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Fig. 2.2 Configuration of the five-axis controlled machining center
(EGURO_E-32V)

Table 2.1 Axis specification of the five-axis controlled machining center

Axis Max-feedrate Stroke Drive device
X 4000 mm/min -25.0 - +275.0 mm Ball screw
Y 4000 mm/min -17.5 - +180.0 mm Ball screw
Z 4000 mm/min -220.0 - +12.5 mm Ball screw
A 4000 deg/min -95.0 - 0.0 deg Worm gear
C 4000 deg/min 0.0 - +360.0 deg Worm gear
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Table 2.2 Specification of the displacement sensors

Model IL-S025 GT2-HI12K EX-305

Type CMOS Laser | Digital Contact Eddy Current
Measuring range mm 20~30 0~12 0~1
Accuracy um 1.0 1.0 0.4
Response frequency Hz 3.03x10° 10.0 18x10°
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Fig. 2.3 Measurement method for comparison of sensors
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Fig. 2.4 Comparison of curved surface measurement
results for different sensor types
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Fig. 2.5 Influence of surface geometry on measurement results
for eddy current-type displacement sensor
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BROSEOEENEALT D EHLMON TS fFl 2 0F, g s*%
A=A R_R—%HWTHTWEMLEZHEE L IEEBEIC X 25 FEEIRE LT
BT, IR & (B i oD S B O ) SR E N B 2 OFE T CHRAET DH KD hEy E
BaxHWTWD. LaaL, [BIEREhOIESE) 7 0 KR L D SRR E O EN KRR &
72 % BIREH OBERR S NS R AET D EMIZER L, ThANERERICEHND X 9 FF
Mg 2 HEEBRF LIEGNIT RSB oTo. & 2 TR TIX, 200 [z

DEEBZMAGDOED Z LT, WEXNRTH 5 [aldndh o EB) J7 m KRR O B )k
EOHZMT Db 0ES &, HEHEBDIODEN ¥ I X5 HE R R
Slntsd OB E 2B BT 5200 FEERET D, AL TIE, 2000 #x
i (A, CHl) 55, Abr—2IZHIRNDHL7ZORKENELZ YT, [
HLEMTAREEZLSIT D2 LN UV ERE (5 RIAWZSEHEE~ =7
X TIEAG) EZRIERIGE L.

Al 2 [EEE S5 L, EUYERE BN oW & O LE L — EIEo72D
EERITH DY RIS L OZEZ® T HERH Y, Z O30 A T lE ] E @%ﬁo
&, AFRO KR & FRIRFICEER OES H b KEET 5. 22T, K290 XK 9 icC
fh o — HFHA~EEI RN OAME RIS E 52 & T, WHRIEEROYZFHIC
BUACHNZ L DHEENRT ML EABIZ L D2HERY NVOAREERT MLV
KRB ERTR C— 2 DOHRBNICED L HICTHZ L2k (K2.9TIXYZ
DEFEIRME) , Al EE) 7 [\ SERRFIZY, ZEiS KR L 72 L H 12 L.

