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RESUME

Le marché industriel compétitif exige une production de haute qualité de la part des
compagnies defabrication Le département de contrble qualité dans les secteurs
industriels vérifie les exigences géométriques des proeluiseréférantauxtolérances.

Ces exigences sont présentées dans les normPsrsmsionnement Géométrique Et
Tolerances (DG&T). Toutefois, les méthodes conventionnelles de mesure et de
dimensionnement sont couteuses et longues. De nos joumséteedes de mesure
manuellessont remphcéespar les méthodes automatisétes Inspection Assistée par
Ordinateur (IAO). Les méthodes IAO appliquent les améliorations dans le calcul

i nformatique et | es di s-Dafs detconfparerld dallagg ui s i t
du modéle scanné da piece fabriquée avec le modele congu par ordinateur utilisant la
Conception Assistée par Ordinateur (CAO). Les normes de métrologie, telles que ASME
Y145 et ISGGP S, exigent | a mise en Tuvre de | "I
piece est soumgsuniquement a la gravité. Les pieces souplesrigide) sont exemptées

de la regle d'inspectioa I'état libreen raison de I'écart géométrique significatif de ces
derniéres au di¢état tenant compte des tolérances. En dépit du développement des
méthode | AO, | 6i nspection des pi ces soupl es
d'inspection conventionnelles appliquent des gabarits complexes pour récupérer la forme
fonctionnelle des pieces souples. Cependant, la fabrication et la configuration de ces
gabaits de conformitésontcompliquésetcheres Depuis que les clients et les industriels
exigent des gabarits dobéinspection r®p®tit
doublé. Les méthodes d'inspection sans gabarit des pieces souples basstesetundes

IAO ont été développées afind'élimined ut i | i sati on couteuse de:
Ces procédés visent a distinguer les déformations flexibles des pieces a I'état libre des
déefauts. Les méthodes d'inspection sans gabarits doivent ébrmatiques, fiables,

précises et reproductibles pour les pieces souples aux formes sophistiquées. Le modele
scanné, qui est obtenu sous forme de nuages de points, représente la forme d'une piece a

I'état libre. Ensuite, l'inspection des défauts est re&aaéisecomparant les modéles scannés



et CAO, mais ces modeles sont présentés dans des systémes de coordonnées
indépendants. En effet, le modéle scanné est présenté dans le systeme de coordonnées du
systeme de mesure (systeme de numérisation) tandis quelédende CAO est dans le

systeme de coordonnéele conception Pour effectuer l'inspection et faciliter une
comparaison précise entre les modeéles, le processus de recalage est nécessaire afin

d 6 al i gmeaear plus preles modeles scanné et CAO danssysteme commun de
coordonnées. Le recalage inclut une compensation virtuelle de la déformation flexible des

pi ces © | '"®tat |libre. Apr s, | 6inspection

les modeles CAO et les piéces souples scannées.

lapr ®s ente th se porte sur | 6®l abort®ei on d
par ordinateur sans gabarit. Ceonstitue une amélioration de la méthode d'inspection
numeérigue généralisé&éneralized Numerical Inspection Fixtui@NIF)). Cette thée

présente également la vérification de la robustesse de notre nouvelle matbeteffet,

une méthode IAO automatique et sans gabarit pour des piéces souples basée sur des points
de correspondance a ®t ® d®v e lupppepisBraentdes i n d €
défauts sur la surface des modeles scannés. La déformation flexible des pieces a I'état
libre dans notre méthode est compensée en appliquant le recalage basé sur la méthode

d 6 ® ®me rRecalagé Nomigide ,par ElémentFinis (RNEF), pour déformer le

modele CAO vers le maillage du modele scanné. Des points d'échantillonnage
correspondants générés entre les modeles CAO et scanné d'une piece sont utilisés afin de
calculer le champ de déplacement qui sert de conditions aux limitedR8is Ces

points d'échantillonnage correspondants, qui sont générés par la méthode GNIF, sont
répartis uniformément sur la surface des modéles. La comparaison entre ce modéle CAO
déformé et le maillage du modeéle scanné vise a évaluer et a quantifier les défde

modele scanné. Cependant, certains points d'échantillonnage peuvent étre situés a
proximité ou sur des zones défectueuses, ce qui entraine une estimation inexacte des
défauts. Ces points d'échantillonnage sont automatiquement filtrés danséthibele

| AO bas®e sur |l e calcul dbéestimation de co

filtrés, les points d'échantillonnage restants sont utilisés dans un ndrMé&dt ce qui
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permet une évaluation précise des défauts par rapport aux toieranctes les méthodes

dél AO n®cessitent une ®valwuation de | a per
rapport aux mesures actuelles. Cette these introduit également une nouvelle métrique de
validation pour la vérification et la validation (V&V)ed méthodes IAO basée sur les
recommandations ASME. L'approche V&V développée utilise un test d’hypothése
statistique non paramétrique, a savoir le test de Kolmogdnavnov (K-S). En plus de

valider la taille des défauts, le testXpermet une évaluatigplus approfondie basée sur

la répartition de la distance entre le modele scanné et le modele CAO pour chaque défaut.

La robustesse de notre méthode IAO par rapport aux incertitudes telles que les bruits de
scan est évaluée quantitativement en utilisamhétrique de validation développée. En

raison de la conformité des pieces souples, une piece ayant des défauts peut encore étre
assemblée a l'état d'assemblage. Cette thése présente également unearéihalee

d IO sans gabarit pour des piéces sosplec o mpor t ant des d®f aut
faisabilité de I'assemblage de ces pieces a I'état d'assemblage fonctionnel. Notre méthode
d'inspection virtuelle de montage a I'état d'assembléageaal Mounting Assembi$tate

Inspection (VMASI), effectue un recalage norrigide pour monter virtuellement le

maillage du modeéle scanné a I'état d'assemblage. A cet effet, les nuages de points du
modele scanné représentant la pieéce a l'état libre sont déformés pour répondre aux
contraintes d'assemblage telles quedaition de fixation (par exemple des trous de
montage). Pour atteindre les exigences fonctionnelles sur des pieces souples comportant
des défauts, I'application de charges d'assemblage est autorisée a la surface du modele
scanné. Ces charges d'assembkg® limitées aux charges admissibles. Les charges

d'" assembl age requises sont esti mPes gr ©ce
calcul des pressions de montage (pour mise en forme de la piéce sur le gabarit virtuel),
Restraining Pressures Optimizai (RPO), visant a déplacer le modele scanné afin
d'atteindre la tolérance pour les trous de montage. Par conséquent, le modele scanné ayant
des défauts peut étre mis en forme sur le gabarit virtuel si les trous de montage sur la
forme fonctionnelle préditdu modele scanné atteignent la plage de tolérance. Différentes

pieces de l'industrie aérospatiale sont utilisées pour évaluer la performance de nos
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méthodes développées dans cette thése. L'inspection automatique pour identifier les
différents types de dg@uts au niveau local et général sur les piéces conduit a une
évaluation précise des défauts. La robustesse de la méthode d'inspection est également
testée avec différents niveaux de bruits de numérisation, ce qui présente des résultats
prometteurs. La mBbde VMASI est validée par différents types de pieces déformables
(flexible) en aérospatialéNous concluons queertaines piecesomportant desléfauts

peuvent étrenise enformal @t at d' assembl age | orsqubdell e:

admissibles.

Mots clés :Pieces souple)G&T, Inspection Assistée par Ordinateur (IA@)¢thode
do®l ®ments finis, recalageporrgidd, o ®t asandogalambil

libre, montage virtuel, optimisation, vérification et validation (V&V).



viii

ABSTRACT

The competitive industrial market demands manufacturing companies to provide the
markets with a higher quality of productiofhe quality controldepartmenin industrial
sectorsverifies geometricarequirementf productswith consistent tolerance$hese
requirements are presented @eometric Dimensioning and Tolerancif(@D&T)
standards. However, conventional measuring and dimensioning methods for
manufactured parts are tineensuming and costlyNowadays manual and tactile
measuring methods abeen replacethy ComputerAided Inspectio{CAIl) method.

The CAI methodsapply improvements in computationalalculatiors and 3-D data
acquisition devicegscannergto compare thecan meshof mandactured pagwith the
ComputerAided Desigr(CAD) model.Metrology sandardssuch asASME-Y14.5 and
ISO-GPS requireimplementingthe inspectionn free-state,wherein the part i®only
underits weight Nontrigid parts arexemptedrom thefree state inspectiorule because

of ther significantgeometrical deviatioin a freestatewith respect tahe tolerances
Despite the developmenits CAl methods inspection ohonrigid partsstill remairs a
seriouschallengeConventional inspection methods apply complex fixtures forrgid

parts to r&rieve the functional shape of gepars on physical fixtures; however, the
fabrication and setup of these fixtures are sophisticated and expensive. The cost of
fixtures has doubled since the client and manufacturing sectors require repetitive and
independent inspection fixtures. To eliminate the need for costly anddonsuming
inspection fixtures, fixtureless inspection methods of-ngid parts based on CAI
methodshave beedeveloped. These methods aim at distinguishing flexible deformations
of pats in a freestate from defectdrixtureless inspection methods are required to be
automatic, reliable, reasonably accurate and repedtabt@nrigid parts withcomplex
shapesThe scanmode| which is acquired apoint clouds representhe shapeof a part

in a freestate.Afterward, the nspection of defectis performed by comparing thecan
andCAD models, but these models aresented idlifferentcoordinate system#deed,

the scan model is presentedtite measurementoordinate systerwhereasthe CAD
modelis introducedn thedesigned coordinate system. To accomplishriggectionand



facilitate anaccurateeomparisorbetween the models, thegistration process required
to align the scan and CAD models in a common coordinate sy3teenreistration
includes a virtual compensation for the flexible deformatiothefparts in a freestate.
Then, the inspection is implemented ageometricacomparisorbetween th&€AD and

scan models

This thesisfocuseson developing automatic and accurate fixtureless CAl methods for
nonrigid parts along with assessing the robustnesth@imethods. To this end,na
automatic fixtureles€ Al methodfor nonrigid partsbased on filtering registration points

is developedto identify andquantify defects more accurately on the surface of scan
models.The flexible deformation of parts in a fretate in our developed automatic
fixtureless CAI method is compensated by applyrignon-rigid Registration(FENR)

to deform theCAD model towards the scan me3ime displacement boundary conditson
(BCs) for FENR are determined based on tlverresponding sample points, which are
generated by th&eneralized Numerical Inspection Fixt(@&NIF) mehod on the CAD

and scan model$hese orresponding sample poirdseevenly distributed on the surface

of the models. The comparison between this deformed CAD model and the scan mesh
intend to evaluatand quantify thelefects on the scan model. However, some sample
points can be located close on defect areas which result in an inaccurate estimation of
defects. These sample points are automatically filtered auiri@Al method based on
curvature and von Mises stress criteria. Once filtered out, the remaining sample points
are used in a new FENRhich allows an accurate evaluation of defects with respect to
the tolerances.

The performance and robustne$sll CAl methodsaregenerallyrequired to be assessed

with respect to the actual measurements. This thesis also introduces a new validation
metric for Verification and Validation(V&V) of CAl methods based on ASME
recommendations. The developed V&V approach usesorgparametric statistical
hypothesis test, namely the Kolmogoir&mirnov (K-S) test. In addition tealidatingthe

defects sizethe K-S test allow a deeper evaluation based on distance distribution of



defects. The robustness of CAl metheih respect tauncertainties such as scanning
noise is quantitatively assessed using the developed validation metric.

Due to the compliance of netgid parts, a geometrically deviated part cgill be
assembled in thassemblystate This thesis alspresentsa fixtureless CAl methodor
geometrically deviated (presenting defects)-ngid parts to evaluate the feasibility of
mountingthese parts in the functional assemsigte. Our developédirtual Mounting
AssembRiState Inspectio(VMASI) method performs a nengid registration to virtually
mount the scan mesh in assemsiigte. To this end, the point clouds of scan model
representing the part in a fretateis deformed to medheassembly constraints such as
fixation position (e.g. mounting holedij some cass, he functional shape of a deviated
part can beetrievedby applyingassembly loads, which are limited to permissible loads,
on the surface othe part The required assembly loads are estimated through our
developedRestraining Pressures OptimizatiRPO) aiming at displacing the deviated
scan model to achieve the tolerarioe mounting holes. Therefore, the deviated scan
model can be assembled if the mounting holes on the predicted functional shape of scan

model attain the tolerance range.

Differentindustrialparts are used to evaluate geformance of our developed methods
in this thesisThe automatic inspection for identifying different typesmiall (ocal) and

big (global) defects on the parts results @am accurate evaluation of defects. €rh
robustness athis inspectionmethod isalsovalidated with respect tdifferentlevels of
scanning noisewhich shows promising results. Meanwhile, the VMASI method is
performedon variousparts with different types of defecighich concludeshatin some
caseshe functional shape deviated parts can betrievedoy mountinghem oravirtual

fixture in assemblystateunder restraining loads.

Keywords nonrigid parts, ComputerAided Inspection (CANGD&T, FEA, nonrigid
registration, fixtureless inspection, fregtate, assembigtate, virtual mounting

optimization, verification and validation (V&V)
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PREFACE

This researchwvork is part ofa collaborative research programn themetrologyof non
rigid (flexible) parts. The project idefined in the framework afhe Consortium de
recherche etlinnovationen aérospatialeau Québec (CRIAQ), which iseferredas
CRIAQ MANU501.The industrial petners of thigrojectare BombardieAerospacand
CREAFORMcompaniesThree universitiethat areengaged in this project include Ecole
de Technologie Supérieure (ETS), Université du Québec a-Rivigres (UQTR) and
Université de Sherbrooke

Thisthesisis composed as a papesised thesis arabnsists of eight chapters. Ghapter

1, an introduction concerning theompliant behaviorof nonrigid (flexible) parts,
conventionalinspection methodsaind ComputerAided Inspection(CAl) methodsis
presentedin Chapter 2a comprehensive literature review regarding the different types
of scanning tools, and developed fixtureless CAl methods along withatthedntages
anddrawbacks are presentdthegeneral planning comprisinigestatemenof problems
andobjectives othis thesisareexplained inrChapter 3Chapter 4Chapter sEandChapter

6 are assigned tthe articles submitted to scientific journalBhe articles describe the
improvements and developments of original methods for automatic inspection-of non
rigid parts and robustness validationtleé methodsThis thesis is ended withgeneral
discussion,various perspectivesand conclusionghat are presenteth Chapter 7
andChapter 8
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CHAPTER 1 | NTRODUCTI ON

Improvements ithe metal forming industryeadto manufacturingpf complex partshat
are commonly used in differenihdustrial sectors among whictaerospace and
automobile. These complex parts may include many details, features and complex
freeform shapesThe quality, efficiency, and functionality of these parée controlled
by Geometric Dimensioning and Tolerancir(®D&T) approachesManufacturing
companies attempt tmaintainin the competitive marketsy produdéng high-quality
parts The quality control (QC) processonsistingof geometrical and dimensional
controls ensures thefunctionality of products However conventional inspection
methods are costly, timensuming and require manual interventidespite the
progressn manufacturing methods for reducing the lead time of produdtienquality
control is still atime-consumingchallenge. For exampleomeinspection setup for nen
rigid parts in Bombardier Aerospacempanydemands 60 to 75 hauof operation
(RadvarEsfahlan and Tahan 2014)herefore the recent concern of manufacturing
companies is tperformanaccuratalimensional inspection in a short tinthin walled
sheet metalavhich arecommonlyused inindustrial sectors among whithe aerospace
and automotive presenta more serious challengdor geometrical anddimensional
inspection in a quality control process. Thedeet metalhave asmall thickness
compaedto the otler dimensions, which gives them flexible behavior durirgpection
The flexibility of these nofrigid parsis referred to as compliant behavior in tolerancing
contexts.These nofrigid parts may deform during a fretate inspection processhich
isthemain issue in GD&TThecompliancen a freestatecantake place due to the weight
of the part, residual stress (release of internal stress resulting rfmanufacturing
remainng in the part duringhe manufacturing process or any geometridaVviaton.
Metrology ¢andards such a&SME Y14.5and1SO-1102-GPSrequire perfornmng the
inspection of padin free-stateunless otherwisspecified The exception$o this rule as
mentioned in standards ASME Y14ZD09 andISO-10579GPS are for norrigid parts.

