (B>0).

near collision situation
between machine head
and block

overview of the large
5-axis portal machine

with mirror set-up
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Figure 5-16 : Two possible table configurations realizing 
the same tool posture

Different options are available for axes reconfiguration :
���� Retract - reconfigure - re-engage

In this case, the tool is retracted to a safe distance from the surface
and the machine is reconfigured. This means, that both rotary axes
are reversed in sign. As a consequence, the next tool postures will be
realized with a different configuration of the rotary axes. After
reconfiguration, the tool re-engages on the workpiece.

���� Reconfigure in a degenerated axes position
If - in the example of figure 5-16 - the principal B-axis is zero, then
any value for the second axis (C-axis) will be satisfactory. This is
called a degenerated axes position. The C-axis is now parallel to the
tool axis and therefore has no influence on the orientation of the tool
w.r.t. the clamping plane.
As a consequence, the switch between both solutions spaces (B<0
and B>0) can be made by going through the degenerated position. In
that degenerated position, the B-axis can be switched without the
need for tool retraction.

Both head-reconfiguration methods will cause surface marks on the
workpiece. The first method will leave surface marks at the point of re-
engagement on the workpiece. In the second method, the cutter will stay for
a long time on the same spot on the workpiece while the C-axis turns 180

Colliding elements

Solution 1 Solution 2

C

C

B

Identical tool orientations

B
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degrees for switching to the other solution space. This long contact time of
the cutter on the surface will also cause local undesired marks on the
surface.

Important to notice is the fact that the reconfiguration of the axes is not
having any effect on the tool path in the CAM-system. Postprocessing this
tool path again afterwards with the normal postprocessor will lead to a NC-
program which can differ from the NC-code generated in the collision
avoidance system and cause collisions.

This described problem is solved by adding a number to the tool posture (e.g.
xyzijk1), which means that the first axes configuration will be chosen by the
kinematics engine and the general postprocessor (see also section
5.4.1. Information contents). The disadvantage of doing so is that the CL-
DATA-file will also become different from the standards. On its turn this
difference can lead to postprocessor problems.

5.5.4. Other collision avoidance actions
To be complete, other collision avoidance methods are listed which has not
been implemented in the prototype software [Kruth 99]. Most of these
collision avoidance methods are only suited for a specific type of 5-axis
milling machines or for a specific type of application. For these reasons, the
implementation of these alternatives has been ranked lower on the priority
list which has been set up at the start of the research work.
���� Extending the tool length

This collision avoidance method is subject to a lot of restrictions like :
� A tool with inserts usually cannot be extended.
� In case of heavy machining, longer tools are often inadmissible for

cause of vibrations and/or chatter.
� If the decision to extend the tool is taken during the generation of the

NC-program, this will require the entire tool path to be regenerated.
However, for certain type of applications (small forces : e.g. model making
in wood), the restrictions listed above are not so strict. In this kind of
applications, longer tool lengths can be used because cutting forces are
lower.
This method would enable the reduction of eventual restmaterial left at
places where - in the actual prototype - the tool has been retracted for
reason of collision avoidance. On the other hand, during restmaterial
removal shorter ball nose cutters will be used for which the tool inclination
is not as critical as for the toroidal and cylindrical cutters.
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���� Changing the clamping positioning [Kruth 99]
This kind of collision avoidance can influence the actual collision behavior,
only for machines of the type with two rotary axis in the table (2RAT-
type). Changing the clamping positioning can avoid collisions between
tool(holder) and machine table. The reason for this is that for this kind of
machines the rotary axis values depend on the position of the workpiece
on the table.

���� Changing the entire set-up
When collision appears with a clamping element, modifying the geometry
and/or position of the clamping devices would probably help avoiding the
collision. However, this rebuild of the set-up is difficult to automate and
will also require the entire tool path to be regenerated, since the new
position of the clamping devices may now induce collision at another point
on the tool path.

5.5.5. Examples
The tool path for the foot of the propeller blade (figure 5-17) has been
generated with and without collision avoidance. Without collision avoidance,
only 5% of the foot could be machined, while with collision avoidance, more
than 80% could be machined. The rest of unmachined regions are defined as
restmaterial that is used as input geometry for a next operation. In this next
operation, the restmaterial will be removed.

