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Fig. 1.1 Transition of raw material compositiotizan normal and small passenger cars [4]
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Fig. 2.1 Configuration of the system

Table 2.1 Specification of laser displacement sens

Reference distance | 150 mm
Measuring range +40 mm
Spot diameter 120 pm
Resolution 0.5 pm
Linearity +0.5 %

Table 2.2 Specification of robot

Positioning repeatability | +0.08 mm
Load capacity 6 kg

Fig. 2.2 Workpiece holder
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EMARE T H D, X 2.5@) 2T ERIZIR O TAEMIT kT L CRIE 217 - 7256 ORIER R
DIERfFl 2 2.5(b) (CIWZaRd. TAEM ORI IRy THRIED A LT\ D 2 & M5 514
ICBWTHERT 2 2N TE D, 20X RINER RO THILEELZMA S Z & T, 1E%E
B ORI OERA 223 2 ARE L 975

(a) Workpiece
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B2 Thickness
z

0.26 0.32 0.39 0.43 0.52 mm

(b) Display by sphere with grayscale

B3 Thickness
z

0.26 0.32 0.39 0.43 0.52 mm

(c) Display by contour figure with grayscale

Fig. 2.5 Thickness distribution map
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BIE AERBREMOEERFE

31 #@=E
2.3 Tl = UERIE R I FE S W CTEBROBIE 247 9 72D12E, BIENE « BB EIRE

?6%@@@%&%%@&?6%%%%5.it,KVXTATm,%@Eﬁ%%%h_
ESWHEFMOR A B E LT, BRAE EBRERIE D 2 FEONE % T 5.
T, IR, WEOHEBEEICK T HEERBENMLE L2 5. BRAE T, HE2=y
OV —HEAME 1 BOREHEH L THESSEMEREIEL, WEMETIE2 Ao —
WEMFHZHE A LT, 23R LB S EEEZTTH .

L — BN FHIXT T 2 UER G ONLE R RS E —BICRET 7290120, K 3.1
FTEINERZ by P, VRS AR TRESRY bV M, L — P ENE O X
EFRLM EEZTLHRET T MDD 3ODNT MAERNSLEL 725, L—HEL
FtomE LIFK 3.LTRT L ) I L—F IR 5 L—FehmE R L, (P, M;, D)
(i=1-N, NJHESE)OMZRERK L T 5. Fl-HEL=y b EIZOWWTH, K 3.21T77
FHOTRE L=y O L —P el 2 [ EHOLER 7 SV C, b — I A L —
PR Z bV L, b=l b REISZIER TI2m D Fmaez e Gm~2 bV R &

TRETDH. KVAT AT, (P, M, D)B(C, L, RE—ETHLHrcnRy hEEHES
LI ETMEEZEBT L. IR - IWEOKREREEILRE X G LIS E SN llED
JERESRICEAS W TR E 4L, 4 BICFERINO R 3R A S 2 O CRIEEIER TORBN S
Ry NEWET 0 7T MCEBRENS.

Workpiece P

Laser 1rrad1at10n
Robot o o ; light
Laser reflected
light
Sensor

P, : Measuring point M, : Measuring vector D, : Measuring direction vector

© 0 0o o o0 o

Fig. 3.1 workpiece model

Laser

C : Measuring center point
L : Laser irradiating vector
R : Laser receiving vector

Measuring unit

Fig. 3.2 Measuring unit model
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3.2 WAKBIEREER

FEARBNE TIE L — P EALFHIKR L COHTICER G &2 EE ST 5 2 LT, HEXSY
R ZEET 5. FRERE I THER R OV 7 M &2 Xw-Yw P, $hEFmE Zw i
M L CRE LIZEYEAE R WY IZEE S CARR &R (X 3.3), HIEWEER D Zy 71
ZL—Yllh & — S, Xw-Yw TS ER L TUEEIT O 2 & T, Zw 7 OZEN &%
EXEYES & LTET D, HIEVEIEROFSALEIZOWT, Xw-Yw FaEHE B s
MEEL, Zw HAEE Ry hOAI=ANVA U E T 2 —AFLNNI—HTHMNEET D, 2
D= OIITHEN TN TN A T =TI A o H T 2= AR E—ET D Xw-Yw P& T,
ZOWiE FIC T ENF OB alEz R E L THEZITY. ERHEDTZDHD /T A —
& & LTCIE, IEBAALE, BERE, BEMREEZRET D2 & T Xw-Yw Pl EICsE IR
DORERBEZERLT D, Lo T, TRIRAEREEIE Xw-Yw i BT TRITEES L 7R
B Py, Zw H AR TIRAE R ML Mg, L—V A2 RTHIES MR b
/v Dg D (Ps, Mg, Dg) (i=1~N, N:JHIE 5855 &7 5.

M $EE TR T S RENT R 2 TR E R 2 (4 3.3127~7 T 28, Dg 1 Xw %
KTHMETDH. 728, DglEXw £ 2iXYw i & —8IE5 2 & TRV DRSS ITR D73,
WEx=y hEuaRy hOMEFREEELT, WE2=y ML THIRINL Ry
N RBEASND LI Xy e —EEd5 2 &L L. (Ps, Mg, Dg)23(C, L, R)IZ—
Bd oL oicmRy MEBEISE T2y Hll O 0 L — BN ORI EE 2 BT 5.
WRBERERIXREDERE RIS THE LI, 150 m B IR E X R A P & L
TERTD.

Yw { Workpiece
Zy i coordinate system|

Xw Wmem starting point
Workpiece
S
[ AA4 44
4l

5 A
Robot hand K T AA A A

Workpiece holder
= Ms; == Ds; o P,

Measuring range

Fig. 3.3 Shape measurement path based on workpiecdinate system
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3.3 WEBIERE

TEARBE D S BUE L7z PRicdBW T, D & 9 RIETIE R RERE & D750 b AVER R
Z AT, IEM R OVER S M &2 RS RZREZ MV My ERIESmA~2 ML Dy &5
L, BERERE PR, Mn, Dr) & 5. BIRIEE & FERICe Ry b ERIEL= > S ONLE
IR 2B L C, MY Vi, My IZTEE T Xw-Zw Pl —ET 57 hréd 5.
RE, BEIITHEYORETINOOMEIZRR D), JIRETHHEDIERTH DT
WR—Tod D & HRd.

6 FETIE, ERLo X 5 ICHEFRIUZESW I HERBEIZ W T L —3 L IEY & D%
(72 TR A U 55812 L —F IR G A2 A S 2 [EHFIEICONTIRAR DA, b—HF
R S ETHE & KT 57201, WERBEIZE SO TAR SN RERE &84 [
REE ) LEHRTD.

[ 3.3127% L7z BRI k3 D MU E R A X 3.4 12777, BRIZRE CIEFRIIE
FEFATIE U CEBIE SUCHE RSN ER S D . (Pr, My, D)2 (C, L, RIC—#%T 5 X 51
2Ry b EFEESE COREREEZ RS 5.

Yw | Workpiece |
Zy ! coordinate system!

Xw . .
wmem starting point
Workpiece
Y
4444

’T/f

é

44
44444
Robot hand AAAx% /f

Workpiece holder

!