In fact, freestate refers to a situatidhat a part is not constrainaddis not submitted to
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any load excepits weight A nonrigid aerospace panéh a free-state asshown in
Figure 1-1-a, is deformed due to the weight on an inspection taBlnventional
inspection methodsseover constrained fixture®r nonrigid parts.In some caseshe
functional shape o& nonrigid part can beretrieved by using these fixtures abg
restraining the part under permissilbd@dsduring the dimensional inspection process.
Therefore, even though the shape variation of parts exceeds the allocated dimensioning
tolerances, thesmonrigid parts can still beassembledimprovements in digital data
acquisition devices such as 3D optic and lasannergBi and Wang 2010alongwith

the compitational calculatiordevelopments lead t6@omputerAided Inspectior(CAl)
methods. The 3D data acquisition tools obteset of points, namely point clouds, from
the surface of parts duririgeinspection process. Tlegan mesh is then generated from
theraw scanning datgoint clouds), which is processed by mestoothingnethodsas
presented byKarbacher and Haeusler 1998Jhis scan mesintends to accurately
represent thgeometrical shape of the pavith the least required data volume (mesh
size. CAl methods apply tolerancing methods along with computational meshing tools
to implement an automatic amiche-savinginspection. In fact, CAl methods make the
comparison between tl@omputerAided Design(CAD) modeland the scan range data
in a common coordinate system to evaluate the geometrical desigtiefects)f the
part Since the CADnodelis in theDesign Coadinate SystenDCS)and the scadata

in the Measurement Coordinate Systé@MhCS), registrationmethods developed in CAl
contextare required talignthe CAD andscanmodels in a common coordinate system.
Considering thdlexible deformation of parts ira free-state, the comparison between
CAD and scanmodels cannot estimatelefects sizeon scan modelTo resolvethis
problem CAI methodsfor nonrigid partsare usedto distinguish betweethe defects
(such asgeometrical deviatian and distortionsvith respect to CAD modgland the
flexible deformation que to thecompliancg of nonrigid parts. Asalready mentioned,
conventional dimensioning and inspection methods forriggd parts set up over
constrainednspection fixtures to compensate foetflexble deformation of these parts

and toensurehat the measurement setup properly represents the assembly functionality



37

of the partfAscione and Polini 20107 hesefixtures alsoretrieve the functional shape of
the part and align wvith the reference frame during the measuring pro¢egarel-1-b
illustrates an example of such an inspection fixture for the Jdn¢ same paris

demonstratech Figurel-1-a ata freestate.

Figurel-1: An ordinary aerospace panel, a) in fetate, b) constrained on supports of

the inspection fixtur¢Abenhaim, Desrochers et al. 2015)

Moreover dimensional inspection of nemgid pars is generally accontiphed in
restrained conditionssuch asassembly loads supports and clampgAbenhaim,
Desrochers et al. 2012A)s shown irFigure1-2, a practical inspection technique applies
weights (e.gsandbagson the surface aideviated nofrigid part to retrieve its functional
shapeconstrainedn a physicalfixture. Theseweightsare permissibleassemblyloads
thatarecommonly presented as a note in design drawings authorizing their application
during the inspection procesBhe limits for permissible loads are defined to prevent
permanentdeviations (plasic deformation) during the inspection ancetventually
assembly procesd. n dr awi ngs ,Alead af % N/rédcarsbe gsbd tecaashieve
toleranc® i s i ndicated next to t hepeafgngthe i at ed
permissible loads and thesasiated fixtureTherefore, a nengid part can be restrained

by assemblyoadsthat are limited tahe given permissible valueduring the inspection.
Theserestraining loadare usually used for largn-rigid parts such as aerospace panels
for which the functional shape of partsan beretrieved by imposing constragduring

assembly.
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Figurel-2: An aerospace panel restrained under knlmadsby using weights (the
black sandbags) on its surfa@benhaim, Desrochers et al. 2015)

Serious drawbacks of usimhysicalinspection fixtures lead to developifigtureless

CAIl methodsto eliminatethe needfor costly and complex physical fixtures. These
methodsapply computational techniques tostiinguish between defects and flexible
deformation This intends to virtually compensate for the flexible deformation of non
rigid parts in a freestate.The primary step for inspection of noigid parts is gore-
registration usingigid registratiormethods Rigid registratiorbringsthe CAD and scan
modds closerin a common coordinate system using a transformation marxong
different rigid registration methodgi and Gu 2004, Savio, De Chiffre et al. 200he
Iterative Closest Poin{ICP) algorithm(Besl and Mckay 1992 widely applied in
different domainsICP algorithm provides robust and efficienegistrationmethod for

rigid parts Applying preregistrationthe CAD andscan modelare aligned antdrought
closer without deforming the models. In factigid registration does not takato
considerationthe flexible deformation ohonrigid parts. However, fixturelessCAl
methodspresented in sectio®.4.2enablethe inspection byirtually compensatindor

the flexible deformation ofcan modelsn a freestate This allows the estimation of
defectson the manufactured parts with respect ®nbminal CAD modal In general,
these fixtureless nengid registration methods search for correspondence between the
CAD and scan models to deform the CAD or scan model towards the othdhisnes
performed byusing FEA or gradually iterative disgaments. Nomigid registration
methods based on deforming the scan mesh towards the CAD model are presented in
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section2.4.2.1 and norrigid inspection methods based on deforming the CAD model
towards the scan mesh are introducedséction2.4.2.2 However, thee nonrigid
registrationmethods are not fully automated. An automatic fixtureless CAl fosrigieh
parts thatis capable of identifying and estimating both small (local) and big (global)
defects ispresented irChapter 4 This methodappliescorresponding sample poiriis
determinedisplacementboundary conditionsBCs) for a Finite Element No+Rigid
Registration(FENR). Distinguishing between the flexible deformation detkcts, the
sample points close and defectareasarefilteredout based on curvature and von Mises
stress criteria. This leads to an accurate and automatic fixtureless CAl fogiiquarts.
Once a CAI method is developed, the robustness and performance of the shethidd

be verified and validated with respect to actual measurements. To thésarahtitative
validation metric applied in &erification and ValidationV&V) method is requied.

In Chapte 5, a new validation metric for fixtureless CAl methods is presenteidh
analyses the robustness of CAl methath respect tascanning noise This validation
metric applies statistical hypothesis testing to validate whether the distance distribution

of nominaland estimated defects are sufficiently similar

Most of these developed fixtureless inspection methods do not take inideratien
restrainindoads Thesdoadsare permitted tbeused for placingdeviatedhon-rigid parts

into assembly state amdecommonly mandated during inspection process especially for
large parts such as aerospace panklshould be considered thdefectson nonrigid

parts cangenerallyoccur duringmanufacturing and handling processesChapter 6a
nonrigid registration method is proposed that aimgvaluate the feasibility giutting

a deviated patih assemblystate In fact, defects such as warpage, shrinkage or any type
of plastic deformation on nerngid parts result in misalignmerdt the assembly.
However, excessive geometrical variations with respect to the assembly tolerarde

be absorbed by the compliance of wrgid parts. ThedevelopedVirtual Mounting
AssembhState InspectiolVMASI) method applies anew registrationto virtually
retrievethe functional shape of deviated panmhder permissible assembly loads. The

inspection is accomplished by verifying fixation features (e.g. mounting holes) on the
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predicted shape of scaneshin assemblystate with respect to the allocated assembly
tolerances. The feasibility omounting a geometrically deviated nosrigid part in
assemblystateis approved when all mounting holes on the predicted shape of scan mesh

are in the tolerance range.

1.1 Structure of the thesis

This thesis is composed in the form of artibkesed thesis wherein three articles are
presented and logically connected to each other. fMibéodologies,results and
discussions are presented in detail inside the articles. ahedes have been submitted

for publication in scientific international journals with reviewing committees, which are
recognized in their respective fields (advanced manufacturing for the first article, ASME
V&V for the second article and Compuaided Design for the third article). As
presented irFigure 1-3, at the time of writing this thesis, the first article is already

published, the second ardrt articles are submitted and they are currently under review.

This thesis is enclosed in 8 chapté&somprehensive literature review consistingre
nonrigid parts specifications, scanning tools, rigid and-ngia registration method®sr
fixtureless inspection of nerigid parts is presented i@hapter 2 In Chapter 3 the
general planning of the thesis is described which catishe statement of the problem,
objectives,and hypothesis of this projecthisis followed by three articles ihapter

4, Chapter 5and Chapter GrespectivelyA general discussion on the methodology and
results of developed CAl methods and validation metric is presen@thpter 7Finally

in Chapter 8 major contributions, perspectives for future works aadclusionsof the

developed methods in this thesis are presented
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CHAPTER 2 LI TERATURE REVI EW

2.1 Introduction

In thischaptera comprehensive literature review concerning the comggiaf nonrigid

parts along witthedevelopednspectiormethodss presentedHexible deformation and
dimensional variatiorof nonrigid partsin a freestate,due to the compliant behavjor
conventionally require inspection fixtures to recover tinefunctional shapeThese
flexible deformations are due to gravity loads, residual stress, and/or asserubly fo
Meanwhile dedicated fixtures such as conformation jigs should be provided in two sets
for the supplier andhe client for the sake ahdependent and repeatalmspection.To
resolve these obstacleSpmputerAided Inspection(CAl) methods are developed

which the fast and accurate scanning devices along with computational calculations are
exploited The fixtureless and automated CAl methodkich eliminate the need for
complex fixtures are time and monegversfor industrial setors The robustness,

efficiency, and reliability of these numerical methamsalsobeevaluated quantitatively.

This chaptediscusses background information in regamdthe compliantbehavior of
non-rigid parts. Theclassificationassociated witlthe flexibility of the partss presented
in section2.2 Then, different 3D digitization toglwhichincludescanners aréescribed
in section2.3. Different inspection methods including rigiahd norrigid registration
algorithmsareexplainedn section2.4. A review on differen¥erification and Validation

(V&V) methods and their application in several disciplinésomputationaimechanical
engineeringare introducedin section2.5. At the end of this chaptesection2.6, a

summaryof the state of the aiis given

2.2 The canpliance of non-rigid parts

The definition of compliant behaviorcompliance)for nonrigid pars is related to
material and geometrical flexibility of parts. In fact, the higher compliaakes of parts

implies the higher flexibility of these partBhereforethe flexible deformation of nen
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rigid parts in a freestate is due to the compliant behavior of these padassidering the

notation offinite elementanalysis 0 6 "Q, the compliace (0) is definedin
Equation 21.
6 6 2-1

Where "Q is the force vector,0 is the global stiffness matrix andd is the
displacement vectorThe flexibility is defined as thenverse of stiffnesg 0 )

accordingly.

A classificationfor the compliance oparsis represented i(Abenhaim, Desrochers et
al. 2012) The proposed force value in this classificatiothespermissible forcewhich

is commonly applied during manual assembly lines and inspection techniqueten
aerospac@éndustry The classification forcomplianceof parts as depicted ifrigure2-1
andTable2-1, categories parts in three behavior zofzemeA, B, and Q. It describes
thatparts in zone A are considered practically as rigid pate inducedlisplacement

of a rigid part due to eeasonablessemblyorce (around 4(N) is insignificant (less than
5% of the assigned tolerancéljhe parts categorized in zone B are considered as non
rigid partswheretheinduceddisplacement is over 10% of the assigned tolerances. These
nonrigid parts such as thirwalled sheet metalsare commonly used inlifferent
industrial sectors such asutomobileand aerospace industrigss defined in ISGGPS
standard, the flexible deformation obmrigid partsin a freestateis beyond the
dimensional andt geometrical tolerancesThis standarddeterminesfreestate as a
conditionthat parts are notsubjected tany constraining loadn fact, these parts in a
free-stateare submitted only ttheir ownweight during inspection proces$he parts
associated wi the compliant behavior in zone C enclose extremelyrigith parts such

as seals and tisss#®r which the part shape éxtremelydependent on the part orientation

andweight.
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Figure2-1: Classificationof the compliant behavior of partdbenhaim, Desrochers e

al. 2012)

Table2-1: Theclassificationfor compliantbehavior of pagconcerning thenduced

displacementinder applied forcéAbenhaim, Desrochers et al. 2012)

Zones DiSpinséngﬂﬁiﬁg?ﬁsrppeecr& irs:@ift())l?\bassem Compliant behavior of part
A < 510% d the assigned tolerance Rigid
B > 10% of the assignetblerance Non-rigid (Flexible)
C >>10% of the assigned tolerance Extremely Norrigid

2.3 Measurementand 3D data acquisition methods

The traditional measuring methoagply measuring techniques that are operated by using

specialmetrologydevicessuch asnspection fixturesThesetime-consuming techniques

require skillful operatorsHowever, developments in-I3 scanning technologgllow

creatinga digitalscan model from a physical object. Concerningléwelopedneasuring

systemgSavio, De Chiffre et al. 200And specificalljaser scanner@dartinez, Cuesta

et al. 2010)these measuring devices (scannees)be categorizedscontact andon

contactscanners
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Contact scannef&lepicted inFigure2-2-a) are based o@oordinate Measuring Machine
(CMM) technologythat can be controlled either manually or automatically by a program
These devicesonsistof a probethatcan movealongthree axeswhereeach axis haa

built-in reference standard@headvantagesf these scanners are:
1 They are not sensitive to colors or transparency.
1 These devices have higlecuracyand low cost.
1 They are capable of measuring deep slots and pockets.

Unfortunately the data collectiorn these type of measuring devidesslow, and the
probe contactcan disturbthe measurement of flexible party causing unwanted

deformation duringhe measuring procegteake and Borgerson 2013)

Non-contactscannergpresented irFigure 2-2-b) uselasersand optics (using charged
coupled device (CCD) senspit® digitally capturethe geometrical shape of a part as
point clouds The norcontact scannerare fast whereasthere is no physical contact
betwveen the scanngandparts Point clouds acquired byncontact scannehavelower
accuracycompaed to measured data obtained lgntact scannersHowever, the
accuracy ofacquired point cloudvia noncontact scannefer common inspection
applicationgs quite acceptabld he transparency, reflectivity and in some cases the color
of surfaces also can introduce limitatdar noncontact scannenshich can be resolved

by applying temporary nereflective paints. These limitations caadd noise in the
acquired point cloudfor which the robustness atlevantinspection methodseed to

be validated
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Figure2-2: Measuring toolsa) usingCMM for measuring a rigid patti and Gu
2004) b) using a noncontact scanner feaening the surface of a noigid part.

2.4 Dimensioning, tolerancing am inspection specification of
non-rigid parts

A dimension is a numerical value to define the size, location, geoaietn@racteristic,

or surface texture of a part or featsien a partBased on ASME Y14.5, dimensions are
applied to support themating ad functiorality of parts. Massproduced parts of
commerciaproducts arenanufactured by applying tlsame production procefs each

part. Then thesemanufacturegarts areandomly assembled together. Therefore, these
parts must be interchangeabletthieve a successful assembling proddssvever,due

to the uncertainty of manufacturing processes two parts canbetiee samé herefore,

slight variations ithepart size areonsideredo preveninterference or loose assembling
conditions Tolerancing is a dimensioning technique to ensure part interchangeability by
controlling thevariationthat exists in manufactured parfhe tolerancesome off by

specifying a range within which a dimension is allowed to vary. In other words,
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tolerancng ensursthe functionalityof partsandquality of production Tolerancing can
be expressed akefollowing (Leake and Borgerson 2013)

1 A direct tolerancing method, which includes the limit dimensioning and plus

minus tolerancing.
1 General tolerancing notes, to generally address a tolerancing for all dingension

1 TheGeometric Dimensioning and Toleranci(@D&T), to verify the conformity
of manufactured parts with the specification defined at the design stage.