Figure 5-17 : Collision-free tool path for the foot of a blade
with smooth avoidance

In the tool path on figure 5-17, it looks like the changes of tool orientation
are quite heavy. This is not really so, because the depicted tool path is
showing the movements of the tool tip. The tool contact point moves on a
smooth curve. In this case, the allowable speed of change of orientation has

foot area
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been increased up to 1°/mm, otherwise the tool path could not be generated
completely. This increase of the allowable speed of tool orientation change
will certainly cause larger surface deviation errors. However, for this specific
case, the propeller blades are polished afterwards so that the required
surface finish can be achieved.

When the tool path is replayed in the simulation system (figure 5-18 and
figure 5-19), the collision avoidance action can be seen and evaluated.  

In order to compare the different collision avoidance methods, a benchmark
has been set up. The benchmark was performed on a HP 180C UNIX-
workstation and all results given in table 5-5 should be seen in this
perspective. 

Figure 5-18 : Global view of the 
simulation system replaying the 

generated tool path

Figure 5-19 : Detailed view of 
the simulation system
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Retract only 415 353 62 476 8.55 6.88
Aggressive 
avoidance

931 429 502 664 16.38 14.55

Smooth 
avoidance

1672 1144 528 582 32.77 31.00

Table 5-5 : Performance comparison for the different algorithms
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If no advanced collision avoidance is applied (retract only), only 13% of the
checked drive points will turn out to be collision free. The aggressive
avoidance algorithm will result in 76% of the drive points having a collision
free tool posture. The smooth algorithm is even performing better, with 91%
of the drive points ending up collision-free. However, the smooth method is
very time consuming in this case (4 times more time is needed than for the
retract only). The collision avoidance algorithm itself is quite fast, but it can
be seen from the table that most of the time is needed for the increased
number of collision checks in the simulation software.

The number of drive points is increasing for both aggressive and smooth
avoidance methods w.r.t the retract only method. This increase can be
attributed to the number of supplementary intermediate drive points (IDP’s)
which need to be generated in order to keep the tool path within the
requested intol-outtol-range.

5.6. Conclusions
The developed collision avoidance system is capable of detecting and
avoiding collision situations for multi-axis milling. The construction of this
collision avoidance system required significant changes to the CAM-system.
The fact that additional actions (postprocessing, simulation, collision
avoidance) are necessary to guarantee a collision-free tool path, makes the
system about 50 to 100% slower than a normal CAM-system. The real value
can differ according to the number of collision avoidance actions and the
actual complexity of the geometry of workpiece, machine and fixtures.
According to the type of the workpiece, custom tuning of the algorithm can
be necessary in order to achieve its maximum performance. 

The fact that the collision avoidance system is slower than a traditional CAM-
system is a disadvantage of the developed prototype. However, the
intervention of a human operator is not necessary anymore. In the traditional
iteration process (see 2.4.3.2 Collision detection mechanisms), the human
operator is typically dealing with the collision feedback provided by the NC-
simulation system for correcting the tool path in the CAM-system. This is a
lengthy action, taking much more time than the time difference in generating
the tool path by the CAM-software, that is becoming superfluous in the
proposed collision avoidance system.

Further improvements in the development of the collision avoidance
algorithms are still possible. Not only by further implementing heuristics, but
also by using the expertise of the CAM-operator where possible. One
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possibility for doing so is to ask CAM-operator assistance when severe
collisions are happening. At that time, the NC-simulation system can be
opened in graphical mode (e.g. figure 5-18 and figure 5-19), showing how
the actual collision situation looks like. The user than can give a direction of
improvement or initiate different actions. 
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C H A P T E R

CONCLUSIONS AND
RECOMMENDATIONS

6.1. Conclusions
This dissertation describes a conceptual framework and the development of
an integrated CAM-environment, enabling the creation of improved 5-axis
milling tool paths. The main resulting improvements to tool paths are
twofold : on the one hand the surface quality is improved, while on the other
hand the chance for collision at the machine is reduced drastically. 

The research presented in this dissertation resulted in software components
which have been integrated into a standard CAM-system. The different
developments are summarized separately in the following paragraphs.