Measuring range
= My; == Dy; 0 Py

Fig. 3.4 Thickness measurement path based on waepgoordinate system

3.4 ORy  HETOTSLDER

3233beti5’@E%W%%%%@kLfé&bt%ﬁﬁ%ﬁ%dwfiﬁ®w
EXAT O ToOITiE, WEREICKR U CEEEREZIT, 7Ry bR RERERIZHESNT
aﬂméﬁtm/‘ky NEWMET B 7T LA~ BWMT HVNERNHDH. KAT ATEBWTEICH
WD ERERIE, mR ey h— RERER EEW AR R D 2 R TH DN, JEAEA BRI
35T 5 ODEEREMHT 5. FEERICOWTILLTIZHAT 5. ok, KEICE
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WTIE, T TICER LIEeR Yy hAR—REER{RY, 2Ry by REBR{HY, HIEY
I ZWH IZOWTHEEEO & LTEEL THEATS.

DRy h = ZHER O
Ry hOR—=ZAFEEZTHY, aRy MIGEZ28E7 0 7 T AT Oy & HHEIC LTt
N5,

@ur ARy by RIEFER O
Ry by R T 7 0 VO FERE R & 7R,

RYHEEER O,
HIE ) O W E BRAEALE FIZEE LT R R &R T

HIED DA RER G R _EICRRE LT PR R & T

GYHIE =~ = hHEFER O,

HE~=y b EICHRE LR 2R RERENE & 2% L—9tlih a5l s L,
LRI 2 Z i, L= FRE TSRS LR o G e X e 5. X
L—WRAGEIORE L, ESMERD.

X 3.5D A XL R O 6 RIZBEFER O & £ 7= b DRI AR TIINZ £ L= bDTH Y,
KA L > TEHEZ BN, RITIXBOEEETH A7 L, PILEATBE 4 E£T Y FLTh
%.

A= |—— (3.1)
F7o, vy MZEMETr 7 T 8L LTHZAMEIE, O3 O —HTHEEZD Qb

H7- Oy OPLEIERE L BT H H T8, = 2 CIXEIREHITH AL 2k A LERH 5.
O3 Oy & —E T D56 ORIREBITII ORI,

0A11A22A3 = 0A4 (32)
LB, SAMIEUTO LY BRSNS,
%A, = A 2As AT (3.3)

ZIT, PAIRIE R R FE S W A R DI R L 72 Y, EREE (P, My, D)7 6 LA
ToLoicREND.
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d, n m p,
.. _[R P]_[D N M P|_[d n m p,
s e 5 S e nm | e
0 0 O
ZIZT, NIZIM EDDAEE LTIRATERINSD.
N=[n n, nZ]T=M><D (3.5)

77 A ICOWTIZIED AL Z OHE, AiconTiEnRy FEHIEL= Y FOAERM
BERET S Z L TRETHZLENTE S, b DORIFEHRITH OM L XEB.20 5 A %
BT EnNaEeL 22y, iRy NEMET 07T ATl 3 SORIRAE TR L 5 2
DVENH D=0, D\ D RPLEMEAELZFEHTS. K AT A THEATIaR Y by
Redi DRI XYZ BEAIZ L > TRELSND T2, XYZ Kfihla] v OEHRA L2 (y, B,
)L T5E, RIZXEBETHZOLND[L]. R 2XB.7)D L IITEE, -90°6<90°TH 54,
MR EITIG@ L VRO END.

[cosa cog3 cog sif sip— sin cgs aps Ain pes  asin ydi
R(y,B.a)=| sina cosB sim siB sip+ cas cps €N g@n oS @OS s (3.6)
| -—sing cosB siry cof cags
R(y’ﬁ'a): r.21 r.22 r.23 (37)

L r.31 r.23 r.33

B =Atan 2(—r31, r121+r 2

a =Atan 2[ (3.8)

cosf cosB j

V= Atanz(cosﬂ cosG’]

KR THW =Ry b (BR) Z)IEHK, HPe OENWMET 1 7T A2 3.6 (2R
BHESIZH L TrA Y by RimOBEhd e, B, KB ETR LT — X 2551
=R EEES e ST AL L THEZA.
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4/1"*\( O : Workpiece
Z :
X coordinate system

ZA/["Yi O;,:Measuring point
A D¢ coordinate system
(=1~N)

0, :Robot hand
X IY 2 coordinate system 'A,

6-DOF robot

Workpiece __

holder

Measuring unit

74/1"*Y 0, : Measuring unit
“vX coordinate system

IZ y Oo:Robot base
X coordinate system

Fig. 3.5 Coordinate systems on the thickness meamnt system

1 | 0,10.00,0,814.029,-218.434,423.733,90.00,-0.68,137.87,0,0,0,0,0,0,0,0
E 2 1 0,10.00,0,811.497,-215.802,424.783,90.00,-0.92,136.82,0,0,0,0,0,0,0,0
S 3 1 0,10.00,0,811.648,-215.954,425.714,90.00,-0.59,136.86,0,0,0,0,0,0,0,0
é 4 | 0,10.00,0,813.807,-218.197,426.653,90.00,-0.30,137.74,0,0,0,0,0,0,0,0
'é 5 1 0,10.00,0,811.588,-215.866,427.499,90.00,0.45,136.75,0,0,0,0,0,0,0,0
g ~ Ll
S T~ T T T T T 7 7 T 7
§ 362 | 0,10.00,0,810.480,95.750,431.726,90.00,-0.66,42.04,0,0,0,0,0,0,0,0
§ 363 | 0,10.00,0,811.422,96.507,432.634,90.00,-0.21,41.71,0,0,0,0,0,0,0,0
364 | 0,10.00,0,812.084,97.043,433.781,90.00,-0.93,41.52,0,0,0,0,0,0,0,0

L [ Il |
Speed Robot hand coordinate Robot hand posture

(., 2) (v, B, @)

Fig. 3.6 Example of robot program

BE R
[1] J.J.Craig mART ¢ 7 A —FEtEg - )5 - il —, JLSZihl, 1991
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FA4E AEMEOHTE
41 WE

RETIIVAT LOERBAEERITOWVTHGE L, EAFETER S L RIEREEIC I
SWERBREICK T 2R AT AOREREREZZHET 5. £ LT, RN L
LR &AW, MK L CORTEERL D HEE LARERERZORGEETT S . H
EAREEHEE BT DHESM: & LCiE, REIR ISR S5 0.5~5mm @
IR IE 0.5~% mm L &4 5.