GD&T are widely applied for manufactured parts wibmplex shape# different
industrial disciplinesTolerance allocation and analysis methods are is&D&T to
assign proper tolerances fassemblyprocessesUnlike traditional methods, nemgid
parts tolerancing methods must take into consideratompliance andpermissible
displacements of nengid parts duringhe assembly proces$he pioneeresearchesn
toleranceanalysis of nosrigid parts are carried out {iiu, Hu et al. 1996, Liu and Hu
1997, Camelio, Hu et al. 200@)whichtoleranceanalyss of nonrigid partsfor advanced
vehicle manufacturings established(Merkley 1998, Mounaud, Thiebaut et al. 2011,
Chen, Jin et al. 2014yesent a review aftudies orComputerAided TolerancingCAT),
tolerance analysis and allocation strategy for compliant-(igid) parts In this context,
the profile tolerances are assigned to fi@en surfacesof parts to control surface
variations.Theseprofile tolelances can bedefined with reérence talatun(s) knownas
related profile toleranseRelated profile tolerances appliedfor caseghatinvolve the
assembly of fredorm surfaces with other geometric featu(esand Gu 2005)Once
tolerances are allocatdtie geometrical and dimensional requiremeetd to be verified
onthepartin an inspection procesStandards such as ASME14.5 and ISGGPS state
thatthe part requirementshouldbe evaluated in a frestate which isrepresented bthe
symbol® in drawingsunless otherwise specifieddowever,inspection ohonrigid parts
is exempted from this rule du® the compliance of these parfBherefore,the
requirements fogeometric dimensioning and tolerancing of si@id parts based on
ASME and ISO standards are classified in three categorieBi(gae2-3). Based on this
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classification,the inspectionrequirementsare respecte@a) in a restrained condition,
(b)in a restrictive space, and (c)sing curved feature propees The inspection
requirementdased onmestrained conditions are also subdivided into restraining the part
on a shaped fixture={gure 2-4-a), on a hyperstatic datumfeeence frame, by movable
datum targetKigure2-4-b), on a basic dimension and by for¢abenhaim, Desrochers

et al. 2012)

SPECIFICATION METHODS

UNLESS OTHERWISE SPECIFIED l
| | |
RESTRICTIVE URVED FEATURE
FREE STATE RESTRAINED CONDITION c
SPECIFICATION PROPERTIES
RESTRAINED ON A | RESTRAINED BY MOVABLE DATUM
SHAPED FIXTURE TARGETS

RESTRAINED ON A
HYPERSTATIC DATUM
REFERENCE FRAME

| RESTRAINED BY A
FORCE

RESTRAINED ON A
BASIC DIMENSION

Figure2-3: Categorization of the quality requirements specification&I0&T of non

rigid parts(Abenhaim, Desrochers et al. 2012)
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b)

DATUM TARGET LOCATIONS
TARGET | X Y
A1 | 1450 | 661 | 84a |
A2 | 850 | 642 | 754
A3 | 850 | 642 | 754
A4 } 1450 | 661 | 844
A5 | 1300 | 0 | 056 10X 25—
A6_| 570 | 0 | e49 AN
81 | 1450 | 671 | 854
B2 | 850 | -652 | 764
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Figure2-4: The restrained conditions for noigid parts,a) an inspection fixture
restraining a curved aerospace pgAskione and Polini 201) A nonrigid part
restrained tdhe design shapasing datum targefASME Y 14.5)

The conventionalinspection procesappliesphysicalfixtures that are costly and time
consuming. Howevean automatedeliableandefficient inspection processindiminish

the productiontime and cost, improve the industrial competition and increase the
production efficiency(Gao, Gindy et al. 2006)Computeraided inspection (CAl)
methods based on the progress in data acquisition techniques (scanners) along with
computational tools are developed to imprawel automatéhe inspection proceshe
inspection performed by CAl methods aim at compabetgveen the acquired scan model

and the relevant CAD modeHowever, he point clouds acquired fromon-contact
measuring devicegre presenteith theMeasurement Coordinate Syst@WCS) whereas

the CAD modelsin Design Coordinate Systgi@dCS).In orderto perform an inspection,

the geometrical comparison between the scan and CAD models, which are in two separate
and independent coordinatbasto be implemented in a common coordinate sysidme.
process ofbringing the modelscloser in a common coordinate systeim named
registration or localizatiofAbenhaim, Desrochers et al. 2012)Al methods for rigid
partsapplyrigid registration, as presented in Sec 2.4.], to align the scan model in a

freestate with respect to the CAD model. Rigid registrations are performed
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mathematically by finding aoptimal transformation matrix between MCS and DCS. CAI
for nonrigid partsis more complicated &be geometrical deviation of parts can exceed
the tolerances due to the compliance of the parts in-&fageUsing physical inspection
fixtures has signiicant drawbacks, therefofextureless norrigid registration methods
are developed to virtually compensateffexible deformation of nomigid parts.To the
knowledge of the author, the firsésearchegoncerning nosrigid registration using
numericalfixturesinstead ophysical fixturesrepresented iBlaedel, Swift et al. 2002)
The virtual displacements in naigid registration methods can be performed via finite
element analysis (FEA) or gradually iterative displacemdifitsse fixtureless methods,
presented in sectior2.4.2 can be based on virtually displacing the scan model
(section2.4.2.]) or virtually displacing the CAD model (secti@m.2.9.

2.4.1 Rigid registration

The primary step in a CAl method for nogid pars is a rigid registrationRigid
registration brings the CAD and scan models as close as passiiiemmon coordinate
system without deforming the models. tfact, rigid registration uses an optimal
trangormationmatrix to translate and rotate thedek without making any changds
their shapesAmong different rigid registration methodsch aghose described biLi

and Gu 2004, Savio, De Chiffre et al. 20QRglterative Closest PoiniCP) algorithm
(Besl and Mckay 1992% widely applied in different domains and wkliown as a robust
and efficient rigid registratiorizor examplea rigid registration for inspection of aircraft
parts ispresented iffRavishankar, Dutt et al. 201&)r which themodified ICP method

is applied Amongall rigid regstration methosd, ICP algorithm is known assgatistically
robust and efficientnethod The optimal transformation (translation and rotation) matrix
in ICP registrationis estimated at each iteration to minimize the distance between two
models. To this rd, the Hausdorff distandélenrikson 1999petween CAD mesh and
acquired point clouds of scan model measures hothésme two moels are from each

other.As illustrated in Equation-2, theHausdorffdistancgQ &Ity ) between two non



51

empty subsetsifr) of a metric space cdredefined aghe maximum distance between
every point of either set to some point of the other set.

Q O aOd o Q. Mawhi 6§ Qe M ad 2-1

The ICP has been modified@developed to improwhe calculation time as well aset
minimization strategyRusinkiewicz and Levoy 2001and some of these improvements
are presented her@he improvements on decreasing thalculation time of ICP is
presented iiMasuda and Yokoya 1996y proposing a robust method applying random
samplingof the point cloud. (Greenspan and Godin 20Qdrpposed ammprovement in
searching closest points by using corresponding points of preitgsasons of the ICP

and searching only in their small neighborho@¢hu, Barhak et al. 2007applied a
mixture of techniques that accelerate the registration process and improve the efficiency
of the ICP method. Many variant techniques of ICP have been investigated by
(Rusinkiewicz and Levoy 200Bnd(Bentley 1975) However, it should be pointed out
that ICRbased algorithms are not capable of dealing withnigid parts where flexible

deformationsheed to be takeimto consideration.

2.4.2 Fixtureless inspection of norrigid parts (non-rigid registration)

Applying onlytherigid registrationrmethodssuch as ICP metha@Ravishankar, Dutt et
al. 2010)s notsufficientfor inspection of nofrigid partsin a freestate Rigid registration
methodsdo not permit any modifiation on the shape o€AD or scanmodek to
compensate for the flexible deformation of sagid parts duringheinspection process
in a freestate Meanwhile inspection methods for neigid parts need to distinguish
between the flexible deformation nbnrigid parts in a freetate with defects such as
geometrial deviatiors due to faulty manufacturing. Conventional CAl methegply
restraining nosrigid parts in physical fixtureg$Ascione and Polini 2010dluring he
inspection process. However, thesphisticatednd expensive fixtures hagegnificant
drawbackdor whichthe setup and repeatatylof the fixtures are costlyrhereforethe
fixturelessinspection methodare requiredo eliminatethese costlyixtures. Fixtureless

inspection of nofrigid parts based on CAl methotsable to evaluate the geometrical
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deviation of manufactured parwith respect to the assigned tolerance by taking into
consideration the flexible deformation of nogid partsin a freestate A categorization

of fixturelessinspection methods based otiterature is presented in(Abenhaim,
Desrochers et al. 2012)he fixtureless CAlI methods are classifieth fourapproaches

as ) automated vision inspection, Il) metcharacteristic, 11l) boundary reconstruction
and 1V) simulated displacemenEixtureless inspection ohonrigid parts can be
performed by nosigid registration methodsassifiedassimulated displacementhese
methodsareessentiallypased on compeating for flexible deformation afon-rigid pars

in a freestateby virtual displacementThe core idea of the fixtureless methods is to
enable a comparison between the scan and CAD models by virtually compensating for
the flexible deformation of the pawhereas leaving the defect areas inféloeinspection
methodspresented in sectioB.4.2.1are based on virtually deforming the scan model
towards the CAD modelwhile the nonrigid inspection methodgresented in
section 2.4.2.2 are based on virtually deforming the CAD mode&udyng the
displacement simulation for fixtureless inspection methdds simulationcan be

performedbased on FEA or gradual iterative displacement methods.

2.4.2.1 Fixtureless inspectionbased on virtually deformingthe scan model

The fixtureless inspection methothased on virtually deformirihe scan modebapply
boundary conditions (BCsjia Finite Element Analysi§~EA) to deformthe scan mesh
towards the corresponding CAD moddlhe BCs in thevirtual fixation concept
(Weckenmann and Weickmann 20@8¢ imposed on fixation features of the scan mesh
such asnspection fixations and assemishounting holes and edges on the pahese
features can automatically be identified using feature extraction techoes
(Weckenmann, Gall et al. 2004phe virtual fixation method consists of processing
scanned datasimulation(virtual fixation) andthen comparing the model§he process

of this inspection methqdas presented iRigure 2-5, starts with data acquisiticinom
visible surfaceof a partusingan optical surface measuring syst(e.g. fringe projection

measuring systemyhese 3D measuring devicesovidesome millions of point clouds
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per measurement.his scan datgwith huge data sizes thenreduced into 30 to 50
thousandpoint clouds usinga curvaturebasedmethod which allow performing finite
element calculationTo redue the size of scamesh the points in the flat areare
removed butthe pointsassociated with curved featurese keptto preserve the
geometrical properties of the pakin approximatiorof thesurfae as triangulations with
linearelements ishenperformedon the pointlouds Applying triangulationtechniques
such as DelaunalyasedBorouchaki, George et al. 199%)proachesn thepoint clouds
generate represeiative geometrical shape of the parsaanmesh The data processing
continues with removing the noise of the measured surface by applying mesh smoothing
and filtering techniquesn the examples performed Byeckenmann and Gabbia 2006)

the local sphere assumption proposedKarbacher and Hausler 1998) applied for
smoothing the scanned data.order to utilize the finite element analydise material
propertesfss uch as Youaargd sPanoduududs rati o and de
wall thicknesof the triangulated me$lare defined for the inspecting modelthisstep

the extracted featurgsuch adixation holes) are used to fintthe correspondencgor
registration proce$sbetween the CAD model and scan mef¥hen BCs (such as
imposeddisplacemers) are applied on fixation features of scan mesh to displace these
features towards the corresponding features on the CAD muamldfEA The FEA
applied in this method usagpdatedLagrange algorithmwhich is anonlinear large
displacementEA resolution Then, ageometrical comparison between the deformed
scan meslfafter applying FEA)Jand CAD modeldentifies defects on the scan model

(inspection opar.
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Figure2-5: The process chain of the virtudiktortion compensation method

(Weckenmann and Weickmann 2006)

However, imposing BCs on all fixation features to displace timortiheir design location

for nontrigid parts is not always possible and nmagult ingeometrical deviatiasin the

part.To this end(Gentilini and Shimada 201pyoposed an alternative for applying BCs
directly on fixation features. In this method, @stimization method is used twinimize

the location and orientation of fixation features betweendéfermed scan mesh and

CAD model. The specific displacement BCs that satisfies the optimization method can
predict the functional shape of the part. Applying tH&8s on the scan mesh via FEA, a
virtual inspectionis performedon the deformed scan meshiia assemblystate The
geometrical comparison between the deformed scan mesh and CAD model evaluates

defects on the scan model.

Considering the application of movable datum targets for restrainingigidnparts
during inspectionand an industrial inspgon techniqueseeFigure 1-2) as restraining
loads avirtual fixture method is presented (Abenhaim, Desrochers et al. 201b) this

fixtureless CAlmethod as depicted Figure2-6, the scan mesh is virtually restrained by
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a combination of forces located only on datum targgetsinimizethe weighted average

of distance at specific poirg (constrained regionbetweerthedeformed scan mesh and
CAD model. The restraining forceswhich are limited to the defined permissible
assembly loads, are estimated throughogtimization method that minimizes the
distanceat constrained regionsetween the scan and CAD mode¥pplying these
optimized restraining forces on the scan mesh, the functional shape of the part in
assemblystate can beetrieved The inspection result in this method is performed on
datum targets evaluating the differertmetween the deformed scan mesh aadhinal

position of datum targets.

The advantages of applying fixtureless inspechasedon virtual deforming the scan

model can be outlined as:

1 The functional shape of scan model is used for identifying defedistimeless
inspection.Therefore, the inspection of parts is accomplished in their functional

State.

1 Defects on scan model in a fremte can be affected by flexible deformation of
nonrigid part. Performing the inspection of scan model inftivetional state,
avoid the size and area of defects to be affected by flexible deformapant of

The drawbacks of using fixtureless inspectiasecbn virtual deforming the scan model

are as follows:

1 For each acquired point cloud$é scan mode] a proper FEneshhas to be
generated by processing the scan mddie mesh processing appliesesh

decimation and modification tools.

1 The scanning process should be implemeatedratelyall over the part to enable

generatinga FEmeshthatperfectly representhie geomet of scannegart.
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Figure2-6: Schematic flowchart of proposeattual fixture method in(Abenhaim,
Desrochers et al. 2015)

2.4.2.2 Fixtureless inspection based on virtually deforminghe CAD model

The second group of fixturelesSAI methods based onsimulated displacement
approachesntendto deform the CADmodeltowards the scan modi compensate for

the flexible deformationTherefore, the drawback of generating FE mesh for each
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measured scapart is eliminatedTo this end the highquality mesh of CAD model is
used to be deformed towarthe scan meshTackling with the drawbacks ale virtual
fixation concept (Weckenmann and Weickmann 2006BCs in virtual revere
defamation(Weckenmann, Weickmann et al. 20@r¢ imposed on the fixation features
of the CAD model.Applying feature extraction techniquebeserequired BCs are
determinedo displace the CAD features towarttheir corresponding features on the scan
model The simulation is conducted by generatingriR&sh from the CAD modglvhich

is accomplished once for all the inspectipestaining to the same CAD modapplying
BCson CAD meshalong with mechanical properties atmickness of the parfixation
features ofCAD modelis displaced towards their corresponding features on scan mesh
via FEA The geometricacomparison between the measured shapdrnee state(scan

model)and the uitually deformedCAD modelevaluatedefectson the scanned part.