6.1.1. Operation planning
During the set-up of a multi-axis finishing operation in a CAM-system, a lot of
choices need to be made by the user. In order to assist the user in this
decision making process, an operation planning system has been developed.
This system operates in the CAM-system and its results are the foundations
for the definition of all multi-axis finishing operations on the selected part
surfaces.

First, the part surface(s) are analyzed to identify the concave, convex, saddle
and (near) flat areas. The user can influence the number of milling areas to
be distinguished and can also require the milling areas to have a minimal
size. In a later stage, the user can also interactively force different milling
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areas to be merged together. In this stage, the maximal allowable tool
diameter for the milling area is calculated. For each milling area, the
preferred milling direction is determined.

After the definition stage of the milling areas, drive surfaces can be
generated for all surface areas. These drive surfaces are fitted through a set
of grid points which is generated on the milling area. The isoparametric lines
of the drive surface are oriented according to the calculated preferred milling
direction. The resulting drive surface has a shape which is similar to the
shape of the underlying part surface. As a consequence, this drive surface
will enhance the quality of the tool paths, yielding a higher surface quality.

6.1.2. Tool posture optimization
The five-axis finishing tool path as generated by a standard CAM-system is
not exploiting the possibilities of the five-axis milling process to its limits.
These standard CAM-systems position the tool on the surface with a fixed
orientation w.r.t. the local surface normal.

Although tool orientation optimization is the most popular research topic for
what concerns five-axis milling, this research work shows a new approach to
this problem. It is the first known implementation realized in a standard CAM-
system, which is supporting the drive/part surface approach. As a
consequence, tool posture optimization is now available for tool path
generation on multiple and trimmed part surfaces.

The enhancements carried out in the frame of this research work resulted in
a maximal material removal rate (MRR) during the five-axis milling process.
The inclination angle proposed by the standard CAM-system is modified in
such a way, that the tool is oriented as close as possible to the surface
without causing gouging. In this way, the contact length between tool and
surface is maximized, yielding a maximal MRR. Although improvements were
also realized w.r.t. the obtained surface quality, directions for further
optimizations with this respect are introduced.

6.1.3. Collision avoidance
Until now, collision avoidance was a cumbersome task for the CAM-operator.
He needs to interpret the collision information from the NC-simulation system
and translate it into changes to the tool path in the CAM-system. Therefore,
the CAM-operator needs to rely on its (limited) 3D insight in the complex
collision situation. As a consequence, collision avoidance often requires more
than one iteration before the tool path turns out to be collision-free.
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This research work has realized the integration of the CAM-system, the
postprocessor (kinematics engine) and the NC-simulation process. In this
way, the difficult process of manually feeding back collision information to
the CAM-system and translating it into changes to the tool path can be
eliminated. Each individual tool posture is directly postprocessed and checked
for collision in the NC-simulation system at the time of generation. A set of
collision avoidance algorithms provide the possibility to modify the tool
posture, perform an axis pose reconfiguration or initiate a retract movement
in order to prevent a collision. With these collision avoidance possibilities, the
developed integrated approach outperforms the CAM-operator, not only with
regard to the quality of the resulting tool path, but also w.r.t. the total tool
path generation time.

6.1.4. Integration benefits
Although standard interfaces have been developed for each of the modules,
the power of the approach is the fact that the three modules (CAM,
postprocessor, NC-simulation) are integrated into one CAM-system. In this
way, the developments are closely related and sharing information. 

6.2. Directions for further research
During development and testing of the algorithms presented in this research
work, some possible areas for improvement and/or extension became visible. 

6.2.1. 5-axis tool path generation for triangulated 
surfaces

Triangulated surfaces (= faceted bodies) are gaining importance in the
manufacturing industry. Aestethic objects which have been reverse
engineered, are almost directly available, after measurement, as faceted
bodies. Converting these faceted bodies into polynomial surfaces is a tedious
and time-consuming task. Since almost 5 years, different CAM-softwares
have been developed capable of generating 3-axis tool paths on faceted
bodies. At the beginning of the 21st century, all large players in the CAM-
market have integrated or will be integrating soon 3-axis tool path generation
for faceted bodies. But, the development of modules capable of generating 5-
axis tool tracks on faceted bodies is not yet accomplished. During the
generation of 5-axis tool paths, local surface information is needed in order
find gouging-free tool orientations. The extraction of this local surface
information is still a major difficulty, as described in section 3.5.2 Information
extraction based on faceted bodies.
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A robust algorithm for 5-axis tool posture optimization is not available today.
Extensive research is necessary in order to find suitable algorithms for tool
trajectory design and tool posture determination.