24



E2E BTV ITEUERITEITS
Bl $R8h:E £ 77 1] R R D BRI ZE B D 5Tl & € DFHIE

<€— Velocity vector of A-axis

A-axis <« — = Velocity vector of C-axis
Reverse <4 — Composite velocity vector

A-axis

Fig. 2.9 Schematic of measurement movement
at C-axis rotational angle of 180°
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X2.100%, F2.3ITRTAHIZ-27°05-63°~FEEEEFIZCHl &2 + 5 [M12-90° )
H54270°F TEVTHIEICBIT AX, Y, Z, ABIOBEIESTHD. ZoLx, H
ERMBETHDHEMEROT — TV EORBAMEZ, YZFEEMNIZB W THAER O
D ECHHEIERR L E N —FHT DL HICRET HZ & T (K2.91TCHII80°DHH)
YZRNICEB T HCHOMEES Y huvidir k&S, £, KBFZECTHV =5
i~ =27t # TR EOAF L ECHT.LENBERLRLTWDHTED,
CHIZN0°3 L VNB0°D & X ICAHZ KInEHHZ LIC kY, YZFEmENIZEITAHC
il D E R T NV EARO KEREMEIC X D2 HERT b OBELE Y K&EL< T 52
EC, K2.10IC 8T X DD, Al KEEENME & Yilid X OV Zdh o RKERBE & & 4y
ftcx b, ZoLx, AfhE & HICXEHOEB) 5 A b KT 503, Xl 5 A 25
AT DRI AT RS L AR & SPEAT TH D AT OB 7 1 O R E RS R~ xR
FIEE 720, 7, Xiﬂa@ﬁﬁ%ﬁjﬁm}iﬁa KDY, 28 1M OFRZEN RIEERENET
IFFAE LRV &, ATES 2ROV CEIMEIC TR S vz, AthES) 5 [ iR
IR D I A R 2 B2 11T 7R,

Table 2.3 Measurement motion of C, A-axis

Axis Motion °
C -90.0 0.0 + 180.0 270.0
-27.0 -63.0
A -43.0 (Reverse) (Reverse) -45.0
Motion direction changing point
180.0 Y 180.0

o

|

|

|

;;4\
|
| _X °
90.0 | ¢ 1 900

—_—7
—_—A

0.0

0.0

Position of
X-, Y-, and Z-axes mm
Position of A-axis

|

i
-90.0 0.0 90.0 180.0
Position of C-axis °

Fig. 2.10 Measurement motion of each axis
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B2 AR 3 5 mORPER RN G, Atho EE) 7 W SRR OB AR E %2 ko
% . ARl OEE) A IR FE D BRSO BN R K &2 D ik, AfER O
BERGImERD. ZoLE, YZRHERWNICB W TREAEERO F .0 L Clil o B #is 5ol
F—HTHEICHKEINTEY, CHPLEAMPLBERLRL TSI LD,
Bl2.120 AHEIERIZHB T 52 i & REROFOIT—8T 5. £72, AHEIERD
PR IAE, K220 ABEIE RSB AY hmEesn. o2 Enb,
WERE R ECHIE SNTZ3FBORET —X[X, Y, 21" BXOAEORIERAE 0
NE, ARFERE R FiIcB T 28R EIIRQDICLVHAETE, XoT, Y #ih
FEosERQ)ICL v RENS.

X' 1 0 0 X
Y’] =0 cosfB, sinf, Y] (2.1)
yA 0 —sinf; cosO,117Z
Y =Ycos6, + Zsinf, (2.2)

30
=
=3
=
.2
=
S
(0]
)
-1.0 -0.5 0.0 0.5 1.0
Position of C-axis °
(a) 6, = -27.0°
30
s 20
=
= 10
o
= 0
S
g S10F X
0l Y
20 7
—30 1 1 1
179.0 179.5 180.0 180.5 181.0

Position of C-axis °
(b) 6, =-63.0°
Fig. 2.11 Comparison of measured motion errors
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B2.11 O RERE R HRQ2.2)Z AW TRD 72, Ao 3EB) J5 1) SR R O B 1O 8E
JEDBERRIT IS Z 213107, 22T, MPhogeiE, EMTRRICBT 5
MLmERXEL LB ERD FMAZIEE L, M LTHEICEVIATLAIORRZ %2 A
ELTHRARLTVS.

Deviation pm

Deviation pm
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/\; o
v, S
N0 e
N
\<:/ ///\ A-axis
K -7 coordinate system
N ’

N2

L b \\:;

\,
rd
7

'

/, .

. Machine
N

coordinate system

N
N\

Fig. 2.12 Coordinate transformation between machine
and A-axis coordinate systems
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Fig. 2.13 Measured motion errors along A-axis tangential direction
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2.2.4. IR

R LUIEFEIC L RE S Al o EE) 5 m SRR O By AR EE A3, L
H~ED LD I WEBERIFTT ), WEROER L FE CEHCL > CHAEZNLT
5L THAEET 5.
BRELEAEFIETIE, 7— 70 EICHRE SN IRAEER O L & EEh Al 3R &
U 7= 07 25 & O MR AL & MEFE T 2 K 5 I & Bl 2 R EE) S E 5 0l
L, FUCHREBESICLDMAENLEZERT L7290, K247 F K01, Fm
TREBROZOO TEREIZ T LOBERE S TEMOERE TEERO
BT A7y FEES.