MERERRZE Er i, WERGm O 1w Gt 3 D00 & O, JIE RS m i3 5 L8
OB ThEEE Y DORF ¥y = FREICERT 228, fiE - BEFTETITr R Y
N, UL—PEMFHE N VAT DAL T DK BERPREER LD, 22T, BUYO
AFx v = IRE L, BUONICERT AHEMOIX L >E 2. EBRITIE, WERE
BV CHIE R G OIEBR I NS LT HX 4.1 1SR & 9 RALERORAZENEAET 508,
UV AITKL Tey DFEENELCTZGES, Bo Bllld+e ORRENAEL DT, WET
IR LY B2 o5,

T=Dc - {(Da-ev) + (Ds+ev)}
=Dc - (DatDg) (4.1)

DED, 200X YOBERRND o B SN0, BIEIRE ORE SIS
B RIS O EEI RN E I B 5 2720,

Ky AT KMZBT 5 EORERER ST, WEWEERICHESOTERL, XY F
(TR b O E RO E BT REREOTPRRENLE, Z 1A% OFARPENLE T D
ETIMES LT 5. £oT, B A2200RT &S ICHEMBRDOEE B 1E, vl y ko
B U Erp & TRRBIERSED b4 U BRI DI EsDAMBAEL Y, WiE
WG ON T R AR v N OFERGE 0 LTRIIERSED DA U B WS R L0 f R O
DERFGEL 7325, BRFTEEFGEOWEIG U TIRET 5720, 2T B, Oy % Fit
DEHIHL

Ep = f(Err, Es) (4.2)
On = 1(Or, 09) (4.3)

FLABTETIE, K 43R T L O ICER T DREHE IR DIERNT bVIZBEET 5 )E
WRBEE N SRR EINT 2. 2F 0, B ShERSZ FVITRIERRZ 58 &
T 5 FEU N O TR R BEERE 2 3L L 72 St 3 21587 MV TH Y, T OERRT K
I HAS SHRIZME D T2 D121E, Tl S 72 F D LU & 72 D ALE DR O K 03 2
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Lied. BERMEZ d, FSROEEZr &35 L,
r=d (4.4)

Th Y, JELRERED DRI LT2IERAN T MV ESW TR E S B AL E R D R
B3,

Ep=r (4.5)

Es. ZORMERT-THE, REHERZE ErlX ONCKDUERRZEZEyE ATy =07
FA7E Esc TORRTE R D.

Er=En+Esct (4.6)

ZTC, VAT LAOEEERITe Ry b, BUHIZOWTTROLIICHFEEIND.

Q)R v NEERE (i) DLERDIEE
(i) BEHRGE
(i) ECHRE

(2)k > YR (1) Mk
(ii) 70 BRAE
(iii) FR5S A
(iv) EHRE

2, 3T, NHOBEHRNIIOVWTORGERRZTRT. 2k, FEEOMESTIEICS
WT, AERREITRORME, v Ay hOMOLER ORI EEME AR M L, T OMmoRE
REBDIAE > TRAETLRETH D & AR UTRERZD 3527 HMib 4 5.

»a t >
Zy v D,-e, -)i ; D *e,
R ] i
| B |
L ;
X, i
Sensor A : Sensor B
Measuring point : -
< "Workpiece

e, : Positioning error of vertical direction to the measuring surface

—> : Measuring value without positioning error
—> : Measuring value include positioning error

Fig. 4.1 Positioning error of vertical directiamrneasurement surface
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True normal vector

/

True thickness .
measurement point

ERR
ES

Normal vector
including posture error

Egy : Positioning repeatability of the robot

Eg : Positioning error due to the shape measurement error
0r : Angular error of the robot

0 : Angular errror due to the shape measurement error

Fig. 4.2 Error model for thickness measurement

Zy

Normal vector

Effective area
of normal vector

r: Radius of approcimate circle
d: Measurement interval

Xw

Fig. 4.3 Normal vector calculated from shape data
42 ORy FEBERE

(1) DEiER DK

et » R UL ER ORI ORGEERR E LT, AT LT T 2 /EEMERPIC RS
R, JEUES S AHE M~ 8, 50, 100 175mmOBEIE % b 2 OB EIRR A 5 A
FTOME LZ. BEIEEORYEL LT, smm iz —Y7r vy s, ZoficonCid~A 7
0 A—2DIRKMEREHEHL, X477 —Y(BE 0.01mmE AWCHIE L=, BEEAZED
I A HERTAL [ DD REZE Epa & L CFAl L, BEIREE OIEHE(R 2 orp 7> DR UALE R
FA7E Epp &

Err = 30rR 4.7)

ELUCRMI L7z, EBRFER A 4.4127F. Erald YR TG ANZ L75mmONLEI BTl KA
Era ma=0.419mm & 72 5720 Xg, Yr FFHNZ DWW TIIAEERIPHN A < 72 D120 CRAZEIT I
j(ﬁ“é k ”:%%_ %ﬂ%’) ORR 6i ZR jﬂfﬂﬁi:}%b\’fﬂ%jﬁ@ O'RR_maX:7-7lvlm wCfl?) 5 f:&), Et(47)J: D )
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Err=3x7.7= 231.Lm (48)
L%,

= Absolute positioning error Era =jll= Standard deviation orr

0Fa---------- R —
-0.1 e
-0.2
-0.3
-0.4
-0.5
0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.0
-0.1
-0.2
-0.3
-0.4

[N
1
1
L

Absolute positioning error Ega [mm]
[wnd] ¥io uonjeiadp prepuelg

08 50 100 150 190

Distance [mm)]

Fig. 4.4 Absolute positioning error and standagdiation of positioning error of the robot

(i) ZEREEE

2Ry MESREEN-50~50D a4 5 MR ChH- 2 7256 O f BERRE O 2 RFAE L 7. M
ERHTIE L A Y7 — V(A& 0.01mmE vy, iRt SHznRy MoBBiRA 52T 2
FrafiE L, REMEOZESEBEENOAEEZFEMN L. RUAT ATEHL—F 1% Y
HHC— B S 572, MREET 2 RIS MIERIE O b —F AW A IS D X, ZgHl
MY &Lz, FEBRFERZE 45107 T. RRERZET ZREETY T Ok zmac-1.1% Xg#h[EID T
Or xma=-0.8°L 72 V), MHEARMAFEIZLLH L THERT DGR E o7, FlllEl 0 ITHRKRIRAZ b
ORY hL L YREDSART AL 1.4°L 72 D728, GrIZLIT &7 5.

Or=1.4° (4.9)

(iii) EFRE
Xp, Zr BTN EARENE S 7256 O YRl T M ~DONLER DIRAEZ JE L, (MERDIR
DR orL 72D H AR v b OEMMERE Er. %
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ErL = om0 (4.10)

E LRI L7z, JIESRICIE L — BN ((R)F—= > X, LK-GL50)& ML, ¥ o
AX v =V TREORBERD S LD, BG LT — 2ot L TBEEE 21T 72,
TERBE TlE Xp-Zr FHEH IR Ay RBBEIEL, YrEIF M HHIET D720, Xg, Zril
FITANCEME L2356 O Y Bl 7 A1~ O E R DRAZE SR ERR I AT 5. (EERPEN
2BV T 100mmENE S E 7556 O EMPERERS R Z X 4.6 1277, P-PIEIX Xg A MIZH
W TCIRKRAE P-Pra=d7.2im L7257, 2D & & o =9.5um L 72 572, X (4.10)k 1Y,

Er =3%9.5=28.um (4.11)
L%,
1
A AXg axis W Zg axis
05 WAL
nA
Ny

= Or [ JAl . Ny

5 % .