6.2.2. Advanced operation planning
The operation planning module as it has been developed in this research
work, can determine the necessary parameters for five-axis finishing
operations on a surface. However, reasoning on volumes instead of surfaces
allows to extract information for roughing and semi-finishing operations as
well. From this volume information, best practice machining strategies for
roughing the actual workpiece can be deduced as well as optimal tool
selection for minimizing the restmaterial left after semi-finishing. However,
algorithms still need to developed in order to extract this machining
information out of the volume information.

Contemporary CAM-systems are offering this volume information as
In-Process-Workpiece (IPW) information. The user can interrogate this IPW-
information for finding accidental gouges and/or restmaterial. Further
development on the IPW information in the higher described directions will
lead to improved functionality for 5-axis machines during roughing and semi-
finishing.
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A P P E N D I X

 SCALLOP HEIGHT FORMULAS

A.1. Scallop height and step-over 
calculations [Vickers 89]

The calculation of the scallop height (cusp height) of a cylindrical cutter on  a
convex, concave or plane surface has been published many times
[Vickers 89][Marciniak 87]. For the completeness of this thesis, the scallop
height calculations are summarized here.

A.1.1. Scallop height resulting from a ball mill on a plane 
surface

A shown in figure A-1, the expression for the scallop height is given by,

(A.1)h R R2 L
2
---

 
 

2
––=
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Figure A-1 : Scallop height resulting from a ball-mill on 
a plane surface [Vickers 89]

Rearranging equation (A.1) gives,

A.1.2. Scallop height resulting from an end mill on a 
convex, concave or planar surface

As shown in figure A-2, the equation for the elliptical cutter profile projection
is given by,
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Figure A-2 : Scallop height resulting from an end-mill 
on a convex surface [Vickers 89]

For a convex surface,

By combining equations (A.3), (A.4) and (A.5), the elliptical equation
becomes,

Rearranging gives,

Solving for m gives, 
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The resulting scallop height is given by,

For a concave surface, the value of m is given by,

and the resulting cusp height is given by,

For a plane surface as ρ approaches ∞ and therefor cosα=1 and
sinα=L/2ρ. The resulting scallop height is given by,

This can be rewritten as,
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A P P E N D I X

COMMUNICATION INTERFACE

B.1. Definition of the interface
The communication interface exists of function calls and data structures.

B.1.1. Functions calls
A short description of the function calls is given below :

int USIM_Start (int graphic);

description This function is for the initialisation of the dCADE 
command tool-kit and should be called once at the 
beginning of the entire process loop.

parameters graphic
output value error code

int USIM_Init (int mode, USIM_INITDATA_t* inidata);

description This function is called for the initialisation of environ-
ment to let the simulation know some initialisation 
parameters. 

parameters inidata: Structure containing the initialisation
parameters (input). 
mode : the type of initialisation.0 means initialisation
with all data , necessary at the beginning. 1 means
only change the blank and part faces (facets)

output value error code
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int USIM_UpdateTool (USIM_TOOLDATA_t* tooldata);

description This function should be called for a tool change for 
updating the tool data.

parameters tooldata: structure containing the information about
the tool

output value error code

int USIM_CheckCollision (int *collision,
char* ncline, USIM_COLLISION_t* colldata);

description This function runs the collision check for a given NC-
line and fills the collision structure with all calculated 
data, if a collision occurs.

parameters collision : the status of the collision. 0 means no
collision, 1 means collision.
ncline : the given NC-line which should be checked
for collision (e.g. "N10 G01 X10 Y20 Z30 A10 C30")
colldata : structure with all data calculated if a
collision occurs.