) A-axis
\
— — Tool path

— . — Workpiece path

. \‘
@ - -Offset
‘____ _—— A
%

N
. /
N, :
\ Table /
Workpiece

Fig. 2.14 Cylindrical machining motion
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TOXHIRTERKICLIMEN LA ERT 5720, R2.48 X OE2.1512R
TILEMEZRHNT, TEY EEHAG TEIZHN I NI BV LE{To7z. 20
L&, LIEMOBRITIMLEMFICED2ZBERBNRNE ST D0, Himh A
TEENL pm LR ERDE M ITEMHEEREL, LEIXERLI6 mm D2 H
AR—=NZ RKI)N, v 77 4—F&EZ025 mm, NMLT2HHEOEZEEZ20 mm
L7, E£7o, BHREO BRI K 5 2B EEE RO EL SN TR E TOE
BEIC RV LT 52 &6, AGO RSO AL E 2> BN E T o FREE | E K
DEBERO P ONEE TORMEFRICICRD EOIT L.

U bEoFEIZEOMT LeMEE2EMEHER (B> Faf RA-114) THI
E LR EZ®2.1612 77, Al -27.0° (B2 TR ETH 5K2.13(a)l &
HE, MUBFRRZEDOKREZIN -14 ym Th o 72Ok L, I LA RSB 72 1 O
RO LERZE (DL, MIZIROM LEEAZE L #EFE) 1% -12 um (K2.16(b)) & 72
DIZIE—FLTWD. —J, Al -63.0° TiX, K2.16(b)DHIEREFIZIX +28 pm
DOEMFRZNHER CEZ DI bbb o3, LR (K2.16(a)) [ZIXED L 97
MITRREEHERT D EIXTE R o7,

Table 2.4 Experimental condition for machining

Type Ball-end mill
Tool Number of flutes 2
Diameter 16 mm
Material AL5056-H34
Workpiece Form Column
Diameter 25 mm
Cut depth 2.5 mm
Machining Cross feed 0.25 mm
Spindle speed 5000 rpm
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Fig. 2.15 Cylindrical machining condition
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|
|
|
L

(a) 6, =—-63.0° (b) 0, =-27.0°
(rotational angle of C-axis: 180.0° ) (rotational angle of C-axis: 0.0° )

Fig. 2.16 Machined workpiece
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2.3.  BBFRRZE LINTTRER O BIR

N % U CEM RIS B D UBRRE 2 3 N TR BN e o 72 2 & ORI
EIHGCT D720, BUBRREZEO R LN TR & OBRIC OV THRFT L 7=,
EE A BRI O U RR 22 A P27 7T X 9 Q@@ OE % i 5 R & A E
L72BE, O~@QOEBRE SO &S SHIZE, MLEICHEN S MR T~
OFEENE, OO ETLREICHIONDZ ET/hE D EEZLND. Z O
TREZOEINT, TERHOSEIHLIV /NI WES, Bwe TEREERM LR
Q3)cLvkdons.

(o |p2_ (7)?
| = o (2)2 =t (2.3)
R+H- |(B5) +R2 W>1)

L =/2H(H? + 4R?)1/2 — 2H?

1
R |
1
1

Fig. 2.17 Tool trajectory with a convex motion error
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TDOZEEERNICRIET 5720, K2.181259 X O ICHERA) 22 SRR 25 & ik
BICRO =M THRBEE, BUAREO S SH, Ew, TEYRRREZZAIETITD
(H:0.25~1.0 mm, W:0.5~6.0 mm[0.5 mm%§], R : 1.0, 4.0, 7.0 mm) , AN
THEOE IIZRmMIFHZEIVEIE Lz, %@/ﬁl*#ﬁ'&&%(z NIk DEE
LA, H2.19, F2.200 77, Mk DL, RQI)IC K DHERE L EZREE
BizgL<—HLTWarZ LB bnb.