Ho-0.5 - A mlg

A ]
= AN AL AA RA
-1 F
[ ]
_l .5 1 1 1 1 1
-60 -40 -20 0 20 40 60
Angle [°]
Fig. 4.5 Posture error of the robot
0.03
X axis Zy axis

0.02 +

0.01

0.00 +

Linearity [mm)]

-0.01 t

-0.02 +

-0.03

0 20 40 60 80 100
Distance [mm)]

Fig. 4.6 Linearity of the robot
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43 twUHEH

(1) Rk

7L AR T S D e M B Cd B T L X EIER (R, 0.163im)IZ &k L CEETE L
AT VL—% @AM L TAF Yy = T EITV, EHE O EIT -7, MR EICB T
HIE & S 30mm JIE MR 0.1mmTHIE L7of A X 4.712Rd. FMCIIflERmKED
OB A T CRBINTHIEREZD R T 2 &R & 5. —F, MIE LA 7 L—8&Mmiml,
EOOENWP L TNWD T ER0ND. FHT LRI Ch 5720, HilHL
AT —IC LV RELREZMA D ETUMENRKLET HEBEZ LD, EHEFEEIIFEHT
os=22um, B L A7 L—8BAH T os=14um L 72 o 72, ko T, UBO® P RERGEE
BRICIHBWTIE, MIEHICEE LA L—42 86 L CHIEERIT-7-.

(i) JE ERAE

TN S DOHEEAZ AT L7 RI(R, 0.079m)ICk T D Ay =0 7 &4To 7. HERES
30mm JHIEMIEE 0.1mm  JHIE HEE+40, +20, OCEYERRHE), -20, -40mm & L CHIE L7245
H D, P-PIE Ep ppl iEHEMRA op 21X 4.81275F. Ep pp op LITHIEEREC LA L THER
TAHMEMERY, FKIZ-40mmIZEB N T Ep pp max98.81M, 0p ma=16.7um & 72572, Lo
T, TRTOHEBETOMENREZ LN DTGIRREICI T 2 A% v = T Egc sl

Esc_s= 30b_max
=3x 16.7 = 50.im (4.12)

LB, E R TR I o O L 72 50T, 0mm 21T Bk
(7 00 omn=14.3im 7 S BIERIE 31 % A% ¢ = > VI Esc 113

Esc 1= 3p _omm
=3x14.3=42.9m (4.13)

95,

(iii) PR

W E T 2 ZEALEFOZ R, W8T AR S 72358 ORIEIRZE Esa 2 7FAM L 72, [BlR
AT —=VERAWCTCHERAZ 5 %, BRHEPHIZ-70~709 ML 1°8 L7z, EBE 42X 4.9
(2, EBRFERAM 4.10 1R T, AEAET I CH50°M 3T 2 B S A E OBERIZIE U CRdzE 31
RI DM E o7z ZhiE, BERAEOHERITN L TL—FEMGZ I TRt D
ZHRENDT DD EEZLND. FEZRRFTEICER SEEE, BRAERN
6~10FE DOHFPHIC B W CHIERENIM Lz, Zhix, B P RFEROBIED S IE AL
STOZHENBITIM L Tc/ed LEZ BiLD. DF D 50°DHIFAN TIX, IEF DR
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ZUF D AEUANCIEMRAAEITREREICEE LR EWNZ D, Ko TRV AT ATIEH
A S0 LINO I 2 HIERH LT 5.

(iv) ECHRPE
R K D IEFFENIC R T D EAREIZ20.05% T H H 72, R KiRZEII+40um & 7R
5. I CIEHEREL ogL & L, 405 =40um THDH LT DL, BV OEMBRIERE Eg 1X

EsL = 35 = 30um (414)
L%,

0.20 -
Base material

Matte spray coating

0.15
— 0.10
g
£ 0.05
5 0.00
L
= .0.05
-0.10
_0‘15 L L L L L
0 5 10 15 20 25 30
Distance [mm]
Fig. 4.7 Influence of surface properties
0.12 — 20
—Standard decviation op
0.10 | e P-P value Ep pp g}
— 416 §
g o
8 B
= 0.08 | 2
2‘ H12 i‘p‘
=0.06 =y
2 g S
= o i
S 004 7 s
(=9
9 =
0.02 H 14 2
0 0

40 20 0 -20 -40
Distance [mm]

Fig. 4.8 Relationship between measurement distandesrror
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| B | | e |

oA ~ o ~

WML, WML,

\\A / Ml 7

AME MR

\

AR AR

ZR <, 2 ZRT—>YR <, 2
nl—»n

(a) Light reveiving direction (b) Width direction of the sensor

Fig. 4.9 Relationship between rotational directionl sensor

0.06
0.04
= 0.02
£ 0.00
2 -0.02
M 0.04 (-
-0.06
_0.08 1 1 1 1 1 1 1 1
=70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70
Angle [°]
(a) Xr axis

777270 -60 -50 -40 30 20 10 0 10 20 30 40 50 60 70
Angle [°]
(b) Zr axis

Fig. 4.10 Relationship between inclination angld measurement error

4.4 REMHTE

AREERI BRI ENEIR DR Ep, HIEREFRE Oy, WERERRZE 2 HET 5.
EFT EpICOWTHEET . EpldN@A.2TRT L 9T Err & EslZ Lo TIRIE SN, Erpld
ERDAICE-STHELD R T2 TcE, X@8)LVBEMmTHD. £z, EsiTIRH

ﬁ%% EH L:E?é'ﬁl%ﬁ% n/\;l;"cg?) D EH n/\;l;g. LT j: B8N P4 k 'ﬁ% i ERL:
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FIFRIC EqlE, Tt Xk olckdons.
E, =yEL +ES +EZ

=28.5 + 30.6 + 501 (4.16)
=65.0um

VR IRI 9 2 I E T 5 R DL EIR DRRFET & & Esld, HIE m OEARHA B p] L TR T
D120, FMR LT DRRERAL S0ITB N TR LD,
E; = E, xsin5C
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Fig. 4.11 Relationship betweé&gand measurement intendl

Table 4.1 Thickness erréx

Thickness [mm]

0.5 1.0 2.0 3.0 4.0 5.0
Measurement [ 0.5 552 674 920 116.5 141.1 165.6
interval 1.0| 46.6 504 578 653 72.7 802
[mm] 20| 442 456 483 509 536 563

30| 43.7 445 46.1 478 494 51.0
4.0| 435 441 453 465 477 489
50| 434 439 448 458 468 477 [um]
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WE BB L TR & R DRER & o728, -20~20mmO#FRIZ B WV CIRIZIERIRE O
MEREE & WX DR L7207,
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Fig. 4.12 Workpiece

Table 4.2 Experimental conditions

Workpiece Thickness | 2 mm
Surface R, 0.012pum, Matte spray coating

Range 7x7 mm
Interval I mm
Distance +40, +20, 0, -20, -40 mm

®1.95-1.97 ®1.97-1.99 ®1.99-2.01 mm
m2.01-2.03 m2.03-2.05

1

mm
(a) 40 mm

mm mm
(d) -20 mm (e) -40 mm

Fig. 4.13 Thickness distribution map of plate
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Fig. 4.14 P-P value and standard deviation obpla¢asurement
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fill, FEERZEIC DWW TR E T 32 5 & AT R E N REL R LR E -
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Measured area

JHH11{IL

Fig. 4.15 Workpiece

XRl—>YR

(a) Vertical

Z Y

(b) Parallel
Fig. 4.16 Relationship between cylindrical axisl éaser light receiving direction