output value error code

int USIM_CheckCollSimple (int *collision,
char* ncline, USIM_COLLISION* colldata);

description This function checks the collision for an given posi-
tion and fills the collision structure with all calculated 
data, if a collision occurs. The machine tool is directly 
positioned to the given NC-Line without interpolation. 
The collision check is done only at the given position.

parameters see USIM_CheckCollision
output value error code

int USIM_MoveTo (char* nc_line);

description With this function the machine tool can be set to a 
given position. If a collision occurs the CAM proces-
sor can return to the last valid NC-block, without colli-
sion calculation.

parameters nc_line : NC-Line to be set
output value error code
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B.1.2. Data Structures
In the description of the functions some structures are defined. The detailed
description of the data structures is as follows :

typedef struct USIM_TOOLDATA_s
{
int tool_register_number;
double diameter;
double length;
double radius;
double alpha; 
double beta; 
} USIM_TOOLDATA_t;

tool_register_number id of the tool.
diameter diameter of the tool
length length of the tool
radiuscorner radius of the tool
alpha, beta angle for future version

int USIM_CalcMR();

description This function executes the material removal
functionality. This is only at the end of the whole NC-
Path (NC-program) possible. For future version

parameters none
output value error code

int USIM_Finish();

description This function close the entire simulation application
for further work a new USIM_Start is necessary.

parameters none
output value error code
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typedef struct USIM_OPERATIONDATA_s
{
double tolerance;
int units;
int number_of_part_tags;
int number_of_check_tags;
int number_of_blank_tags;
tag_t *part_faces;
tag_t *check_faces;
tag_t *blank_faces;
} USIM_OPERATIONDATA_t;

tolerance tolerance for the facetting
1. use tolerance direct for facetting the UG faces
2. use tolerance for setting the "cordal error" 
3. use tolerance to calculate the step length

Figure B-1 illustrates the influence of the tolerance on the step length. Pythagoras
helps to formulate their relationship : 

and as a consequence :

Figure B-1 : Influence of the tolerance on the step length

units units of model (1 = millimetres, 2 = inches)
number_of part_tags number of part tag's (faces)
number_of check_tags number of check tag's (faces)
number_of blank_tags number of blank tag's (faces)
part_faces tag_t -id's of part faces
check_faces tag_t -id's of check faces
blank_faces tag_t -id's of blank faces

(B.1)

(B.2)

R Tol–( )2 steplength
2

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

2
+ R2=

steplength 2 R2 R Tol–( )2–=

tolerance 

steplength
 

R-
Tol  

Tol 

steplength / 2

R
 R



Definition of the interface B-5

typedef struct USIM_INITDATA_s
{
USIM_TOOLDATA_t tool_data;
USIM_OPERATIONDATA_t oper_data;
char genius_mtool_name[512];
char controller_name[512];
double UG_MSYS_X_Axis[3];
double UG_MSYS_Y_Axis[3];
double UG_MSYS_Translation[3];
double UG_MTOOL_X_Axis[3];
double UG_MTOOL_Y_Axis[3];
double UG_MTOOL_Translation[3];
int stop_if_collision;
int collision_matrix[6][6]
} USIM_INITDATA_s;

tool_data structure containing all the tool data
oper_data structure containing all the data for faces

of part, check, blank.
genius_mtool_name name of src-file with path
controller_name name of controller model (from genius)
UG_MSYS_X_Axis[3] first vector of transformation matrix 

from MCS to absolute
UG_MSYS_Y_Axis[3] second vector of transformation matrix

from MCS to absolute
UG_MSYS_Translation[3] translation vector from MCS to absolute
UG_MTOOL_X_Axis[3] 1st vector of transformation matrix 

from MTOOL-CS to absolute
UG_MTOOL_Y_Axis[3] 2nd vector of transformation matrix 

from MTOOL CS to absolute
UG_MTOOL_Translation[3]translation vector from MTOOL CS to absolute

M * xNC + T = xabs M * xMTCS + T = xabs
stop_if_collision Flag for stopping the collision calculation during the 

interpolation between two NC-Blocks.
collision_matrix[6][6] Matrix for setting the collision calculation on (1) or off (0).