During the scanning process, some part of snadel might be missedMissing data
associated with fixation features is crucial fartual reverse deformation method
because the BG®ncering these features cannot theterminedA fixtureless inspection
method presented i@aramillo, Prieto et al. 2018stimates approximatetie location
of missing fixation features using an interpolating technigseshavn in Figure2-7, the
nonrigid registration in this method appliégsrative transformatiothroughwhich the
deformed CAD model iteratively matchesthe partially acquired scan modélhe
inspection result is provided kaygeometricalcomparison between the deformed CAD

model and partially scan mesh.
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Figure2-7: An overviewof the nonrigid CAl methodusing partial measuring data
(Jaramillo, Prieto edl. 2013)

However, determining the correspondence between the CAD model and range data for
fixation features needs human interventishich is an obstacle towards automatic CAI

For this reasorthelterative Displacement Inspecti@ibl) algorithm (Abenhaim, Tahan

et al. 2011, Aidibe, Tahan et al. 20i2)evelopedased a iterativetransformation of

CAD model towards scan mesh without using FHAL proposes an algorithm that
combines the rigid with nengid registration methods along with an identification
method to distinguistiefectsfrom flexible deformationon the pint clouds of scan

model This method isleveloped for inspection of profile deviatiomghichfeaturedent

shaps (e.g. bumps) on deformablskinned pars. The IDI method applies rigid

registration using the ICP algorithpto minimize the Euclidian diahce between the
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CAD mesh and scanned point clewdthout deforming the shape of models. Thién,
applies a nonrigid registration algorithm based on iteratively finding an affine
transformation matrixAllen, Curless et al. 2003p deform the CAD mesh towards scan
model. This step is shown iRigure 2-8 wherein a defined displacement field is
introduced on CAD mesh (presented®yo displacehem towards deformed CAD mesh
(represented bys )3 which is closer to the scan modépoint clouds ofP). This
transformation must maintain the quality of the modified CAD mesh, by minimizing the
distance between the modified CAD mesh and the original @GABhand keep the
smoothness of the modified mesh with respect to the original CABhnThe
displacement field is iteratively determined and applied on the CAD model to minimize
the shape difference between the deformed CAD model and scan point clouds. However,
the displacement fields must only consider the flexible deformaticepairt excluding

the effect of defects. Thereforl)l usesan identificationmethodon the scan part to
identify the outlier point cloudshat physicallyrepresents defect3.his identification
method is inspired froniMerkley 1998) wherethe nodes located out of range with
reference to the neighboring nodes are identified as deféetse nodes, shovas profile
deviationin Figure2-8, are excluded from the calculation of displacement field during
the iterative nosrigid registration A smooth and iterative displacement of CAD model
towards scan mesh teenperformed The inspectionis implemented as a geometrical
comparisorbetween the deformed CAD mesh and scan model to evaluatiefdws
Nonethelessthe identification approach in IDllimits the method teevaluateonly the
localizeddefects on the scan models

.o
L .
PY

Profile deviation

Figure2-8: constructing deformed CAD model using displacement field without taking

into consideration the presence of effd@tbenhaim, Tahan et al. 2011)
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The identification method itheIDI algorithm isimprovedin (Aidibe, Tahan et al. 2012)

by applying themaximumnormedresidual testhat automaticallydentifies defects on

scan models. In this approach, the nodes associated with defects are considered as
statistical outliers with respect to the neighboring nodes. The drawbaidentfication

algorithm in IDImethod and iteamproved version are as follows

1 The algorithm is limited to localized defects which make it inefficient for

inspection opars with big (global) defects.

1 The sharp changes in thickness is a serchalenge because the flexibility
parameters in the algorithm, which are calculated baseHeothickness of the

part, result ifalsebehavior ofthe part in thethicknesschanging zones.

A fixtureless inspection of nengid parts based omsing theCoherent Point Drif{ CPD)
algorithm is presented in(Aidibe and Tahan 2015)CPD is a probabilistianethod
considered asne of the most powerfalon-rigid registratiortechniqus and efficientfor
extremely flexible partsThe surface of these extremely flexible parts castietcled

during a deformatiorwhich is not the case for naigid parts suclas thin sheet metals.
These nosrigid partsretain the geodesic distee on the surfaces of the part, which
requiresoptimizing theCPD parameters to respect the stretch and Euclidian distance
criteria during norrigid registration. The presented inspestimethod als@ppliesthe
Thompson tactical test to distinguish between flexible deformations and defects. To this
end, defects are recognized as statistical outliers of scan point clouds that exceed the
assigned tolerances.

Concerning theshortcoming of the abovementioned methodthe Generalized
Numerical Inspection Fixture(GNIF) (RadvarEsfahlan and Tahan 2012see
AppendixA, claims to inspect botemall (ocal) andbig (globa) defectsand decrease
theneed forhuman interventionThis method assumes that regid parts do not stretch
during flexible deformation in a fregtate Thereforethe geometry ofCAD and scan
modek are intrinsically the samdased on Gauss's Theorema Egregiurhis

phenomenon is derived from the fact thie# Gaussian curvature of a surface does not
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changewhenthe surface is bent without stretchinig fact, the flexible deformation of
nonrigid parts is an isometric deformation for which the shortest-jpvént (geodesic
distance) between any two points remains unchari@gged ontis distance preserving
property of norrigid parts the GNIF methoddompensatefor the flexible deformation

duringan inspectionThis property islepictedn Figure2-9, wherethe geodesic distances

on the CAD modef{between xand x) remainsthe same as the geodesic distance on the

scan model in free-state( b e t wieaenndy) (RadvarEsfahlan and Tahan 2014)

)

dy (v,

dy(x,x,)

(X.dy) Y

Figure2-9: Distance preserving property of ragid part during an isometric
deformation(RadvarEsfahlan and Tahan 2014)

The GNIF methodgenerates sets of corresponding sample pomttheCAD andscan
meshesas shown irFigure 2-10 with black pointsfor a turbine bladeThis is doney
consideringthe CAD and scan modeks geodesic distance metric spadescrete
geodesic distancdsetween each pair of nodes CAD mesh, as well ascan meshare
approximated bysing Fast Marching Algorithm(FMA) (Kimmel and Sethian 1998)
Applying Generalized MultDimensional ScalingGMDS) (Bronstein, Bronstein et al.
2006) theproper pairs of geodesic distancegtmCAD and scan models adetermined

for which the maximumdifference between the pairwidestances is minimized.
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CAD model T

Scan model LR

Figure2-10: Corresponding sample points (black pojrgenerate@n the CAD and
scanmodelsfor aturbine blad¢RadvarEsfahlan and Tahan 2014)

The generated corresponding sample points are used as BiGgarElement Nomigid
RegistrationFENR)to compensate for theeftible deformation. In fact, FENR displaces

the sample points on the CAD model toward their corresponding point on the scan model
that deforms the CAD mesh towards scan mesh.presented irFigure 2-11, the
geometrical comparison between tteformedCAD model (after FENR) and the scan

model lead to evaluating geometric deviations (defects) on the scan model.

CAD-model

Distorted
scanned
workpiece

Geometrical
deviation

Figure2-11: The flowchart otheinspection process using GNIF meth@dadvar
Esfahlan and Tahan 2012)
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The corresponding sampeints generated by GNIF are evenly distributed over the CAD

and scan models. Therefore, some sample points can be located on and/or around defects
Using these sample points \WENR result in an inaccuratespection. For this reason,

the inspectiorapproachpresented byRadvarEsfahlan and Tahan 2012pplies sample

points on bounding edgesdor assembly features as BCs in FENR. However, t#esls

to assume that these features are perfectly scanned which is not always the case.
Therefore, another approach presente(SBayri, Tahan et al. 201&pplies specified pre
selected sample points as BCs in FENR. Therefore, specific areas on the CAD and scan
models are manually selectetherein the barycenters of sample points are calculated as

specified preselected sample points.

The alvantagesf applyingfixtureless inspections based on virtually deforming the CAD

modelis outlined as:

1 There is no more need to process each scan mesh ofipsitsd one high

quality FEmesh is created from the CAD model.

1 The mesh generated frothe CAD model is more accurate, optimized,

smoothened and noiseless, which takes less time to be automatically generated.

71 Since only the critical areas such as fixation points or tolerance features are
necessary for simulation process, the measurementdatonly be implemented
accurately for these features that result in reducing the size of measuring data.

1 Missing data, except for fixation information, during scanning the part does not

affect the simulation process.

The dortcomingsof using fixtureles inspections based on virtually deforming the CAD

modelare as follows:

1 Theidentifieddefects on the scan model in a fetate can be affected by flexible
deformation of nosrigid parts. This can bring about errors into quantifying the
size and area afefects.
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1 Due to flexible deformation of nengid parts in a freestate, hescan modeldoes
not represent the functionality tfeseparts. The inspection does neventually
accomplishon the functional shape of the pafterefore, the performance of a

part inits functional state cannot berified.

2.5 Verification and validation methods based on ASME

recommendations

All CAlI methods which are based on scan data and computatioalgulations are
required to be verified ahvalidated. Uncertainty in computational simulations and
measuring errors due tihe inaccuracyof data acquisition devices ameevitable in
fixtureless norrigid inspection methoddnaccuracyof scannerss dueto the technical
limits of devicespptical effects(such as light fraction aneflectivity of partssurfacé
or inaccessible featuresf parts. These noisy datan affect the performance of CAI
methods.Applying Verification And Validation(V&V) approaches ocomputational
simulation models allows assessing accuraelability, and robustness @imulations
(Schwer, Mair et al. 2012)n fact, verification assessdsetaccuracy of a solution in a
computational model whereas validatiemaluatesthe consistency of computational
simulation resulteomparingwith the actual results. As presentedrigure2-12, due to
various sources of uncertainty in computer codes and simulations, all ctiomalta
methods, among whicare CAl methodsneed tobe thoroughly verified and validated.
Investigations on the applicationnd theory of verification and validation in
computational engineeriragepresentetby (Oberkampf, Trucano et al. 200@berkampf
and Barone 2006, Sornette, Davis et al. 200i)ike the qualitative traditional validation
activities, newly developed rigorous and systemat&VVapproaches are applied in
differentdisciplines These approaches are published for V&V guides in computational
solid mechanicqHills and Trucano 1999)fluid dynamics (Committee 1998) heat
transfer(Committee 2009and material engineerir{@owles, Backman et al. 201}he
predictive capability of the computational model instheguidess demonstrated by

comparing the features of interest (validation metrics) with respect to the real model in
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its intended use. The validation metrics, which are the quantitative measure of agreement
between a predictive model and physical obdemgmeasurements), are categorized as
hypothesidestingbasedand distancéased Oberkampf and Trucano 2008, Liu, Chen et

al. 2011) Unlike distancebased metric, the hypothesestingbasedmetrics provide an
evaluation concerning the general trend of dakee hypothesisestingbasedvalidation

metics compare the probability distributions of the prediction results and observations.
The comparison, which is based on statistical distributions such as cumulative distribution
functions (CDFs), is accomplishettirough a test of significance enclosed the
hypothesis testing theory. Several research work, in various engineering fields such as
structural dynamic¢Paez and Urbina 20023teady and transient heat conduction and
shockqHills and Leslie 2003)thermal decomposition of polyurethane fo@datherford

and Dowding 2003, Dowding, Leslie et al. 20@4)d sheet metal forming processes
(Chen, Baghdasaryan et al. 20@#edhypothesisestingbasedvalidation metricgfor

thar numerical calculations.
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Figure2-12: verification and validation (V&) activities and results based on ASME
recommendatiofSchwer, Mair et al. 2012)

Applying a validation metric, the robustness of a computational model can lbateda
by validating the result of a numericabproachwith respect to input noisén fact, a
robustcomputational model should provide satisfying results despite the presence of

input noise.In other words, the output of a robust computational approactains



67

acceptabléor input data including noiseith reference to the output for a noigee input
data.ln CAlI methods, thenput noise isprincipally originate from measurement noise
that is inherent to measuring data acquisition devices. Therdiereptustness of CAl
methodsis required to be studied with respect to scanning device (Bmsehnen and
Flynn 2005, Sun, Rosin et al. 2008)

2.6 State of the art summary

In this chaptethe specification of nenigid parts used idifferent industrial sectors such
as aerospace and automobile industrieverviewed taking into consideration the
challenges of the industriésr inspection of these part§o this end, dferent rigid and
nonrigid registrationmethods are introduced that useeasuring data acquired by
scanners Among these methodsComputerAided Inspection(CAl) methods are
presentegwhich tend to achievautomatianspectiors. Fixtureless CAl methods push it
a step futher by performingnspectionin a freestate which speedup the process and
lowers the coss. Then, he robustness of these methedth respect tascanning noise
also needs to be verified and validated. Meanwthike compliance oflexible parts can
compensate for some typesgdometrical deviationsl€fect$ in assemblystate In some
cases, the functional shape of flexible parts including defects can be retrieved under
permissible assemblgads. This is a practical technic thatgenerallyused inaerospace
industries to retrieve the functional shape of a deviateerigah manufactured part on
sophisticated inspection fixturds.concludeghatthe automatic inspection of neigid

parts still remaina challengingtime-consuming and costly pragefor industrial sectors
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CHAPTER 3 GENERAL PLANNIHEG THESI S

3.1 Statement of the problem

This research is focused on the automatic and fixtureless inspefctionrigid (flexible)

parts Non-rigid parts such as thin sheet metals are commonly used in the aerospace and
automobile industrieascovering the body of cars and airplamgslarge paneldDue to

the compliance of flexible partddse parts are deformedafreestatein which the part

is submitted only to its own weighfThe flexible deformation cause geometrical
deviations thatexceeddedicated tolerance®r the assembly process. However, the
functional shape of these parts can be retrieved on inspection fixsaefsigure 3-1)

and these parts can be assehbieder permissible loads in tlassemblystate Setting

up fixtures that should be adjusted for eaaht i3 costly andakes significaninspection

time. For example some inspection setup processes tfer type ofnonrigid parts
consideed in our industrial partner (Bombardier Aerospatenando0 to 75 hous of
operation Considering the repeatability of inspection in manufacturingamds t o mer s 6
facilities, the cost of these fixturekubles. In order tospeed up thgeometric inspection

of nonrigid parts, todecreasdhe cost of inspection and toaintain the inspection
precision during quality control procegsomputerAided InspectiofCAl) methods are
developedThese methods use benefits of applying 3D scanners along with computational
calculations tgerforma virtual inspection of scan models lggometricallycomparing
themwith the CAD modelDimensioning and tolerancirgjandards such #SME and

ISO requireperforming the inspectiomm a freestate unless otherwise specified, whereas
the exemption refers iospectionof nonrigid parts.However, themeasurd scan model

is acquired ilMeasurementoordinate SysteifMCS) which isindependenof the CAD

model inDesign Coordinate Systef@CS). Using an inspectiofixture instantlyunifies

the two coordinate systems aal$ocompensate for the flexibldeformation of pas
However, serious drawbacks of using fixtures during inspection pro¢ead to
fixtureless CAlmethods in which the surface of parts is acquired in asfiage The main

challenge of fixtureless CAl methods is the geometrical compartbetween the CAD
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and scan models in a common coordinate system considering the gealnaatration
of parts in a freetate. In order to accommodate CAl methods withdustrial
requirementsfixtureless CAlmethods need the performed in an automategpection

process and tprovide more accurate inspection results.