ZOMERICA U D EUBREEZE O RREAS, PRI i (2 38 W CRllE #f 5 &0 T
RIZEWPELLEZEORKFTHD. K2.13(a)lZ R T A ERRFIZ 4 U 5 #Ea
ZORPEMBICLD &, BB EZEO S 1328 pm, ME130.157 mmTH O, T
WA L2 TEER (8.0 mm) 22HRQDICEIVINTHEHICEN DN TEZED K
TEEHETDE, K04 umE D, koT, AR TR LEMEREICHN
TEEVRERZEIE, M LRERICEBELZRIFTSRNENR D,

Tool trajectory

Tool

Workpiece

Fig. 2.18 Cutting test for convex error
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0.7
0.6y Cutting test
0.5 —=—Eq. (2.3)
é 0.4
~ 03
0.2 W
0.1
0.0 M - - -
0 1 2 3 4 5 6
W mm
(a) H=0.25 mm, R = 6.0 mm
0.7
0.6 Iy Cutting test
0.5 Eq. (2.3)
£ 04 M‘
K
0.2 )//'(
0.1
0.0 M - - -
0 1 2 3 4 5 6
W mm
(b) H=0.50 mm, R = 6.0 mm
0.7
82 [ x Cutting test %
S =—Eq. (2.3)
Y X
E 03 X
0.2 )X(
0.1
0.0 M - - -

W mm
(¢c) H=1.00 mm, R = 6.0 mm

Fig. 2.19 Relationships between width of motion error W
and height of machining error / with various tool radius R
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0.3
03 P OO
0.2 '
=
T A
= 0.1 }( % Cutting test
' / — Eq. (2.3)
0.1 /‘K
O‘O 1 1 1 1 1
0 1 2 3 4 5 6
W mm
(a) H=0.25 mm, R = 1.0 mm
0.3
0.3
02 )/M
=
g 02
~ 0.1 )( ¥ Cutting test |
‘ )( — Eq. (2.3)
0.1 M _—
0.0 L
0 1 2 3 4 5 6
W mm
(b) H=0.25 mm, R = 4.0 mm
0.3
0.3
0.2
=
g 02
~ Cutting test
0.1 X —
— Eq. (2.3)
A
0.0 M .
0 1 2 3 4 5 6

W mm
(c) H=0.25mm, R = 7.0 mm

Fig. 2.20 Relationships between width of motion error W
and height of machining error / with various height of motion error H
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2.4. WBFERZEORMEEZIEA LZMIE

ZAVET, BV EhoER) 5 m KERENE 2 S e BRI T T T e A
BT 22 2EMNELTEL OFEDD BREEZINTWDER, Wb
BEORBEBZOLDE/NSLTHZ LI TIMITBELNET S HETHY,
FDOLLITEVEROBFEET VR LICESHIEEREZH VTS, L,
T NREMICHET D TEMSS T ARV OEE, EOMEOER STt
L, f#HETVOREEEES, BREZIZRVERLEHFENT A —FOHEE M
CAEBRDECTEGEICA T T AEESEPLEL D, £ TARRETIE, 2
NETICELN- R OES M KERIC LV EC 28R AL M TEHE oMo
BAMRICE S E, K VMMELRGFIETIMIEEZN ETE 50, EBRAYICHKIEL 7Z.

AWFFEIZ LV, BEREh O EE) 7 1A KRR I T st LTIk & 7 2 #uhaa
ZIFTEREOBBRICE VI THEHIZIIRESE S IZ WEEZ R > TWD 2 L3
BENTWD., ZOZ &b, MR OEEREEZEN T A T 2 EB) J7 17 KCHR & AT IS
BWT, TEBBFZMN Ty LivBRICARD X2 IENCT e s T A ESEEE
THZET, MLE~ORBELRNT 5 &N HEA L.