Table 4.3 Experimental conditions

Workpiece Thickness 1.961 mm
Outer diameter | 42 mm
Surface R, 0.941pm, Matte spray coating
Range 11x29 mm
Interval I mm
Direction of cylindrical axis | Parallel / Vertical to the laser
light receiving direction
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Workpiece

Shape measurement path

i ]gs' Circumferential
! direction

Al L L L L L)

(a) Shape measurement

Workpiece

Thickness measurement path

me= M7;(Normal vector) Circumferential
= D direction

(b) Thickness measurement
Fig. 4.17 Appearance of the measurement
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Fig. 4.18 Thickness distribution map of cylindtieaorkpiece
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Fig. 4.19 P-P value and standard deviation ohdyical workpiece
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‘Laser irradiation direction

Low measurement
density area
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Fig. 5.1 Shape measurement result of the workpiditehigh inclined surface
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|(1) Shape scan from one direction |

¥

| (2) Extract initial available shape data |

’ (3) Segment region |

-

(4) Generate contour curves |

-

| (5) Interpolate points between the curves |

-

’ (6) Calculate measuring posture |

-

’ (7) Additional shape scan |

¥

| (8) Combine shape data |

Fig. 5.2 Shape measurement procedure
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(c) Additional shape measuring path elements and points

Fig. 5.3 Generation of additional shape measysigts
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@ Additional shape measuring point P,
‘ — Measuring vector M s
N ¥ = Measuring direction vector D g

\

Plane passing through Z,~axis and PE;

Fig. 5.4 Generation of additional shape measysogiure
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Fig. 5.5 Workpiece
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Table 5.1 Experimental conditions

Size 120(L) x 120(W) x 20(H) mm
Initial thickness 0.5 mm

Measuring range 70 x 70 mm

Shape measuring interval | 1 mm

Shape Hemisphere (50mm diameter)

Zy

(a) Initial shape data
2y @

Lateral area

®@Arcal ®Area?

(b) Initial available shape data

(c) Final shape data

Fig. 5.6 shape data
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Fig. 5.7 Additional shape measurement path

Bnitial shape data @ Additional shape data
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Fig. 5.8 Laser irradiation angle
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Fig. 5.9 Thickness distribution map
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HZERAME LT, EATFIEIC LY B S IRICHES L 72 IR E A A 1 E ot 52
L5,

=g [aser irradiation light = ress= - Laser reflected light

Laser-path area

Collision area

Workpiece

Laser displacement sensor

Fig. 6.1 Collision between laser light and worlggie
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6.2 FistH

6.2.1 TR ROET Lk

6.1 TCHik_7=L By, ZAMNESTXO L —FEAFHIME Lz L— DG %25
THZETHEEITI D, L—FOREDEE KTl EN S = AFETICRIT 2 0IE
WMEDTHERBTHIVLENRD D, AFETIEZO L 572 L —TF ORREHE & G T E
NoHMEE TU—YOhlgsE) LERT L (K 6.0, FHMRHOZOITIE, L—I
e HEDDET MALEAT S . L— VP REEEBIL L — P ENE OERR[2] 2 DI E S iz xd
M35 250 =M CET /MbEnd (K6.2. F-llEw, HEHH (6.3 @)
ZFRIE LT b it o =oeriE R (X16.3 (b)) Zimmd sihm (6.3 ()
TET/MLEND. T WEIZIT OpenCAM B — %)L Kodatunoz i L, £ ZnDET
JVIZ NURBSHIHE[B] CEZ S ND.

Fig. 6.2 Laser path area model

Measured area '

(a) Workpiece
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(b) Shape measured points (c) Workpiece ode
Fig. 6.3 Modeling of workpiece

6.2.2 ¥R ik

FHRHOT-DI21E, EBEORE & FERIZRTE & 722 2 JIE RSB W THRERIER 7 L
My & L—HYHEZ hL L, JIEFNRY bV Dy EZHHRRT MV RB—HTDH XD
(T VIE LD EBIMR AR E T 5. MR ZRALE BfR & D E Lo 7 Vx5 T
Hodike LT, 2 ihimM O s oR 842 3R T 528 08NEEZ WD Z L2k Tiss
B9 5[4]. 2 SO Z uv FIZZNE I Y 72 0 ERTHEI L T TE 2 TR OB
BoolHEHERALTINLDOERTEOTRTOMAEEZT, RSB ST
TWELHEWT 5. 2FEV, TRTOMEE TRAPMLENRWIEEITIE, TR L LH
WrEnd.

6.3 C-Space # R\ BIE ATaEfEIH D FRIR

631 T 7 X al—3 g L ZER

ar 7 4 Xalb— g %W (LI, C-Space &, HOWIANRTY 55T X CONE -
BAERT, TRTONRT A—ZOMPHERT 225D Z L &2\ 5 . C-Spacel T, F%
M EDHDEEDAE « BB (DFV, avT74FXal—al) 2E5WEE 1 SO
TRITDHZENARETH D[5]. Hlé LT, X6.4@CRT 2T FENORIKRIL, (&%
KTXY, BBERTODIODONRTA—FTEDAL T 4 Xal—varyRREINDTZ
®, C-SpaceiX 6.4(b) -3 K DIZ3WILZEM &7 D. DFE Y, C-SpaceDRItiL, 25
KO T4 X2 —2a VEBRETDHNTA—ZOMEBLEELLRDD, KVAT LIZ
BWTH, BESOMEEEIIAETHY, BBOHRENT H7-D, C-Spacd 3 H HIJE
DlafinZz £ 3WT2E & LT, HESR T L IC/ERT 5. C-Spacer 1Bk 2 EIERIE, &
B A EE T D O RRESICBWTE— & L, X 651057 & 5 ICRIESH D
B SR % Xa 710, VT % Y a-Za Tl & UCRRIE L 72 A R {A}Y O AHili[E] V) o [RlHE f
FE ya, Bar ap B /NT A —K L3 % C-Spacex {EpkT 5. TWMHNIZE T 25 H M A2 B8 L
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T, X 6.6Z7”"F K 91T C-Spacexr 1Fd D #iHIZAS /N T A —& £20°L L, BEEOARLIT 5°
W@ &4 %. Z D C-Spaceb\ZMIE AIRER BEAD 2 KRBT 5 Z LIT LY, B2 HE LS
DI A F[ERICT D . AAFSETIL C-SpaceDf ZhEaPHN DO LBk LT, ERS, L—¥%
HEORE, WEHE L—F e DTFTWRBET LERBLERARREHELL, ZNbD
LB T % C-Spacel kA4 [FAZEMH) & L CE#T 5. C-Spaceb» bR
AN D 2 & T, BERRERREBGEI A AT D 2 LN TE, Zomikay THIE FTRERHE
) LEFTDH. METIC1o0EEE 1D T 0y 7 THLEZEAD C-Spacel~DiHliE
AIREFEIR D~ v ¥ 7 & T3, C-Spaceb (23 FIK 2N B rp HRRZETEIR A2 & & CTHREL
THIET, FEETERERK— LTI ZENAMREE 2D, TNEHOEED C-Spacel-T
DA, IERCE, ZOtEAN R, FWEsE ERL, 6.3.2~6.3.4 TiT Lok
IZOWNWTENENFEL < BRD.