Like all computational modelsixturelessCAlI methods based on virtual displacement
approaches need to be verified and validated with respect to actual inspectionTresults.
this end a quantitative validation metris requiredo verify estimated inspection results
regardinghominaldefects on the partk fact, he robustness of CAl methed assessed
with respect tescanning noiséo ensurethe accuracy of inspection resuttespite the

presence ohputnoise.

Practical inspectiotechniques ity using inspection fixturgsshow that the functional
shape of geometrically deviated nogid pars can beretrieved under permissible
assembly loads. In fadthe compliance ofiontrigid partsallow retrieving the functional
geometry of a deviated pafincluding defects)in assemblystate Thesepractical

techniques applgermissible loads on the surface of deviated pangit the part into its
assemblystate on an inspection fixtire (see Figure 1-2). However, evaluating the
required assembly loads by trahderroron the costly fixturekead to a timeconsuming
and low efficiency inspection method. Therefore, industrial compardeshandfor

automatedfixtureless CAl methosl which eliminate the drawbacks a@bnventional

inspection techniques.
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Figure3-1: A complex nspedtion fixture setup for alarge aerospace panel.

Therefore, manufacturing companase very interested fixturelessinspectiormethods
for nonrigid parts in a freestatefor whichtherequiredassemblyoadscan be estimated

automatically Thesefixtureless methasitakeinto consideratiorthat
1 The method should eliminate the ndéedinspection fixtures

1 The methodensures performing an automatianspection underestimated
permissible assemblipads force measuring tosland manual distributioof

loads are eliminated)

1 The method should be able to simulate the functishape othe scan model in

assemblystate

1 Theinspectiormethod shoul@void setting up parameters that would be different

from one part to the other one

1 The fixtureless insp#ion method should be performed automatically to avoid

human intervention durintheinspection process.

1 The inspection results are required to be obtained within an acceptable calculation

time.
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1 The inspection results shoube accurate for furthedecisionson the part.

1 The fixtureless CAl method should be robwsth respect taifferent sources of

inputnoise
To this end, the following technicatiteriaarecrucial forfixtureless CAl methosi

1 The scan meswhichis therepresentativef a manufcturedpart ina freestate
may include flexible deformation amgometricabeviationwith referenceo the
CAD model, whichdoes not permit a direct comparison betweemtbdels

1 A discretesurfacerepresentation of manufactured part (scan messgnerated

and appliecasaninputto the CAl method.
1 The inputamayinclude inspection noise inherent to scanrdegices

1 We arespecificallytargeting parts that aassifiedin zone Bas described in
section2.2 The geometrical characteristics amgechanicalbehaviorof these

parts classify therm zone B
1 Thefunctionalshape ohonrigid partis estimatedn assemblystate

1 The requiredassemblyloads limited to the permissibleads,are estimatedo

retrieve the functional shape @éviated nosrigid part in assembigtate.

Concerning the serious need of industrial sectors usingrigmhpartsfor automatic
fixtureless CAl methodswvhich is able to satisfy th@bovementionedoroblematics, the
research objectives of this projecepresented in sectidh2

3.2 Research tjectives

The main objective of thistudyis todevelop arautomatic fixtureless CAl for nengid
manufactured parts in a frsgate andhenevaluate the robustness of the developed CAI
method.The main objectives fulfilled by developingwo different CAlmethodsbased

on virtual displacement approaches to enable evaluating geometrical deviations)(defect

The first developedfixtureless method aims at distinguishing between the flexible
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deformaion and possible defects pérs, then compensate for thexible deformation

by virtually displacing the CAD model towards the scan modedepicted irfFigure3-2,

all CAl methods are required to be valieldtto assess the robustness of developed
methodswith respect taoise. Therefore, developing a quantitative validation metric for
validation of fixtureless CAl methods especially for nand parts is taken into

consideration.

The second developed methiaatends to virtually deform a deviated scan mesh
(presenting defectsiito assembhstate under permissible assembly loads. Instiyeal
practical inspection technique in aerospace industries, estimating the required permissible
assembly loads through a fixtureless CAI to achieve the toleranessemblystateis

an interesting target of this project. Indeed, the possibiligseémbhg a deviated non

rigid part in assembly state is investigated.
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Figure3-2: simplified flowchart of a fixtureless CAIl followed by a verification and

validation approach.
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Therefore, e objectivesof thisthesis can be outlined &dlowing:

T

Distinguishing between the flexible deformation and possible defects on-a non

rigid part.

Implementing anonrigid registration to compensate onfgr the flexible
deformation of nosrigid parts.

Performing a virtuainspection for estimating the size and location of defects on
the nonrigid pars.

Developing anew algorithmto predicta distribution ofassemblyloads on the
surface of a deviatedonrigid partthrough which the part is put in assembly

State.

Establisling an optimization procesfor a deviated nonigid part that can be put
in assemblystate to find the best distribution of assembly loads whighimizes
the distance and orientation differences between assembly feésuds as
mounting holespn thescan and CAD models.

Developing a quantitative validation metric fibre Verification and Validation
(V&V) of CAlI method based on ASME recommendations.

Verifying the performance of our developed methods on actual aerospace parts.

3.3 Hypotheses used inthe project

This sectionpresentsthe generalhypothess that arecommonly consideredin this

researchThesehypothess are as follows:

T

M

The partantended to be inspected are migid parts (thinwalled sheet metals)
used indifferent industrial sectors among whi@erospace and automobile

industries.

The nominal geometry of the patitsavailable as CAD model ithe Design
Coordinate SysterfbCS).
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The flexible deformation and geometrical deviation of these parts during-a free
state measuring (scanning) procesgyht exceedthe dedicated tolerances.
However, the developed methods in this stadg also inspect nemgid parts

with no defects and lead to accept these parts since their geometrical deviation is

in tolerance range.

The acquired point clouds from a freate scanning process presenting the

surface ofmanufacturedpart in MeasurementCoordinate SystenfMCS) is

available.

1 The CAI methods are developed for identifying and estimating defects in the

surface profile antbcation of the parts as defined by ASME Y14.5 (2009).

1 At the beginning of this project, all simulations u$ednontrigid registrations

were based on linedfEA assumption (small displacement formulationgdin

elastic behavior, etc.). However, durifdgetcourse of this research, we adapted

the application ohonlinear FEAo uselarge displacemeribrmulationin FENR

3.4 The synthesis ofresearchesand logical links between

articles

A synthesis of the proposedsearches briefly presented in the renméing sections of

this chapter to highlight the integration and logical links between the articles.

3.4.1 Simulated scan model$or validation cases

In this research, we used different validation cases to evaluate the accuracy and limits of

our developed method3hese validation cases, as showrkrigure 3-3, arenonrigid
aluminum parts usetypically in aerospacendustries. Howevegll the scan models of
these validation casese simulatedy deforming CAD models via FEA ariy adding
geometical deviations (defectspifferent geometrical deviations such lasmp defects
(Figure3-3-b, c, e, f, h and i), geometric alteratidhgure3-3-j) and plastic deformation
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(Figure3-3-k and |) are used in this thesithe CAD models of validation cases atso

presented ifrigure3-3-a, d, g j, k and | with green color.

We can accurately evaluate the size of generated defesimatated scanned modgls
whereas measuring defects on real parts includes measuring uncertainties. Therefore,
using simulated scanned modgwistead of real scanned data allow assessing the accuracy
and robustness of our developed CAI methods with respect to nominal simulated defects.
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Figure3-3: A summary ofCAD andsimulated scan modelssed in this thesis.
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3.4.2 Automatic fixtureless CAIl based on filtering corresponding

sample points(Article 1)

Inspection of nosrigid parts is a time&onsuming and costly challenge fimdustrial
sectors Applying inspection fixtures is sophisticated and reggihuman intervention.
Industrial sectorsdemanddeveloping fixtureless CAl methods, which perform the
inspection in a fresate. Based on isometric deformation of-nigid parts in a freestate,
the Generalized Numerical Inspection Fixtu(@NIF) methodgenerate sample points
that makelinks between the CAD and scan models. Using these sample points as
boundary conditions (BCs) mFE Nonrigid Registration(FENR) intend tadeformthe
CAD model towards the scan model. Tall®wsevaluating defects through a geometrical
comparison between the scan model and deforl@@d model (after FENR).
Corresponding sample points are evenly distributed over the CAD and scan,randels
some of whichare on defect areabloweve, using sample qints on defect areavia

FENR resultsn an inaccurate evaluation of defects.

Chapter 4of this thesis is devoted to developing an automatedréidss CAl method
based on filtering corresponding sample poimtschare in defect areassing curvature
and von Mises stress criteri@nce the proposed sample points filtration method is
applied, the accurateevaluation of defects on the scan model is achieved. The
performance of this method is validated on two-ngid parts thaarecommonly used

in the aerospace industryf.he link of this articleto the subject of the thesis is that the
developed fixturelss CAlallow an automatic and precise inspectammpaedto those

that presented iliteraturereview (section2.4.2. In fact,the presented matdis able to
identify andinspectbothsmall (local)andbig (global)defects

This article is published irthe international journal of advanced manufacturing

technology, SpringeYerlag London Limited

S. Sattarpanah Karganroudi,-@. Cuilliere, V.Francois, and SA. Tahan, "Automatic
fixtureless inspection of nemgid parts based on filtering registration pointsThe

International Journal of Advanced Manufacturing Technology, g#6,12016.
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3.4.3 Validation and verification of our CAl method (Article 2)

Computational methods applied in different disciplines need to be verified and validated.
To this end, te computationaprogrammingare verified to ensure theorrectness of
results with respect toomputationalcoding. Moreover the computatinal results are
validated with reference to the actual oneslike traditional qualitative validation
methods, the developécerification and ValidatioV&V) methods set up a validation
metric to compare quantitatively the computational and actuaksefhe ASME guide

for V&V of computational solid mechanigslills and Trucano 199%onclude that the
predictive capability of a computational model is assessed by comparing its features of
interest (validation metrics) with respect to tteal model in its intended us&he
robustness of numerical methodsrsusinput noise is then evaluated using vaiida
metrics. Uncertainties,numerical errorsand scanning noisen CAl methods justify

applying V&V approaches for assessing the robustness of CAl methods.

Chapter 5 of this thesis presents a new validation metbhased on ASME
recommendations fgerform a quantitative and detailed validationourfixtureless CAl
method. This validation metric applies statistical tools to perform a detailedacsomp
between the estimated inspection results rmomdinal defects.The comparisoris based

on statistical distributions of cumulative distribution functiq@DFs) at a specific
significancelevel. Along with the size (area and maximum amplitude) of disfethe

newly developed validation metric assess the distribution of distances associated with the
estimated defects with respecttbh@ nominalones The link of this articleto the subject

of thethesisis thatthe presented validation metric is applied to asessobustness of

ourdeveloped fixtureless CAbr nonrigid parts.

This article is submitted ithe Journal of Verification, Validation and Uncertainty
Quantification and it is under thprocess ofeview.

S. Sattarpanah Karganroudi,-&. Cuilliere, V. Francois, and &\. Tahan, "Assessment

of the robustness of a fixtureless inspection method fofrigah parts based on a
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verification and validation approach,” Journal of Verification, Validationdan
Uncertainty Quantification.

3.4.4 Virtual inspectionin assemblystate using permissible loads for

deviated nonrigid parts (Article 3)

Industrial inspection techniques prove thabme deviated nofrigid parts can be
practically assembled under permissible assembly loads. In thet,geometrical
deviation of these partén€luding defects) can be absorbed by tmmplianceof non

rigid parts.Theinspection techniquantroduceweights on the surface of parts which are
constraird on physical fixturesHowever, setting up sophisticatgihysical fixtures
along with estimating proper weights by traaiderror is timeconsuming and costly.

This manual and empirical process of applying weights to retrieve the functional shape

of a ceviated part is not efficient for large and complicated parts.

Inspiredby theinspection technique, a fixtureless CApigsentedn Chapter @hataim
ateliminating physical complex fixtures and performing a virtual inspedtiodeviated
parts.The scanmodel of a geometrically deviated nagid partis acquired in a free
state The proposedirtual Mounting Assembi$tate Inspectio(VMASI) method then
estimateshe possibilityof mountingthe scan model on a virtual fixture in asserntiigte
under restrainindgoads For those parts that can be putarvirtual fixture (assemigt
state) ther functional shapgarepredicted byntroducing the required assembly loads as
boundary condition via FEA. The optimdistribution of required assembly loads is
assessed using our developasktraining Pressures Optimizati@RPO) approaclRPO
considers the requirddadsas a set of pressure introduced on the surface of scan mesh.
The required pressuraatend to deform the scan mesh through a linear-B&sed
transformation wherein théistance and orientation difference are minimized betw
tooling holes (e.g. mounting holes) on the predicted shape of scanandd=ithe CAD
model The final inspection is performed by evaluating the position of mounting holes on
thefunctionalshape of scan model with respect to the $olehe CAD model. The part

is acceptable for pursuing forward for assembly stage if the boléhe predicted shape
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of scan model in assemkdyateremainin the range of dedicated tolerance with respect
to the CAD modelThe link of this articleto the sulpect of the thesis is thAtMASI

methodallows a fixtureless inspection for deviated parts diminishing the inspection cost.
This article is submitted i@omputerAided Designand it is under the process of review.

S. Sattarpanah Karganroudi,-@. Cuilliére, V. Francois, and SA. Tahanfi Fi xt ur el e s
inspection of noigid parts based on virtual mounting in assemblystate using

permissible loads,ComputerAided Design.
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CHAPTER 4 AUTOMATI C FI XSURBSBEEBCTI ON Ol
NOMNRI GI D PARTS BASEBRPBREGI STRATI ON
POI NTS

Sasan Sattarpahah-Gkami gaopbedi@Qunktkenfré&ranc
Souhlenitloi ne Tahan
Y£qguipe de Recherch@AleddEIRhC®A)at UnnvErRsi-t® du Qu®

Rivi reRi,viTrroedss, Qu®bec, Canada
2Labatroire d'imrg®di igtrdoe ®He®s et syst mes (LI PPS),
Sup®rieure, Montr®al, Qu®bec, Canada

4.1 Abstract

Computeraided inspection(CAIl) of nonrigid parts significantly contributes to
improving performanceof products, reducing assembly time and decreasing production
costs. CAl methods use scanners to measure point clouds on parts and toenparneh

the nominalComputerAided DesigfCAD) model. Due to the compliance of nragid

parts and for inspectiom supplier and client facilities, two sets of sophisticated and
expensive dedicated fixtures are usually required to compensate for the deformation of
these parts during inspection. CAl methods for fixtureless inspection efigidrparts

aim at scannig these parts in a fregate for which, one of the main challenges is to
distinguish between possible geometric deviation (defects) and flexible deformation
associated with frestate. In this work th&eneralized Numerical Inspection Fixture
(GNIF) methal is applied to generate a prior set of corresponding sample points between
CAD and scanned models. These points are used to deform the CAD model to the scanned
model via finite element nengid registration. Then defects are identified by comparing

the ceformed CAD model with the scanned model. The fact that some sample points can
be located close to defects, results in an inaccurate estimation of these defects. In this
paper a method is introduced to automatically filter out sample points that aréoclose
defects. This method is based on curvature and von Mises stress. Once filtered, remaining
sample points are used in a new registration, which allows identifying and quantifying

defects more accurately. The proposed method is validated on aerospace parts
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Keywords: Geometric inspection, nemgid parts, GNIF, fixtureless inspection, principal

curvatures, von Mises stress.