[0][1] means collision between tool and check
[0][2] means collision between tool and part
[0][3] means collision between tool and machine head
[0][4] means collision between tool and machine tool
[1][3] means collision between check and machine head
[1][4] means collision between check and machine tool
[1][5] means collision between check and toolholder
[2][3] means collision between part and machine head
[2][4] means collision between part and machine tool
[2][5] means collision between part and toolholder
[3][4] means collision between head and machine tool
[4][5] means collision between machine tool and toolholder
See also collision type in USIM_COLLISION structure
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typedef struct USIM_COLLISION_s
{
int type;
double X,Y,Z,I,J,K;
double center_point[3]
double vector[3];
double length_off_coll_curve;
int tendency;
} USIM_COLLISION_t;

type if a collision detects type defines the type of the collision Collision
classes. See also matrix in USIM_INITDATA_s   -(0) tool   -(1) check  
-(2) part   -(3) head -(4) machine (without head)  - (5) tool holder
type collision between
01 (0) and (1)
02 (0) and (2)
03 (0) and (3)
04 (0) and (4)
13 (1) and (3)
14 (1) and (4)
15 (1) and (5)
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0 1 2 3 4 5
Tool 0 X X** X X 0

Check Faces 1 0 X X X
Part Faces 2 X X* X

Machine Head 3 X 0
Machine Tool 4 X

Tool Holder 5
0 : not valid for collision check
X : possibility to switch collision check on/off
* : if the part is positioned on the table it collides with the machine tool
** : switching this feature on will decrease performance of the 
system. Gouging conditions are supposed to be handled by the CAM-system.

Table B-1 : Matrix with collision pairs
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23 (2) and (3)
24 (2) and (4)
25 (2) and (5)
34 (3) and (4)
45 (4) and (5)
91 X axis exceeded
92 Y axis exceeded
93 Z axis exceeded
94 1. Rotary Axis exceeded
95 2. Rotary Axis exceeded

X, Y, Z Position of tool
I, J, K Orientation of tool axis from spindle in direction to contact point
center_point[3] Centre point of the biggest collision curve
vector[3] Vector in UG absolute co-ordinates from tool axis rectangular to the

centre point of collision curve
length_of_coll_curve Length of the biggest collision curve
tendency Tendency of collision curves: 

0 means only increasing or decreasing
1 means increasing and decreasing during the last movement.

 
Remark: The length, centre point and vector data are based on the longest collision curve of the
first found collision object of the simulated NC-Block. The process takes care of all collisions that
occur during the steps between the start and end position of the NC-Block if
USIM_CheckCollision is called. The co-ordinates from center_point and vector are related to the
NC-origin (MCS).

B.2. Implementation issues
For the set-up of the necessary geometrical models (machine model, part
model, fictures,…) in the CAM-system (Unigraphics) and the NC-simulation
system (Unisim), some considerations had to be made.

A general set-up would consider a translation and a rotation of the
programmig co-ordinate system, further referred to as the UG_MSYS, and
the co-ordinate system of the machine, which is considered to be the
absolute co-ordinate system, and is further referred to as UG_MTOOL. The
data would be a vector for translation UG_MSYS_Translation[3] and 2 vectors
for rotation UG_MSYS_X_axis[3] und UG_MSYS_Y_axis[3].

The other possibility is a translation only. This would mean that the
orientation of the UG_MSYS should be oriented like the UG_MTOOL on the
machine. As the user has to consider the machine tool for his programming,
it should be possible also to consider the orientation of the programming co-
ordinate system. Therefore it is assumed that for the set-up there will be a
translation of the co-ordinate system only. This defines the following transfer
of data between the core module (UG=Unigraphics) and the simulation
system (Unisim):
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The geometry data in UG is represented in the absolute co-ordinate system.
As a first step, the UG_MSYS co-ordinate system will be positioned to this
absolute co-ordinate system with the help of the 3 vectors contained in the
MSYS statement of the tool path (operation). There must be a co-ordinate
system available in the UG part, which represents the co-ordinate system of
the machine (UG_MTOOL). It is named OPTIMACH_DCADE_MSYS (this has
been introduced as the CA-coordinate system on page 138). The orientation
of the UG_MSYS, the absolute co-ordinate system and the UG_MTOOL is
assumed to be the same. 