(a) Object in 2-dimensional plane

(b) Object in configuration space

Fig. 6.4 Relationship between an object in 2-disiemmal plane and configuration space
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YBT S .
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: aBi |
| |
1 Xpi |
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Ve Yo
l "B
o : Thickness measuring point
Workpiece Rotation around Xg;: Roll

Rotation around Yp;: Pitch
Rotation around Zg; : Yaw

Fig. 6.5 Parameters to construct a C-Space

+20°

-20°

-20°

+20°  +20°

Fig. 6.6 3-dimensional C-Space
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Fig. 6.7 Measurable postures on C-Space

6.3.2 1ESCHAEIEK

X 6.5127"F L 51T, EARBORZUESZ MvE Xeifh, WEHFWRT MO~ AF
R Il % Zg il & 3 DR R{B i} 2 B HE RIZHB W TER L, KA oFliEE r—/L, v
vF, J—, [EHEAEE yei, B, as & T 5D, A3MNTEBWTIERKF DA Uz R~
DEHAITE Y FIZHYE L, EERBIOERE B VORENGE v F TD Pgi=-10°~-6
HIPHANGRZAM KSR E 720, ZOXRBG N E NEMFEE] S ERT L. ETHBIIE
R {BHIHESWTER SN D728, C-Space LIZEITH7-0I1CI1H{B} I & (T EAELA#H %
1TV, FERER{AY 2B D AEICERT 5.

6.3.3 ZOLEAEHEIK

6.3.2 & [AERIC 4.3(i) C/r LIRS A~DERRII Y v F, ZALFHE ~DEERL =
—IZHYE L, ZRODOEEATIIZNESARNET DI &IT KD £50°LL ETHIERRZSE KT
5. DFV, ag, Pei=50% DT agi, Pei=-50°% 72 H BB WTRAENEERL, 20X
O IREBVEI A SO ERAREK] LERT D, B onTE, L—YilE ) ofE]
Hrl 7o D720, FERICIT 360%WEFRETH DA, HEDERE=L=y k& oYY T
wonRy hOREFAEZEE L Yy T, IF— L RBRICRAKE50°F CHERAIATRE S LTz,
F I ERGE & FERIC, S RAEEBITEER{BHIESWTERIND -0, EIER
{A} ~DEEEIE W AT\, C-Spacdl~ v B 7 &b,
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6.3.4 T-UHHEIK

ESCH BRI, 52t BN R R A 5 < C-Spaceb O R #IH D LBk L CTF B 24T,
TR SN ERBOEAZ [TWEE CEHRTD. TWRIHEZETT H2HELSIL,
Xa FENIHERE Y bV My, -Za FENZHEE T RX7 bV Dy & — B S E7kEs
Ya=Pa=0a=0°% L C, KRNz 72 B LBk L CH RN ETTS .

6.4 EiEMEZEERE L= THREEHEIRER

6.4.1 HEZES O

AWFZE TITEB O 2 BB LICHERE A2 AT 208, BEBOHEGMEEZZE LB
RS NLE L SN DHZOMOSEE LT, SEHIEM TeEEM e Ry N &AW To
TeODTERKAR, 3D T = A= a VU BICB T 20T —2 a VARBET LN,
Bil& LT, SN IO 0 TERKAERFILEE LT, REOICLY, THEEAERT
2ODNRT A= LT EBENZET 1 OO/ T A—=E bS5 3kt C-Spacer v
TN e TR Z AR T 2 FIENHRE SN TODH[L]. ZOFEETEESN 2 20
T A=A TRBEIND SN TEMNGE L TNWATD, RERBUZ 3 DO/RT A —H &N,
LT AR AT MM L THIEANEE L. —J7, 3D 7 =A—3 3 U8 Tld— i
SHHELZFFOMERDOIEHRE— 3 RO LI, WOLNRE—T 3 AMERIZIZZ +—
B oF EMHEN D EBBRARBNELH IS, ZOHB L LT, 74+ —¥ =4 3L
BEEEICEN TR, RETOWOLNREIMEN TR THDL ZENBTbNDT2D, K
IETIE, 7 4 —& =4 OmilgREE W Cltkitt 2 B8 L ERK 2 AR T 5.
ARFETIE, BERTIT 2HE ATREfERZ 4 5 2 & T, MERKERIZKITS
MDD DREREZZ TORBERTE L, squad EFEHIND 7 4+ —H =7 > OFfFEKEE
ERHOWTRELSMOREEZRETS.

6.4.2  JIEREEARK FIE

X 6.8 [ZHIE RS OERM: &2 B8 LI EFIEZ R~ T, (OFIRIE, @UER<Y MVE
tH, @WREREIZDONWTIE, 3 ETIHRAIZHEHIEIZESNTITY, KRFEIZBWTIE 5
B O LB E DT DAL TR WS RIS A TE TR T — Z 2 ERI R & T 5.
ARY AT AT, BRI AR T — 2126 LT, K6.90 X 5 I—EDEEFMIC
WRIERIE 24T 223, WES—F2 NERKER] EERL, BRITREERZNTOLHHE
itz BET 5 b0 LT 5. £z, QEALETOTHRHITENE RIS L TTY, T
WA ST BE A S T E R IR BN T O R EB O EE & B L7 I E R & A
T DZEET 5. THRIRE SR 2SR ERIC T LI EALE CoRIER
HAEAERT .
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AEITIE, 7+ —F=A2 EXOMEKIETH S squad OPEE, (B)IfHI D78 DIRFE A
& WIHIEBOPTE LIE DA FINAIZ SV TREIZ IR~ 5.

| (1) Shape measurement
¥

|(2) Calculation of normal vectors

|
|
| (3) Collision detection for basic postures |
|

|(4) Mapping of measurable postures in C-Space
¥

(5) Determination of representative points and initial postures
for interpolation
¥
| (6) Posture interpolation using squad

| (7) Collision detection for interpolated postures

|(8) Thickness measurement |
|

| (9) Calculation of thickness equivalent values

Fig.6.8 Measurement procedure considering thdraghy of the postures

Laserdisplacementsensor Measuring-path element

Fig. 6.9 Measuring path element

643 JA+—F=H

I —F=F EFEHERBOOE D TH S, WUk s b TN, 6.100 L 95723k
JCZEM RIZB T DAEEOEE Y OfEEOEEREZ TR T 5 Z N TE H[6]. 7 4—F =4
DOFRIL, 1 ODAH T —HEHRE 3OO MUVERTHA SN, K(6.10)H 5 WIFH(6.2)D
X oizFEEN, 3RITIERE P(Xp, Yo, 20)13(6.3), 3KITZ IV A(ap, ap, ap) i3 (6.4)D X 9
2RI D. £, [BHERHEK(K, Ky, k)[E] D 120721081 B BlER A R T 7 4+ — % =4 2 QIEH(6.5)
DX HITD. P DIaEEE D 3R ITTIERE R(XR, Yr, Z)1E, 20(6.3), (6.5)& H T (6.6} LV
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BN ESIB. QHIE Q DI Y A — 4 =4 LIFIZR, R(6.TE N FR(6.8)0 & 5 Ik SR,
U F— 5 =& OFRFITHG.9HNTH(G.100 L O I L TR SN D, ZOEERIERY b
INZOWTHFRBRICAT D 2 EMARETH D

q=[wxY,Z] (6.2
a=[wv] (v=[xYy 2) (6.2)
P=(0,%,YpZ) (6.3)
A=(0,a,,a,.,a,) (6.4)