4.2 Introduction

In many industrial sectors, an increasing need for product quality requires respecting
smaller and smaller tolerances, walinican be obtained by setting up accu@@®metric
Dimensioning and TolerancindGD&T). Although developments at automating
production processes enable manufacturing companies towards mass production with
shorter delays, quality control is often troensiming and usually requires significant
human intervention. Geometric dimensioning and tolerancing standards such as ASME
Y14.5 and ISGGPS affirm that inspection of manufactured parts must be carried out in

a freestate condition unless otherwise specifiedemptions to this rule are given in ISO
10579 and ASME Y14.5 (2009) for neigid parts. Indeed, in several industrial sectors,
such as the aerospace and automotive industries, many manufactured parts are designed
and used with a very small thicknesshwiespect to the other dimensions. The problem
with these nosrigid (flexible) parts is that thegre likely to deform, in a frestate, in

such a way that the order of magnitude of part deformation may be equal if compared to
the part defects itself. Ftinese parts, frestate deformation mainly occurs due to gravity
effects (the own weight of the part) or to residual stresses. In [1] the compliance of a part
is defined as the ratio between an applied force and the induced deformation in the part.
Basedon this definition, manufactured parts are classified in three categories as rigid,
nonrigid and extremely nonigid parts. In this classification, a part is considered as a
nonrigid part if the deformation induced by a reasonable force (around 4@%ri4 0%

of the assigned tolerance. igure 4-1-a, a norrigid aerospace panel in a fre@ate

deformation due to its compliance is well illustcate

Consequently, in common inspection methods, as described in [2], dedicated holding
fixtures are designed and used to compensate for the flexible deformationrdgidon
parts during inspection. However, these dedicated fixtures are very sophistiodtesty

expensive to set up in most cases. Thus, in general, geometric inspectionrigfichon
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manufactured parts is a significant problem since it is expensive and since it takes a large
part of production leatime. For example, some inspection setuprfonrigid parts in
aerospace industry requires 60 to 75 hours of operation for setting up one fixture [3].
Meanwhile, a second identical set of fixtures is often required for repeating the inspection
at the cust oFgaredéld, the pactinfroduced iRigured-1-a in a free

state is shown as constrained on such a fixture set.

Figure4-1: An aerospace panel, a) in frem@te, b) constrained on itsspection fixture
[4].

Beholden to the improvements in computer graphics and optic scanners, manual and
tactile methods of measurement and inspection have progressively been replaced by
ComputerAided InspectionfCAI) methods. CAI methods are noteworthyedto the

ability of automating all the inspection process which speeds up and increases the
accuracy of inspection by eliminating human intervention and its inseparable error. To
evaluate the surface profile of a part, a point cloud measured on pacesusfaompared

with theComputerAided Desigif{CAD) model. These measurements are performed with
two types of geometry acquisition tools: contact and-cmmtact devices. A review on
measuring methods in frestate is presented in [5] and a specific foisugut on using

laser scanners in [6]. For neigid parts, sinc&€oordinate Measuring Machin€gSMM)
technology acquires points on the part by means of a probe, which can disturb its
geometry due to contact with the probe, using-oomact measurementgjch as laser
scanners is more appropriate to acquire point cloud of surfaces insdte@as shown in

Figure4-2.
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Figure4-2: Surface data acquisition by a handy scanner.

In CAl, as mentioned above, a point cloud measured on the part surface is comigmared

the CAD model of this part. The objective is assessing the deviation of these points from
the CAD model and comparing it with the tolerances as specified. One of the problems
in CAl is that the CAD model is defined in a coordinate system that isewessarily the

same as the coordinate system associated with measured points. Of course, comparison
between CAD and scanned models has to be performed in the same coordinate system
and in the same state of elastic deformation. As introduced before, mgasumrigid
manufactured parts in a dedicated inspection fixture can solve these problems but, since
inspection fixtures such as conformation jigs are costly and time consuming, setting up
fixtureless inspections based on CAl methods is foreseen. I filkageless inspection
methods the nenigid part is measured in a frestate, and an optimal transformation
between the CAD model and the acquired point cloud is computed. For rigid parts, this
transformation can be represented by a rigid transformatatnix. For norrigid parts,

finding this transformation is much more difficult since it combines location and
orientation along with elastic deformation. This process of finding the best transformation
before comparing scan and CAD data is referred tegistration Registration methods

have been widely studied for rigid parts and several methods have been proposed [5, 7].
Among these methods, therative Closest Poin{ICP) algorithm [8] has been very
popular and a source of many adaptations andneehaents for application in various
domains (inspection, shape recognition, 3D modeling, robotic}, wtich makes it an

efficient and robust rigid registration method. As introduced abovetigmhregistration
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(registration for nosfrigid parts) is mah more complex since it combines searching for a
rigid transformation matrix along with a displacement field. As presented in the next
section, a few nonigid registration methods have been proposed in the literature [3, 9
23]. Basically, these methody to find the best correspondence between CAD and scan
data either by deforming CAD geometry to scan geometry or by deforming scan geometry
to CAD geometry.

In general, the main problem is that, the smignd registration process is influenced by
defectghemselves, which are of course not known a priori. Consequently, strategies need
to be applied towards reducing, as much as possible, the influence of defects on the non
rigid registration process and, by the way, towards improving the accuracy areheyfic

of CAl for nonrigid parts. This paper is focused on this specific objective.

The paper is organized as follows. SecdaBpresents a literature review of fixtureless
CAIl methods for nosrigid parts. It is followed, in sectioA.4, by a description of the
proposed apach towards reducing the influence of defects on theiigahregistration
process in the context of CAl methods for fragid parts. This approach is principally
based on filtering sample points used in-nigid registration. Validation of the apprdac
is then presented on two nogid aerospace parts in sectidrd. The paper ends with a
conclusion and ideas for future works on this issueatien4.6.

4.3 Literature review

Fixtureless inspection methods of negid parts has been developed relying on
numerical approaches to compare shape of measured parts (represented by scanned
point clouds) in a frestate with their nominal CAD model. In order to be able to
compensate for flexible deformation of nogid parts in a freestate and evaluate the
geometrical variation of manufacturedrts, either the CAD model is deformed to take
on the shape of the scanned model or vice versa. For examplel2j #numerical
fixture was proposed to virtually constrain the scanned flexible part into its functional

shape. On the contrary, methodogmsed in [3, 123] are based on numerically
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deforming the CAD nominal geometry according to the flexible deformation of the

measured nongid part in a freestate.

The proposed method in [9] begins with acquiring the scanned model ofragitbpart

that is constrained in a reference state. This state does not need to represent the functional
state of the part. This scan data in the reference state is used with a first FEA simulation
to generate the shape of the part in a completelystage (free fom any external forces).

From this intermediate result, a virtual functional state of the part is obtained through a
second FEA simulation. This virtual functional state is finally compared with the CAD

specification for metrology.

In [10, 11], thevirtual fixation concept is introduced. It consists in generating a FE model
from scanned point cloud in fretate and in identifying, on the scanned part, features
such as mounting holes to identify fixation points on the scanned model. Then, this
informationabout the location of nominal fixation points is used to apply displacement
boundary conditions to the scanned model, which replicates deforming it to its virtually
simulated inspection fixture. However, generating a FE mesh from scanned part requires
a time consuming processing on point cloud, which cannot be automated since each

measured part needs an individual mesh.

Concerning the automatic FE mesh generating from the CAD model of the part instead
of its scanned model, thertual reverse deformatiomnmethod is introduced in [13]
wherein the CAD mesh is deformed to conform to the scanned model of thigidon
part in a freestate. In this approach, it is done by imposing boundary conditions on the
nominal fixation points in the CAD model and displacitigese points to the
corresponding fixation points in the scanned model, which have been previously

identified using feature extraction.

The method proposed in [15] is similar to the virtual reverse deformation method but, in
this approachRadial Basis Fucations(RBFs) are used to minimize the FE mesh density.
This allows accurately predicting the behavior of the part at a lower computational cost.

Meanwhile, in [16, 17] fixtureless inspection is performed by using only partial views of
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regions that need te inspected. This is done by applying an interpolation technique,
based on RBFs, to estimate an approximate location of the missing fixation points.

In [18] the Generalized Numerical Inspection Fixtu(&NIF), see AppendiA, is
presented. This registrah method is based on the assumption that, forrigiah parts,

the deformation is isometric, which means that the ipt@nt shortest path (geodesic
distance) between any two points on a part remains unchanged during the isometric
deformation. In the GNF method, CAD and scanned models are considered as geodesic
distance metric spaces, and the similarity between them is estimated by finding the
associated minimum distortion between the metrics. In this approach, discrete geodesic
distances for both CADnal scanned models are calculated, from their meshes, using the
fast marching methof24]. In the GNIF methodGeneralized Multidimensional Scaling
(GMDS) [25] minimizes the distortion between the metrics associated with CAD and
scanned models. The GNIF rhed automatically finds corresponding sample points on

the faces of CAD and scanned models. The corresponding sample points associated with
assembly features are then used for computing theigihregistration. Indeed, these
corresponding sample poiriistween the two models are used as displacement boundary
conditions in a FEA simulation that is applied to deform the CAD model towards the
shape of scan data. This process is referred Eonite Element Nosmigid Registration
(FENR). If no informationg available about the assembly process, then the sample points
on boundaries of model (assuming boundaries are perfect with no defects on them) or
assured sample points with negligible deformations such as rigid attachment are used in
FENR. GNIF is improvd in [3] as a more general and robust approach referred to as
Robust generalized Numerical Inspection Fixt(R&lIF). RNIF is based on filtering out
sample points causing incoherent geodesic distances. This enhancement enables handling
parts with missingange data on surfaces. Meanwhile, the robust GNIF method proposes
using distancepreservingNonLinear Dimensionality Reductiomethods(NLDR) to
enhance the inspection process for parts with large deformations. Then in [26] a review
and systematic comparison between NLDR methods are presented in order to evaluate

their performance for applications in the metrology of flexible parts.
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In [19-22] thelterative Displacement Inspecti@iDI) algorithm is presented along with
associated identification methods. By contrast with the methods presented previously, IDI
identification concepts are not based on FEA. IDI iteratively deforms the makb of
CAD model until it matches the shape of scan data. In the IDI algorithm, a specific
identification process allows distinguishing flexible deformation from eventual defects
on the scanned model surface. Thus, the CAD mesh is smoothly deformed amtiexisc
shape, except for defects. An improvement of the identification method is proposed in
[20] on which the location of points in a measured point cloud is studied statistically to
detect defects as outliers with respect to the mean location of negibts in the point
cloud. This enhancement consists in automatically setting an identification threshold by
applying the maximurmormed residual test which is a statistical test to detect outliers in

a point cloud.

In [23] another defect identification pmach is presented. This approach is based on
curvature estimation anthomson statistical tesb identify defects on manufactured
parts. This method starts with estimating difference in principal curvatures between the
measured point cloud and the noali€AD model. Then, applying a statistical method
(Thomsontechnique) the suspected outliers of estimated curvature values can be
identified and detected as defects. The accuracy of inspections based on IDI method
strictly depends on its defect identifimat algorithm, which can only identify localized
defects.On the one hand IDI method cannot evaluate defects distributed in a global
manner over a nerigid part. Meanwhile, the presented identification approach in [23] is
not able to identify defects aomplex geometry of nerigid parts by applying solely a
threshold for estimated curvature difference. On the other hand, in the above mentioned
nonrigid registration methods using FEA for registration, the foreknown assembly
information of norrigid pars are required to specify the location of imposed boundary
conditions in FENR.

In the approach presented along the following sections, the location and parameters of
boundary conditions used in the Aogid registration is automatic. Indeed, an initiat s

of corresponding points between CAD and scanned geometry is automatically filtered to
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improve FENR, which brings about a better accuracy in the detection of defects-on non
rigid parts.

4.4 Methodology and implementation

4.4.1 Description of the proposed methodlogy

In this paper, th&eneralized Numerical Inspection Fixti@NIF) [18] method is first
applied as nomigid registration method to find an initial set of corresponding points
between nominal CAD and scan data in a-Bte. Indeed, based on thensetric
deformation assumption, GNIF generates two [istee on the CAD model and another
one on the scanned model) estimated corresponding sample points. Then, these two
lists of corresponding sample points are used to deform the CAD model to trdatcan

via FENR. Since these corresponding sample points are evenly distributed over both
models, some of these points can be located close to defects. This results in an inaccurate
estimation of the size of these defects. We have shown in a previousirmagfinvork

[27] that filtering sample points that are close to defects in the FENR reduces this
inaccuracy. The problem is that these defects are not known a priorprdpesed
approach features two stages in filtering these sample points: curvaturarsomg and

von Mises stress calculations.

The approach proposed in this paper is described using a typicaigibaluminum

panel used in the aerospace indusay i{lustrated irFigure 4-3, dimensions are 1100

mm by 860 mm with 1 mm thickness). The CAD model is showsigare4-4-a, and the
associated simulated scanned model for inspection in atee inFigure 4-4-c. This

scan data includes three bump defects. The nominal size of these defects is known a priori
so that the size of defects as identified can be compared withothaal size. The
maximum amplitudef a given defect is defined as the distanceveen the deformed

CAD (after nonrigid registration) and scan data at the tip (or valley) of this defect. The
area of a given defed defined as the area that exceeds the tolerance value, as specified

on the drawing. For all validation cases presentegd, considered 0.4 mm as a
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representative specified tolerance value. Top views of models as shévguia4-4-b
and d, clearly show frestate deforration of scan data.

e N

| Notes:
[69] | [2] « According to ASME Y 14.5 (2009)

s UOS: restrain on A1-A4 to achieve tolerance
6] maximum load = 50 N

Figure4-3: CAD model along with GD&T specification for part A (dimensions are in

mm).

A preregistration, based on the ICP algorithm [8], is followed by generating GNIF
sample points on both models as showRigure4-5. These correspaling sample points
are then used to impose displacement boundary conditions to deform the CAD model to

the scanned model througimite Element Nosmigid Registration(FENR).

Since GNIF CAD sample points are not exactly located on nodes of the CAD
triangulation, local modifications are performed on this triangulation before applying
FENR. As shown inFigure 4-6, this is performed using a classical l@eay point
insertion method [28].
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Bump #1
Max. amplitude:1 mm
Area: 85 mm?

Bump #2
Max. amplitude:1.5 mm
Area: 98 mm?

Bump #3
Max. amplitude:1 mm
Area: 60 mm?

» U ——

-

Figure4-4: A nonrigid aluminum panel a) front view of the CAD model b) top view of
the CAD model c) front view of the scanned part in a-fte¢e d) top view of the

scanned part in a fregate.

Part A

Scanned model

Figure4-5: GNIF corresponding sample points (in black) are located in the center of
colored zones on CAD and scanned models.
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Figure4-6: a) The purple point presents a GNIF sample point to be inserted b) the
sample point is inserted into the mesh by incremental Delaunay triangulation c) Testing
the empty sphere criterion d) swap diagonal operator.