The workpiece and the tool path can now be translated accordingly, i.e. as it
will hooked up on the machine tool.

Two examples are given:

Example 1

UG_MSYS_X_Axis= 1.0 0.0 0.0

UG_MSYS_Y_Axis= 0.0 1.0 0.0

UG_MSYS_Translation= 0.0 0.0 0.0

UG_MTOOL_ Translation= 0.0 2000.0 -200.0

Figure B-2 : Example 1

NC-origin and
Absolute

Translation:
UG_MTOOL_Translation =

0 2000 -200

Mtool mount position:

Workpiece geometry

Machine table

Machine Head
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Example 2

UG_MSYS_X_Axis= 1.0 0.0 0.0

UG_MSYS_Y_Axis= 0.0 1.0 0.0

UG_MSYS_Translation= 0.0 0.0 100.0

UG_MTOOL_ Translation= 0.0 2000.0 -200.0

Figure B-3 : Example 2

NC Coordinate system

Translation:
UG_MTOOL_Translation =

0 2000 -200

Mtool mount position:

Workpiece Geometry

Machine Table

Machine Head

Absolute Coordinate system

VerschiTranslation:
UG_MSYS_Translation =

0 0 100



B-10 Implementation issues



Development environment C-1

A P P E N D I X

GENERAL IMPLEMENTATION
ISSUES

C.1. Development environment
From the start of the developments, the option has been chosen to integrate
the different components (CAM, postprocessing and NC-simulation) as close
as possible. Performance is the main motive for this tight integration. For
instance, an approach like [Kruth 99] would affect the performance
negatively, as CAM-system and NC-simulation are running on  different
computers and the communication is realized by means of network sockets.
In practice, the tight integration means that all components need to be
brought together into 1 system. The better choice for this 1 system is the
CAM-system, as will become clear in the next paragraphs.

Back in 1997, Unigraphics had a first prototype available of the MOM, the
Manufacturing Output Manager. This MOM is a new approach of
postprocessing, whose main advantage is that no intermediate CL-DATA
generation is necessary, but postprocessing can directly be done on the tool
path. A subset of MOM could be used for constructing the Kinematics Engine.

The candidate NC-simulation system is called Unisim and is a development of
the former company dCADE, which is now a part of UGS. The main
advantages of this simulation system at that time were the powerful
simulation capabilities and the interface possibilities already available in the
standard version of the simulation system. With minor changes, the
simulation system could be compiled into a shared library which was then
linked together with the Unigraphics CAM-system. In this way, the NC-
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simulation system was hooked as a black-box single tool posture NC-
simulation system into the CAM-system. More implementation issues on the
integration of the NC-simulation system into the CAM-system are already
described in Appendix B, especially in B.2 Implementation issues.
In general, developments in the Unigraphics environment are written in
C-language. However, the CAM-developers have written an environment
which allows them to work more object oriented than what is possible in
normal C-language. This environment is a set of .h-files (including a lot of
setenv- and define-commands), compiled together with the newly written
source code. 

C.2. Operation planning
For the development of the operation planning module, a separate module
which does not need to be integrated, all developments were written in C.
These developments are compiled together with the Unigraphics system.

However, for the construction of the user interface of this module, a utility
developed by UGS has been used. By means of this utility, the user can
create the dialog boxes - needed during the program execution -
interactively. The result of this user action is saved as a so-called dialog file
and as a .h-file. This .h file is included in the heading of the C-programs
which are invoking the dialogs. Dialog values can be initialized in this way. 

The dialog-system can only be compiled together with user function
programs. A user function program offers a way to normal Unigraphics users
to automate tasks normally executed interactively in the CAD/CAM system. A
set of more than 4000 user functions, callable from within a user function
program (C/C++), is available. Although not documented, even normal
functions of Unigraphics are callable from within a user function program.
This undocumented feature has been used during the developments of the
operation planning system. The dialogs and the execution order of the
different program components is incorporated in a user function program,
while the core functionality of the operation planning is written as a
Unigraphics component. In this way, the core functionality is easily re-usable
for future developments by UGS.
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