6, .6 0 0 .
Q—(cosz 'S smE k, sur-\é K, snﬁr2 ) (6.F
QPQ=(0,%,Yx:Z5) (6.6)
q =[w-x-y,~7Z] (6.7)
q =[w,-v]| (6.8)

G0 = [Woy X5, Yo, 2 [W XY 2]
WoW, = XoX, ~ YoY1™ 2
— {Woxi"'xowl"'yozl_zoyj (6.9)
Wo Yy ¥ YWy + ZX, = X Zy
WoZy + ZoW; + XY, — Y X
0G4y = [Wo'Vo][Wer]

=[WoW, =V e v, W Wy otV xv ] (6.10)

U d— R = AN X HEBE T, 2 oW IEFNLL O READ AL T ORI LS
ITAD. Qo WEZA—F=ArTDHE, q& qOBEMET 2 - BAKILR(6.11)D &
INTHZBND. ZIT, fot)& LiE(6.12& 0= A h 7 —BEETH 5.

Al = (), + f,)a, (0st<1) (6.11)

£,(0)=1, f,()=0 (6.12
f,(0)=0, (D=1
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K : Rotational axis
6 : Rotational angle

Fig. 6.10 Rotation around arbitrary axis in 3-dirsienal space

6.4.4 Bk —ykAififH (squad)

IRRAZFEFRT D8O 3 DLLED T +—& =F U FI[ & DR T 572 DITiE,
LD EIRATTA L EHANDLRETHY, AT T A AHMOIERE L 7225 D), squad (R
[ — kA : spherical and quadrangle interpolatiorc & 5[6]. Z Z°C, #lf#ELEALLT O—
DY F—H=F N L -oTERSND ETD.

qlv q2! QS: ey qn-Zv qn—l! qn

FMB I A —F =AU EMEND Y —F = a bR(6.AWD L D IZEFRT D.

log(q 'q_,)+ Iog(qi’lqm)]
4

& = exp[- (6.13)

aGlE gy, Oy QuzHWTEEINDZD, a & a TERINARV. S0z R, s
R Qo DFEPHICEIND E VD ZETH Y, & BEOFIFE AT, HiRoNMZfEE
THREDIFICHERENS. A ZOL 5 ICHA L 2D HERZ @B 5720101, &
HlE BB S 2 —ORIBRZBINT 2 0NERH 0, & X —OFIH A O HIE R 2 5
HZETART S, g, gulZAMiHT % squad 1TX(6.14)TH- 2 Hivs.

squad(t;§.6.,,.8,.a,,) =Serp(2 (-t )slerp t g g.,)Serp €@ a.,))  (6.14

OB A ZRET H/8T7 A—2THY, t=0~1L725. squad 1L 0.1, O, G, Qe 4
DOHIE R OFEHRZLE L L, squad ZHNTR7 ML L7l Z X 6.1212R. &
72, derp X2 207 3 —X =AU MERLDICHEITHZ LN TELEETHY, LLTD
ANTHALNLD.
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G, SiN@(1-1))+ g, sin(d)

6.15
sing ( )

slerp(t; gy, &) =

ZIT, 0IFMEBIITRT LI gl DT AETHD. 01 qo & o Z UKL~ hL
ELTHY, ZNHONEZHWTU TFO XY IG5 5.

@ =cos"(q,* q,) = COS' (XX, + Yy, +ZZ, W) (6.16

serp 2 L DML, i EiLD 2 DOREADIEFEITIHWVEB OGS, DF D |gor uf? 11T
S L, BIBMEIRET .

AWFFEZIBNTIE, 74— F =F 2 qatlld 5 428 PO wiZ 0, vICHIENY kL,
B MTHIET R MVEZREMRALTHAT 5.

Linear interpolation
Spline interpolation

Fig. 6.11 Linear and spline interpolation

Interpolated postures

/\\T ////////\\k\

—_ - \ B

\/7/7< —
Representatlve postures

Fig. 6.12 Example of interpolation usisguad
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9,

’H q()

Fig. 6.13 Rotational interpolation usidgr p

6.45 READOEFE

squad % HWWCTHIEREE 2 £ KT 2 72 D121, #if O 7= 0 O E S ERE SR DHIE
REBERETDLEND D, REAITRER ZR AR T DHERBEOF 2 HEE L,
REBICB T DMELS % [WHIEE) LEXRTDH. REAOME, B, FIHIESITE
TelE 2 R ET 2 EERBER L 250, RFETIE, MRS RE R0 1 E AT e fiksh
ERDATRBER BV, EOFEIE, TN TOREBNRE TREMFEBICINE 5 £ TREA A B
4 5. Linl, AEREPHEALIZELRZ0ERMEITIRDND 2D, REROEEITRD
N LIz, & 2 TARBIZETlE, C-Spacel ool i AT RE RIS B/ LA A= D 28 (b i % F1)
THIETRELSEZRTL, REBEEOBMAERIEE LI WHIERKEZEKTS.
RERORETFIEZLLTFIORT. 2B, K 6.14 17T &0 AllERKEEROS TH D
AR, RERIINTRES LS.

(1) WERBEERNOERE R P (1=1,2,...0)IcBW T, K(6.17)L Y C-Spacekiz~ v B
7 &I PE PTREREI OO HLEEEE Gi (Xair Yai Z6) &2 K5 (06.19. m (=1,2,..., M)IZHIE
AIRETEIIC B EN OB LB OEIEEZ R L, MITEZENDLI BB O ERT.

=M

2 (%, Y;.2)

L——M——— (6.17)

WIE FTREREI Y 1 > O PASEIR T <HEEIZ /D T 2721, Gy 0MIITE FTREFRISN & 72

LT, G bEREICH D IE AR O LS ZHH L, G & LTERT .

G (X Yei126) =

2 6.16127 "7 & 9 72 G, Giu M DOHEE GiGiw1 2 3(6.18)k VKD, HIERIEELZENICE
WT GG WKL L 72D P &2RD 25 (X6.17).

GG., =\/(XGi+1_XGi)2 +(yGi+1_ yGi)2 +(zGi+1_ ZGi)2 (6.18)
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(3) MAEAEZ & DMESRP &, VA D 2 Py, P ® 3250 C-Spacekii~ v B 7 X
AT HE FIRE AR & L L, B A SR 5.

(4-a) JL@EZFFOBEG, BAEE L DR 2RERETD.
(4-b) BT AR WG, MREE & 5 AOWRIOREZREALTD.