For the sample part introded inFigure4-4, red spots irFigure4-7-a represent GNIF
sample points after insertion into the CAD mesh. As introduced above, FENR is based
on imposing displacement boundary conditions on these sample points to deform the
CAD mesh to the shape of scan data. The displacement distributioratss@ath FENR

is shown inFigure4-7-b. As shown irFigure4-7-a, some of the corresponding sample
points on the CAD meshre located close to defects and/or on defects. These sample
points tend to bring the deformed CAD model to the shape of defects in the scanned
model, which is a source of error in assessing size and location of these defects. This is
well illustrated inFigure4-7-c, where the distribution of distance between deformed CAD
and scan data is illustrated, and alsbigure4-7-d , wher e t he esti mati o
is depicted. Indeed, the size of the 3 defects is vesténated, due to the fact that some

of the sample points used in FENR are closthese defects.
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Estimated: 0.03 mm o
0.128
0.103 ) 5
Nominal: 1.5 mm Nominal: 98 mm
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Estimated: 0.05 mm Estimated: 0 mm
0.0771 *
0.0514
0.0257
Nominal: 1 mm Nominal: 60 mm?
F f . )
Estimated: 0.13 mm Estimated: 0 mm

1.15¢-09
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Figure4-7: a) GNIF sample points on the CAD model represented as red spots b)
displacement distribution [mm] after FENR based on using all GNIF sample points c)
comparison betweesstimated and nominal size of defects [mm] when using all GNIF

sample points d) estimating the area of defectsjmm

This result shows that, to avoid deforming the CAD model around defects, the sample
points that are located close to these defects sheufdtered out. The problem is that
these defects are not known a priori. Therefore, as showigune 4-8, these sample
points are filtered aftempgplying a first FENR through the following two steps:

1 GNIF sample points filtering based arlocalcurvature criterion

1 GNIF sample points filtering based on a von Mises stress criterion
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The first filtering step is based on locally comparing principavatures of the CAD
model before deformation with principle curvatures of the CAD model after FENR (after
deformation). This is done at the location of all sample points and it allows a first rough
assessment of defects. Indeed,ab&ineddeformed CAD mdel using all sample points

is almost similar to the shape of scanned model including the defects. Since the flexible
deformation of a nomigid part has a smoother curvature comparing to a defect such as a
bump, studying the difference of each principaivatures between the CAD before and
after deformation allows roughly assessing defects. Discrete principal curvatunes

and b n are calculated and compared between the two triangulations (CAD and

deformed CAD) using:

6N oA 0 0N 41

0 N 0 n O RN U N 4-2
WhereU is the mean curvature and is the Gaussian curvature, which are calculated

as discrete curvatures using the Gadsanet scheme [29].
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Figure4-8: Schematic diagram of the proposed sample point filtration method.

Note that, since the criterion is based on the difference between curvature distributions
and not on the curvature distribution itself, high curvature zones do not cause problems
in the process. In secti@gh5.3 the part used (referred to as part B) for validation results
features such high curvature zones and results obtained support this statement.
Distributions of the difference in discrete prpal curvatures between CARNd
deformed CAD triangulations, are shownFhkigure 4-9-a andFigure 4-9-b. It clearly

shows that areas exceeding a threshold values on these differences represent a rough
estimate of defects. The maximum and minimum threshold values of the difference in
principal curvéures used ared.05 and +0.05 mrh Note that the color scale used in
Figure 4-9-a andFigure 4-9-b is limited to these maximum and minimum threshold
values. This &bws identifying defect zones (defect tip and contour) in blue and red for

maximum curvature(( ) in Figure4-9-a, and minimum curvature () in Figure4-9-b.
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Threshold values used are determined based on the mean value of curvature differences,
which enables detecting defects as outliers. Basetthese threshold, sample points can

be filtered inside a radius (3 times the
points that have been identified as close to the defects, as shdvigune 4-9-c. In

Figure 4-9-c and other similar figures along the paper, filtered sample points are
represented as blue spots while red spots represent sample points that remain after
filtering and that will be used ithe next step. It appearskigure4-9-c that a few sample

points that are not located around defects are also filtered based on this curvatios.crit

This is due to local effects introduced by bad mesh quality and noise in the calculation of
discrete principal curvatures. However, since a large number of sample points is used
(400 points here), FENR is not significantly affected by thesefitered sample points.

Then, a second FENR is applied, using sample points remaining, which leads to a new
distribution of distances between deformed CAD and scan datd&rigee 4-9-d). If
compared to the results shownRigure4-7-c and d, results presentedkigure 4-9-d

and e clearly show that the maximum amplitude and area of dafedtstter estimated

from this new registration.
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Figure4-9: a) distribution of the difference in maximum curvature) ([mm™] b)
distribution of the difference in minimum curvaturce Y [mm] ¢) sample points
filtered using the curvature criterion (represented as blue spasjgharison between
estimated and nominal size of defects [mm] when using sample points after filtering

based on the curvature criterion €) estimating the area of defect [mm

As introduced above, a second filter is applied on the remaining sample gdists.
second filtering step is based on analyzing von Mises stress resul&Eqsesd-10-a)
associated with the second FENR. Two conclusionsbsamade when thoroughly

analyzing this von Mises stress distribution:

1 von Mises stress is quite high everywhere (the minimum value equals 23.7 MPa),

which may seem surprising: this phenomenon is due to the inherent error caused
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by calculating geodesic dices with th&ast Marching Algorithn{FMA) [24].
Indeed, it is common knowledge that fast marching introduces a bias in the
calculation of geodesic distances. We quantified this bias using a shape with
similar dimensions for which exact geodesic distarweere known and we found

that this bias can reach around 1 mm for some sample points. A 1-plame
distance error causes a very highplane strain when applying FENR at this
location and consequently a very higkpiliane stress. This amplitude in gesic
distance error explains the amplitude background von Mises stress noise in
Figure4-10-a.

1 Despite this background von Mises stress noise,irenggsample points that are
close to defects feature even higher von Mises stress. This allows filtering a
second set of sample points based on this von Mises stress distribution (the first

set being filtered based on the curvature criterion).

This second filtering step is based on applying a threshold on the von Mises stress
distribution as illustrated ifigure4-10-a (the threshold is 1000 MHn this case). This

von Mises stress threshold value is also defined based on the mean value of von Mises
stress over the part. Based on this second criterion, new sample points are filtered inside
a radius (again 3 times the average mesh size) arommplespoints that have been
identified as close to defects. Blue spotg-igure 4-10-b illustrate sample points that

have been filtered once appliedese two consecutive filtergigure 4-10-b can be
compared withigure4-9-c to evaluate how many new sample points have been filtered
and where. Finally, a third FENR is applied, using sample points remaining after applying
the two filters, which leads to a thirdsttibution of distances between deformed CAD

and scan data along with defects estimation Bgere 4-10-c and d). If compared to
results shown irFigure4-7-c and d as well aBigure4-9-d and e, results presented in
Figure4-10-c and d shows that the size of defects is even better estimated after this last

registration.
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Figure4-10: a) distribution of von Mises stress [Pa] after FENR when using GNIF

sample points after filtering based on the curvature criterion b) sample points filtered

using both curvature and von Mises stregigiga (represented as blue spots) c)

comparison between estimated and nominal size of defects [mm] when using GNIF

sample points after filtering based on both curvature and von Mises stress criteria d)

estimating the area of defects [fjm

The estimatedize of defects and the associated error with respect to the nominal size of

defects are summarized Trable 4-1 for this part. A comparison is presed between

errors on the maximum amplitude and area of defects before and after applying the two

filters. The average error on the maximum amplitude of defects for the three bumps is
94% before filtering, 26% after applying the first filter and 16% afgrlying both filters
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while the average error on area estimation is 100%, 46% and 34% respectively. Thus, the
outcome of filtering is a global improvement in the results about estimating the size of
defects. Although the error for bump #2 (as identifieligure4-4-c) after filtering based

on both criteria is slightly higher than the error based on applying the curvature criterion

only, the averagerror for the three defects is globally decreased by applying both criteria.

As illustrated inFigure4-11 results obtained on different types of d#$eshow that in

some cases, the second filter does not eliminate many sample points, which makes that
estimated errors before and after applying this second filter may not be very different. It
also appears that, in some cases, this second filter slagdhades the estimation. This
degradation is related to the fact that some sample points may be filtered, based on von
Mises stress, due to GNIF local inaccuracies and not due to the presence of defects.
However, this second filter globally improves tlséimation since, for bigger defects (see

the second case Figure4-11) the flat shape on top of this type of defects makes that
there is no diffenece in principal curvatures and that some sample points are not filtered
based on the curvate criterion. As shown in theglre, these remaining sample points

are filtered based on von Mises stress criterion since bringing these sample points to the
sha of defect through FENR induces a local stress increase. Thus, applying these two
filters successively represents the best compromise for successfully handling different
types of defects.
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Table4-1: Esimated size of defects and errors based on curvature and von Mises
criteria for Part A witrsmall (ocal) defects and bending deformation.

Maximum amplitude of Area of defects

defects
Nominal | Estimated Error | Nominal Estimated Error
[mm] [mm] [%0] [mm?] [mm?] [%0]
1 0.03 97 85 0 100
Using all sample 15 005 97 98 0 100
points
1 0.13 87 60 0 100
e SRl 1 0.72 28 85 43 49
points with the 15 1.59 6 98 107 9
curvature criterion
only 1 0.57 43 60 13 78
Filtering sample 1 0.77 23 85 45 a7
points with the
curvature and von 1.5 1.61 7 98 116 18
Mises stress criteria
successively 1 0.81 19 60 38 37
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Figure4-11: Interest of using the two filters successively.

4.4.2 Implementation

The implementation of this methodology uses several tools. GNIF calculations for
generating sets of corresponding sample points are carried out using a MATEA®R:.

This code takes approximately 8 minutes for generating 400 correspeadipie points

on a computer with Inté) Coré™ i7 at 3.60 GHz with 32 GB RAM. Mesh generation,
mesh transformations, discrete curvature calculations, FENR and distance calculations
between deformed CAD and scan models is done using our research pja@privhis
platform is based on*Ccode, on Open CASCADE libraries and on Code_Asfétas

FEA solver. We also use Gni$h[31] for visualizing 3D models and distributions
(discrete curvature, stress, distance). In general, filtering sample points &ittvah
criteria approximately takes 2 minutes (for a CAD mesh with 10 000 nodes) on a
computer with specifications as mentioned above. It should finally be underlined that,

since this methodology is based on fast marching, FEA and discrete curvature



103

calculaions, final results are quite sensitive to mesh size and mesh quality, both for CAD
and scan data.

4.4.3 Validation on a case with no defects

In this section, our methodology is applied to a case that does not feature any defect. Thus,
the only difference beteen CAD and scan models is due to fstste deformation. This
validation aims at verifying that the proposed method has no bias and that no defects are
detected. The same model as presented in secddlis used here. GNIF sample points

are shown irFigure4-12-a and the result of the first FENR (without filtering applied) in
Figure 4-12-b. The distribution of difference in discrete principal curvaturesnis i
Figure4-13-a and b. Sample points that are filtered based on curvature are shown by blue

spots inFigure4-13-c and the resulting second FENRFigure4-13-d.

a) b)

0.0206

0.0165

0.0124

0.00826

0.00413

7.69e-10
[mm]

Figure4-12: a) GNIF sample points on the CAD model represented as red spots b)
comparison between deformed CAD and scanned models when using all GNIF sample

points [mm].
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4.34e-09
[mm]

Figure4-13: a) distribution of the difference in maximum curvature) (mm™] b)
distribution of the difference in minimum curvaturce Y [mm] ¢) sample points
filtered using the curvature criterion (represented as blue spots) d) comparison between
deformed CADand scanned models when using GNIF sample points after filtering

based on the curvature criterion [mm].

In Figure4-14-a, the distribution of von Nes stress after this second FENR is depicted.
As introduced in sectiod.4.], although there are no defects in this case, the mean von
Mises stress is quite high (around 500 MPa). This quantifies{pleame background von
Mises stress noise introduced in secdof 1, which is due to ifplane distance errors in

the calculation of geodesic distances.
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Sample points that are filtered based on both curvatugevon Mises stress are shown

in Figure 4-14-b and the resulting third FENR iRigure 4-14-c. A closer look at
Figure4-12-b, Figure4-13-d and Figure4-14-c shows that, when no defects are applied,
FENR achieves very gal results in general, except in the upper left zone where the
maximum distance is around 0.2 mm. However, this distance remains under the tolerance
(0.4 mm) which makes that, at the end, no defects are identified. It also shows that, as
expected here begse no defects are applied, the more sample points are filtered, the
worse FENR gets. Thus, if the process tends to filter too many sample points, it may result
in identifying defects that are nobminaldefects. On the contrary, if the process tends

to filter less sample points than required around defect zones, it may result in missing

nominaldefects or underestimating the size of defects.
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0.0917
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Figure4-14: a) distribution of von Mises stress [Pa] afteNHEwhen using GNIF
sample points after filtering based on the curvature criterion b) sample points filtered
using curvature and von Mises stress criteria (represented as blue spots) ¢) comparison
between deformed CAD and scanned models when using GNIHespoipts after

filtering based on both curvature and von Mises stress criteria [mm)].
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4.5 Results

4 5.1 Introduction: validation cases

In this section, performance of the proposed approach is validated on two aluminum parts
(referred to as part A and part B) with different types and sizes of defects and different
types of freestate deformation. Part A is the part used in the previoti®send part B

is also typical of noigid parts used in the aerospace industry. Several validation cases
have been considered for these parts, which are summarigegune 4-15. Two types

of free-state deformation are applied (referred to as bending and torsion) and both small
(local) and big (global) defects are simulated for each part, as shdwgune4-15.

Thus, four case studies are performed on each part and, for each case, comparisons are

made between estimated and nominal size of defects:
1 Usingall sample points (without filtering)
1 After filtering sample points based on the discrete curvature criterion only
1 Atter filtering sample points with curvature and von Mises criteria successively

In all cases, initial GNIF sample points in the CAD model are illustrated as red &pots (
while filtered sample points, based on either curvature or von Mises stress criteria, are
illustrated as blue spot®). Meanwhile, color scales for the distribution of curvature
differences are based on the maximum and minimum threshold values, while atgsr sc
for von Mises stress distributions is based on the von Mises stress threshold and on the

minimum von Mises stress value.
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Elastic deformation Types of defects
Bump #1: 85 [mm2]
Bump #2: 98 [mm2]
Bump #3: 60 [mm2]

Small (local):
~ 1% of total area

——» Bending

L, Bo(glbal g 300 mm2]

~ 4% of total area

Small (localy: { Bump #1: 85 [mm2]

Part A

~ 1% of total area e

L——» Torsion Bump #3: 60 [mm2]

\—> Big (global): gm0 #1: 300 (mm2]

~ 4% of total area

Simulations of

scanned parts Bump #1: 136 [mm2]
> Small (local): Bump #2: 402 [mm2]
~0.5% of total area | Bump #3: 230 [mm2]
——» Bending Bump #4: 212 [mm2]
Big (global): .
—_— —
~ 1% of total area EUEAS ST i)
e Bump #1: 136 [mm2]
Small (local): Bump #2: 402 [mm2]
~0.5% of total area | Bump #3: 230 [mm2]
— Torsion Bump #4: 212 [mm2]

L, Bo(globa) g #1677 [nm2]

~ 1% of total area

Figure4-15: Synthesis of validation cases.

4.5.2 Validation cases for part A

Part A is presented ifrigure 4-4-a andFigure 4-4-b. In its nominal state (without
deformation and defects), it features a single and almost constant 0.006urvature

over the whole panel. The flexible deformation of scanned model irstage for this

part is simulated by bending and torsias introduced ifrigure4-15 and as shown in
Figure4-16. Note that top view of part A under bending deformation is also shown in
Figure 4-4-d. As introduced in the previous section, thresholds used for the curvature
criterion are-0.05 and +0.05 mrhand the threshold used for the von Mises stress
criterion is 1000 MPa.
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Figure4-16: Side view of the CAD model for part A (in green) compared with the
scanned model in a frestate (in brown) with a) bending deformation b) torsion

deformation.

The first validation case associatedhwgiart A has been presented in secigh Results
show that, in this case, the average inspection error (for amplitude and area of defects)

significantly decreases when using the two filters.

In the second validation case associated with part A, the scanned model istatéree
simulated by applying torsion and thiseall (local)bumps are also imposed as defects.

Initial GNIF sample poits and associated estimation of defects are showigime4-17.

Nominal: 1 mm
Estimated: 0.03 mm

b)

0.126

Nominal: 1.5 mm
Estimated: 0.06 mm

0.101

0.0755

0.0504

0.0252

Nominal: 1 mm
Estimated: 0.13 mm

m4h§|1e705

Figure4-17: Part A withsmall (local)defects and torsion a) GNIF sample points on the
CAD model represented as red spots b) comparison between estimated and nominal size

of defects [mm] based on using all GNIF sample points.