O : Measuring point

tarting point . . .
8 g pot Measuring direction

=
=
SR

-y
oo

M
S
"“
NN
T

SN

NN

LT

Measurable postures /

Fig. 6.15 Centroid of measurable postures
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. 1Measuring | Calculate distance P Pin E
arting direction 1 between two points M '

: i _—— Measurable |
pornt i postures = E
1 I

P i E\G & /5 E
i |

Calculate centroid

& ™ Workpiece '::::::::::::::::::::::::,:"‘:::::::::‘
N\ O:Measuring | coordinates

1 1

1 1

] R I

1 | 1

oint P, i ; |
p i N i
| |

1 1

(n=1~17)

Fig. 6.16 Distance between two centroid coordmate

Local maximum value|

T |
v \O >~

— oy oy p—

Distance between two points

Measuring point

Fig. 6.17 Local maximum value of distance betwwemcentroid coordinates

6.4.6 WIHIEEORE
6.45T 28 OIFETHRESINIZRELRIZKH LT, UTFTOFETERLENYHILEE I
ETD.

(@)% & Z ORi% OBNE S I EEg & Fr o85S
PUZHBWT, [X6.18(ay> & o (@ fE O EOEAE & PIIEE L3 5.

(bYfRFE . & T DRI ORNE A i fﬂﬁ%ﬁf:ﬁb‘%/ﬁ-}

Pii, P lZHWT, X 6.18(byD L o (ZHllE rIREFEIN O C-Space LD i & e kR A
2o DB IEE L 5.
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Starting

Measuring
direction

Workpiece

N\ O: Measuring

point P,

(n=1~17) ) /E' % Common postures
U P;: Representative Cemé(.)ldt 2 of P.;, P;and Py,

point coordinate

(a) P; having common postures with adjacent points

Starting
point

Measuring = seee e mmmmmmmmmmmm ey
direction The shortest distance

Measurable postures from origin
/ A \

Workpiece

point P, (n=1~17)

X P;,P; : Representative
point

1
1
1
1
1
1
]
1
|
1
O : Measuring E
1
1
|
1
1
1
1
1
1
1

P, : Point having local
maximum value

(b) P; having no common postures with adjacent points
Fig. 6.18 Determination method of initial posture

6.4.7 {14 O & EBREE

squad 12 & B BB OPNE LB LT, ERKEEZANOT X TORERB N E
AIREREIBNICIN £ > TV D S, ERATRER KB 2 S0 A0%,  IE AT REfEIRS
DR E LR EFONE S LT - 2REAL LTHIBZBEFITTS. 2oL x, g%
XD D C-Spacel CHRALIFAEIZ & 2 IE ATRERIN O REA L 35 . Z ORFT T~
TOERBDNE FTREREIICIN £ 5 F THR D k.

6.4.8 HREAHMEDORFH
BEARLETOREREICISNTE, HEEIREIZYE T 50, MERSLZ I
BaiaiX, MEME T OREMYE A ZFE LT 08N H 5. ATFRIERICBNT, {B}
MODOEHEAEZHWTHRIHSND. HEHERIZOWT, 6.19(ay> & 9 ([ v — L E
WZxf U TR AR Z L LW 2o, EEAHRE & 72 5(X(6.19)) B> T, IF—IZoW
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TIEX 6.19(b) (C)NI/RT L O ICHIERE (ZHK L CIREAENELT D70, WIEMYSEITA
(6.20) (6.21)THH END. TXTOREREZ[ET 5 & AREAH S EILX(6.22) TRk Hivs.

A=T (6.19)
A=Txcosg, (6.20
A=T xcosa, (6.21)
A=T xcosg; X cosr, (6.22

A

7y Zy
\' X|;4_£ Ys XB4—<I> Ys
(a) Roll (b) Pitch
Xp Zy
Q “B YIB
(c) Yaw

Fig. 6.19 Relationship between measured valudlaokihess equivalent value

6.5 AIEZEER

6.5.1 FEBREM:

FARRBNCTTHMNAE LS X9 ITHERR LTz, 2 @72 MEEGTIRICIEHIN T U723kt
L CHIEFBREZITo72. 1 SOM#AEOKRE XX, EREESR 40mm  EEHBES 20mm
mS 10mmTh L. BIEWEIK 6.2012, FEEBRGMHFEE 6.1I7-T. Fio, ERARBTOR
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JEHIE CFENE U-EIT A2 6.21 17T, X2 b HEEEREICBWTFEMAE T T
HZ ERNbmA.

Measured area

P :—' ',
= e W

Comparison line of
the measuring posture

Fig. 6.20 Workpiece to be measured

Table 6.1 Experimental conditions

Material Alminum (A1050)

Size 125 x 135 mm

Initial thickness 0.5 mm

Measurement range 46 x 46 mm
Measurement interval 2 mm

Number of measurement points | 529

Shape Twin frustums of a cone

L S T T )
L T R B T I L L I D D D R R L B D L I

L I I N 2 I D D D I D I L I

B ¢ ¢ ¢ o o o o o NCHEEEENNNENE

Bl e « o o o o oK, .
Bcic o o o oulsRNCENRENTENS e .

L R I I D L L D D L B I
IIIIIIIIIIIIIII LI T I I I e )
lllll L I I D D I D D D DY T I D B D e
LI I R I R I e D L I D I D B B D D R T I B 2
o o o 0 i o TNEEUBREEENEEC . < ¢ o o o o o
S e e e * 8 8 & e e e e e e e s s s s e s v .
e o oo cualieiNENNNEEE . o s o o e o o
L N I I e D D D D D D I D D D I B I N I
® ® & & 8 & 0 4 e " " s s
L R I B I D I I I I I S I L D D L L I L R
L e I D I B N D D D D B D L D D I I
SIS e ¢ ¢ o o ¢ o o o WSNEEEECE. . .
Workpiece/'”"""""'----°°'°'
SR, . . c c ¢ -+« o » HCEEEEERE. .

@ Measuring point having collision @ Measuring point without collision

Fig. 6.21 Measuring points having collision
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6.5.2 HRZMIER LK

B4 6.220 JIE L7 E A B & v d. IR B L 0 AHE RIS B W TR AT,
HEBZIGTEZ ENbNd. £, —RUCEREINT SN TIEDOSGE, INLE
FHEFACIREE L 0 SRENHE L 725 LB X HNDM, BIERHREN S b T O/Em 28 & CH,
M#EE D LTy T THRIENED LTnD ZERbs.
HEARLZBTCOTHNRAEL, BEEE(EE 9 JEOUERBERICK LT, R
h~A 7 mA—2LDOREHEDOLEETT-72. K 6.2312K A 2 h~A 78 A2 —% TORE
EEEHEL LG EOR AT AOWEBRAZZ RTH, RRKIRAZIT 43um L7 o7-. 4FE(C
BT DWUEREOHEE DG, RIEFREZ FEARLENTTHIE L2 LT 556, MIERAEIT 44.2um
EHEEESND D, WERERSEZASEGATHRBEORECTHET S 2 LA AlkE
ThHoT-.

" Thickness

10.10 0.20 0.30 0.40 0.50 mm

Fig. 6.22 Thickness distribution map

- Wl
£ .| T OF[ITNGR & ] °F |

Measuring point

Fig. 6.23 Measurement errors in reference to meawents with a point micrometer in a

measuring path element
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Fig. 6.28 Trajectory of end of robot arm
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Fig. 6.29 End of robot arm
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Table 7.1 Experimental conditions

Workpiece size 140(L) x 185(W) x 40(H) mm
Thickness (Unprocessed) I mm

Measurement range 115 x 10 mm

Measurement interval I mm

Thickness measuring point 2010 (201 x 10)

Fig. 7.5 Shape measured data

o .

(a) Measurement model (b) CAD model
Fig 7.6 Models for fitting
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