Distributions of the difference in discrete princigakvatures between the CAD model
and the deformed CAD modelging allGNIF sample points) are shownkigure4-18-
aand b. As explained in the previous section and as shdvigure4-18-c, after applying
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the curvature criterion, some sample points located dral@fects are removed and

Figure4-18-d illustrates the effect on the results after FENR.

a) QEETTTIT T, b) gEmmema
0.05 0.05
- L
0.03 \ 0.03 %
0.01 . 0.01
- -
-0.01 [

-0.01

' L4 . -
.
-0.03 - 0.03

-0.05
[mm"]

Nominal: 1 mm
Estimated: 0.73 mm

Nominal: 1.5 mm
Estimated: 1.55 mm

Nominal: 1 mm
Estimated: 0.91 mm

5.94e-08
[mm]

Figure4-18: Part A withsmall (local)defects and torsion a) distribution of the
difference in maximum curvaturé () [mm] b) distribution of the difference in
minimum curvature({ ) [mm] c) sample points filtered using the curvature criterion
(represented as blue spots) d) comparison between estimatednaimél sizeof
defects [mm] when using GNIF sample points after filtebagedon the curvature

criterion.

In Figure4-19-a the von Mises stress distribution associated with this FENR is illustrated
and, as shown iRigure4-19-b, after applying the von Mises stress criterion, some more
sample points are removed around defdatpure4-19-c, shows the result obtained after
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the last FENR. A summary of quantitative results, for this second validation case on part
A, is provided inTable 4-2. These results show that the estimation of the maximum
amplitude of defects is slightly degraded for one defect (bump#3 as illustrated in
Figure4-4-c) after filtering sample points based on both curvature and von Mises criteria.
However, the average estimation error for maximum amplitude, using all sample points,
filtering sample pointsvith the curvature criterion only and filtering sample points with

the curvature and von Mises stress criteria successively, for the three bumps, is 93%, 13%
and 10% respectively; while the average area estimation error, for the three bumps, is
100%, 27% ad 20% respectively. Here again, the average estimation error for the three
defects is decreased by applying both criteria if compared to applying the curvature
criterion only.

Nominal: 1 mm
Estimated: 0.81 mm

Nominal: 1.5 mm
Estimated: 1.53 mm

-
»
~ 1
. ) - 3 i b
f 0.917
uusu»oam =9 3 i

0.612

0.306

Nominal: 1 mm
Estimated: 0.90 mm

1.21e-07
[mm]

6.54e+06
a

Figure4-19: Part A withsmadl (local) defects and torsion a) distribution of von Mises
stress [Pa] after FENR based on GNIF sample points after filtering using the curvature
criterion b) sample points filtered using curvature and von Mises stress criteria
(represented as blue spat¥)omparison between estimated and nominal size of defects
[mm] when using GNIF sample points after filtering based on both curvature and von

Mises stress criteria.
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Table4-2: Estimated size of defects aadors based on curvature and von Mises
criteria for part A withsmall (local)defects and torsion deformation.

Maximum amplitude of

defects Area of defects

Nominal | Estimated Error | Nominal  Estimated Error

[mm] [mm]  [%] | [mm?7 @ [mm] [%]
1 0.03 97 85 0 100
Using all samplepoints 15 0.06 96 98 0 100
1 0.13 87 60 0 100

1 0.73 27 85 38 55

Filtering sample points
with the curvature 15 1.55 3 98 101 3
criterion only

1 0.91 9 60 46 23
Filtering sample points 1 0.81 19 85 54 36
with th_e curvature_an_d 15 153 5 98 99 1
von Mises stres<riteria
successively 1 0.9 10 | 60 47 22

In the following paragraph, as presentedrigure4-15, two other validation cases are
applied on part A. These cases aim at evaluating ability of our method in identifying big
(global) defects. In the third validation case for part A, the schmalel in a freestate

is simulated by applying bending. Initial GNIF sample points and the associated
estimation of the size of defects are showRigure4-20. Distributions of the difference

in discrete principal curvatures between the CAD model and the deformed CAD model
(using all GNIF sample points) are shown iRigure 4-21-a and Figure 4-21-b.
Figure4-21-c shows sample points that are filtered after applying the curvature criterion
andFigure4-21-d illustrates the effect on the results after FENRFigure 4-22-a the

von Mises fess distribution associated with this FENR is illustrated, and as shown in
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Figure4-22-b after applying the von Mises stress criterion, some maonelsgooints are
removed around defectsigure4-22-c, shows the result obtained after the last FENR. A
summary of quantitative results, for thisrthvalidation case on part A, is provided in
Table4-3. In this validation test, the error in estimating the size of this bigger defect is
decreased after filtering sample points based on both curvature and von Mises criteria if

compared to appigg the curvature criterion only.

b) Nominal: 1.5 mm
Estimated: 0.07 mm

1.09e-08
[mm]

Figure4-20: Part A with abig (global) defect and bending a) GNIF sample points on the
CAD model represented as red spots b) comparison between estimated and nominal size

of defects [mm] when using all GNIF sample points.
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0.05 0.05

0.03 0.03

0.01

-0.03 -0.03

Nominal: 1.5 mm
Estimated: 1.73 mm

Figure4-21: Part A with abig (global)defect and bending a) distribution of the
difference in maximum curvaturé () [mm] b) distribution of the difference in
minimum curvature({ ) [mm?] ¢) sample points filtered using the curvature criterion
(represented as blue spoty comparison between estimated andinal sizeof
defects [mm] when using GNIF sample points after filtering based on the curvature

criterion.
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Nominal: 1.5 mm
Estimated: 1.71 mm

6.07e+08]

110408 ”"
" A‘ \

zuemu' &' Seli ¢
.
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Figure4-22: Part A with abig (global)defect and bending) distribution of von Mises
stress [Pa] after FENR when using GNIF sample points after filtering based on the
curvature criterion b) sample points filtered using curvature and von Mises stress
criteria (represented as blue spots) ¢) comparison betwieratesi and nominal size of
defects [mm] when using GNIF sample points after filtering based on both curvature

and von Mises stress criteria.
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Table4-3: Estimated size of defects and errors basediorature and von Mises
criteria for Part A witha big (global)defect and bending deformation.

Maximum amplitude of

defects Area of defects

Nominal | Estimated Error | Nominal | Estimated Error

[mm] [mm] [%0] [mm?] [mn] [%0]
Using all sample 15 007 95 | 390 0 100
points
Filtering sample
Pl UL L 15 173 15 | 390 283 27

curvature criterion
only

Filtering sample
points with the
curvature and von 15 1.71 14 390 352 10
Mises stress criteria
successively

In the last validation case associated with part A, the scanned model instafeeés
simulated by applying torsion andbgg (global)defect is applied. Initial GNIF sample
points and the associated estimation of the size of defects are shéiguia4-23.
Distributions of the difference in discrete principal curvatures betwee=CAD model

and the deformed CAD model (using all GNIF sangaats) areshown inFigure4-24-

a, b. Figure 4-24-c shows sample points that are filtered after applying the curvature
criterion andrigure4-24-d illustrates the effect on the results aRENR. InFigure4-25-

a the von Mises stress distribution associated with this FENR is illustnategs shown

in Figure4-25-b after applying the von Mises stress criterion, some more sample points
are removearound defectszigure4-25-c, shows the mult obtained after the last FENR.

A summary of quantitative results, for this last validation case on part A, is provided in

Table4-4. In this valdation test, the error in estimating the maximum amplitude of this
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defect is degraded after filtering sample points based on both curvature and von Mises
criteria if compared to applying the curvature criterion only. Although in this case, it
appears thdiltering based on the von Mises criterion does not improve accuracy in the
maximum amplitude estimation of defects, but the area of defect is estimated more

accurately.

b) Nominal: 1.5 mm
00421 Estimated: 0.04 mm
0.0337

0.0253

0.0168

6.25e-08
[mm]

Figure4-23. Part A with abig (global)defect and torsion a) GNIF sample points on the
CAD model represented as red spots b) comparison between estimated and nominal size

of defects [mm] when using all GNIF sample points.
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Nominal: 1.5 mm
Estimated: 1.76 mm

Figure4-24. Part A with abig (global)defect and torsion a) distribution of the
difference in maximum curvaturé () [mm] b) distribution of the difference in

minimum curvature({ ) [mm?] ¢) sample points filtered using the curvature criterion

(representedsablue spots) d) comparison between estimatechaminal sizeof

defects [mm] when using GNIF sample points after filtering based on the curvature
criterion.
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Nominal: 1.5 mm
Estimated: 1.85 mm

2.09e+07

[Pa]

Figure4-25: Part A with abig (global)defectand torsion a) distribution of von Mises
stress [Pa] after FENR based on GNIF sample points after filtering using the curvature
criterion b) sample points filtered using curvature and von Mises stress criteria
(represented as blue spots) ¢) comparisowdst estimated and nominal size of defects
[mm] when using GNIF sample points after filtering based on both curvature and von

Mises stress criteria.
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Table4-4: Estimated size of defects and errors based on curvature and von Mises
criteriafor Part A witha big (global)defect and torsion deformation.

Maximum amplitude of

defects Area of defects

Nominal | Estimated Error | Nominal | Estimated Error

[mm] [mm] [%0] [mm?] [mm?] [%0]
Using all sample 15 004 97 | 390 0 100
points
Filtering sample
points with the 15 176 17 | 390 300 23

curvature criterion
only

Filtering sample
points with the
curvature and von 15 1.85 23 390 398 2
Mises stress criteria
successively

4.5.3 Validation cases for part B

Next validation cases are intended to illustrate applying our method on a different type of
nonrigid part (seeFigure4-26). It a long formed aluminum nergid part used in the
aerospace industry with more complex features, smaller details and higher curvatures
(channel section is 40 mm by 20 mm with 1 mm thickness and channel length is 1150
mm). As introduced in sectioh5.], two types of defects are applied on this part as well

as two types of frestate deformation. Defects are assessed on part B using the same
methodology as for part A except for threshold associated with curvature and von Mises
stress criteria which are determined based on new mean values for this part. Negative and
positive local curvature difference threshold values for part Ba@d and €.01 mm*

and the von Mises stress threshold is 400 MPa.
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Figure4-26: CAD model along with GD&T specification for part B (dimensions are in
mm).
The initial corresponding sample points between CAD andhechmodels are shown in

Figure4-27.
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Part B

CAD model

Scanned model

Figure4-27. GNIF corresponding sample points (in black) on the CAD and scanned

models of part B.

The freestate deformation of scanned model for part B is also simulated with bending
and torsion as presentedrigure4-28 and two types of defextare applied as for part A:

small (local) and big (global) defects.

Figure4-28. Side view of CAD model for part B (in green) compared with the scanned

model (in brown) a) with bending deformation b) wibihsion deformation.

In the first validation case for part B, fretate deformation is bending and famall

(local) bumps are imposed. Initial GNIF sample points and the associated estimation of
the size of defects are presente&igure4-29-a and b. Distributions of the difference in
discrete principal curvaturesging allGNIF sample points) are shownkigure4-29-c

and d. The von Mises stress distribution associated with the second FENR is presented in
Figure 4-29-e. Sample points removed after applying the two filters are illustrated in

Figure4-29-f andFigure4-29-g, shows results obtained after the last FENR.
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Nominal: 1 mm afer
Estimated: 0.36 mm Nominal:72/mnm Nominal: 2 mm Nominal: 1.5 mm
Estimated: 0.62 mm Estimated: 1.01 mm Estimated: 0.62 mm
7.39e-07 0,113 0,225 0,338 0,45 0,563 0,676 0,788 0,901 1.01

1 -0,008 -0,008 -0,004 -0,002 0 0,002 0,004 0,006 0,008 0,01

-0,01 -0,008 -0,006 -0,004 -0,002 0 0,002 0,004 0,006 0,008 0,01

P2l 1.2e+06 4.11e+07 8.1e+07 1,21e+08 1,61e+08 2,01e+08 2.4e+08 2.8e+08 3.2e+08 3.6e+08 4e+08
a

f) R R R I T

Nominal: 1 mm inal: Nominal: 2 i
h % Nominal: 2 mm e Nominal: 1.5 mm
Estimated: 0.88 mm Estimated: 1.88 mm Estimated: 1.89 mm Estimated: 1.39 mm
1.88e-07 0.21 0.42 0.63 0.84 1.05 1.26 1.47 1.68 1.89
(o) B

Figure4-29: Part B withsmall (local)defects and bending a) and f) initial and filtered
samplepoints ¢) and d) distribution of the difference in principle curvatureshen
distribution of von Mises stress [Pa] after the second FENR. b) and g) comparison
between estimated and nominal size of defects [mm] based on initial and filtered sample

points.
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A summary of quantitative results, for this first validation case on part B, is provided in
Table4-5. In this case, the error in estimating thaximum amplitude of these defects is
slightly degraded for two bumps (among four) after filtering sample points based on both
curvature and von Mises criteria if compared to applying the curvature criterion only.
However, the average estimation errorfaaximum amplitude, using all sample points,
filtering sample points with the curvature criterion only and filtering sample points with
the curvature and von Mises stress criteria successively, for the four bumps, is 60%, 8%
and 8% respectively; while theerage area estimation error, for the four bumps, is 83%,
9% and 7% respectively. Therefore, the average error is globally decreased by applying
both criteria.
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Table4-5: Estimated size of defects and errors based on curvature and von Mises
criteria for Part B witrsmall (local)defects and bending deformation.

Maximum amplitude of

Area of defects

defects
Nominal | Estimated Error Nominal Estimated Error
[mm] [mm] [%0] [mm?] [mm?] [%0]
1 0.36 64 136 0 100
Using all sample 2 0.62 69 402 50 88
points 2 1.01 50 230 70 70
15 0.62 59 212 56 74
1 0.89 11 136 118 13
Filtering sample
points with the 2 1.88 6 402 378 6
curvature criterion > 1.92 4 230 239 4
only
15 1.35 10 212 184 13
1 0.88 12 136 118 13
Filtering sample
points with the 2 1.88 6 402 378 6
curvature and von
Mises stress criteria 2 1.89 6 230 228 1
successively
15 1.39 7 212 199 6

In the second validation case associated with part B, the scanned model istatéés
simulated by applying torsion, while fosmall (local)bumps are imposed as defects.
Initial GNIF sample points and the associated estimation of the size of defestsown

in Figure 4-30-a and b. Distributions of the difference in discrete principal curvatures
between CAD and deformed CAD modalsiag allGNIF sample points) are shown in
Figure4-30-c and d. The von Mises stress distribution associated with the second FENR
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is presented ifrigure 4-30-e. Sample points removed after applying the two filters are
illustrated inFigure4-30-f andFigure4-30-g, shows results obtained after the last FENR.

A summary of quantitative results, for this second validation case oB parprovided

in Table4-6. In this case, the error in estimating the maximum amplitude of these defects
is slightly degraded for one of the four bumps after filgsample points based on both
curvature and von Mises criteria if compared to applying the curvature criterion only.

However, the average estimation error for maximum amplitude, using all sample points,
filtering sample points with the curvature criterionly and filtering sample points with

the curvature and von Mises stress criteria successively, for the four bumps, is 57%, 17%
and 15% respectively; while the average area estimation error, for the four bumps, is 78%,
18% and 16% respectively. Thus, like previous cases, the average error is globally

decreased by applying both criteria.
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Figure4-30: Part B withsmall (local)defects and torsion a) and f) initial and filtered
sample points c¢) and d) diigtution of the difference in principle curvatures [nne)
distribution of von Mises stress [Pa] after the second FENR. b) and g) comparison
between estimated and nominal size of defects [mm] based on initial and filtered sample

points.








































































































































































































































































































































































































































