FUREIN T R A2 L 72 MITE AR O BB RR 22 1%, B sk 12 k) L C Al o SERE) /23
BNAHDZETRELTNDEBZLNDZ D, ATHOKIZE%R OBERES %
AKOBEHELV L REL T EICLD, MTHEICK L THBIR O 2 %
FEIHEDLZLELE. BAERMICIE, ATOKENME TH D (A, C) = ( -27.0°,
0.0° ) DRDFEAALE DN -27.04°, 0.20° ) THHDICK L, BEIEA0.03° KX
<A L(-27.07°,0.20°) ~ZEF L=,

ZoOBEEOET (Ltk, fiELIERE) 20.03° & L-0ZiE, UF >0
MAETFONS. —oBIE, IIAEICRAW TR OEBREEE 2 MR~ F 3

DT+ fiE%z, BEEME~SMADZLERDHDH. 2L, Afli~ORHIEN
MLRIZBT2MBIOZELE LTEDREBRND DNRD, ZIUNAH -27.0°
DRI TR TERAEL TS 14 um® MR OELBRRE 25 %, IR O BLR
RENETT IO RESERFRL TSN HER LT E bW, 22
T, MIER0.03° IZEERHF LD M TR E COEMEIO mmazFELHZ LT, ML
SACBT D A O BEERRS S EEENZ L ~K37 um BT TH5Z ERbrY, 2
2O MK OBBIERZE -14 ymZ 722 L 51 < 2 & T, 23 umBEE O MR O #LEf s
ENFETDHETHT LI ENTED.

TOHOHABIZE, ZOAMOBEIES RKE LTEDSE, KEBEERIC—A
BEIEXCHEOKEEZFESEILTCLE) ZEBNFTOND. T7hbbL, AREL
7y 7 DOIBIZROT r Y Z7IZBIT DA, CHOESALEN( -27.08°, 0.40° )
THYVMEREA20.03° LLEICT DL, 207wy s OEASME BT BE&E
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LY, —HAELESHEDOKENEZ 5.

HIIE% OGEBY R 2 4 BIHR R L7 JE HIEIC LD R L R 2 B2 2110 R,
X725, I LHEICK LT IA20 umD IR OBIRR Z 4 R T, T
TAER (F23pum) 7T EBERSATIORSEEICIVAIETHD 2 &
Db, ZOMBZE (B EH : 20 um, EW : 0.126 mm) & THEHAL16 mmd»
5, RQERDICEXVMLEICHEAET 2RO M LR ZOE IILK0.3 ume 2 5.
KON ZOFERDN, EREICMIERE BT 20 BB LM LEREITo 2.
EMTRBROFEREEZK2.22125-F. bbb X5z, K2.16(b) THER U
M TEICAECZMEROMTEZEIZ R 720, MEICXIV AL SERNMERD
BUARZE LI LHICEN TR NI ERHRTE 5. 22T, MEZROM LR
TH5K2.221TEFATOB2.16IZ AN RBERNEL L TWDHD, £DI L DR
K& 52T DITIEE S TR,

U EDORERNS, IMLEICK L TMERE R ELZEICELIE D 2
ETC, RFRICEVH L7 o7, MR OBBIRZE, THEZLI T e o
RIZEVIMTHELZLETELZ L0005,

30

20

10
0

-10

Deviation um

-20 L —— With compensation

ol 7 Without compensation

-1.0 -0.5 0.0 0.5 1.0

Position of C-axis °

Fig. 2.21 A measurement result of the compensated
motion errors at 0, = -27.0°
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Fig. 2.22 Cylindrical machining with compensation at 6, = -27.0°
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Fig. 3.1 Worm gear drive of A-axis
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Fig. 3.2 A-axis motion in measurement test (-30.0 ° & 0.0° )
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Eddy current sensor
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Fig. 3.3 Mecasurement system for axial displacement
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Fig. 3.4 Measurement results of axial displacement
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Fig. 3.5 Measurement results of each A-axis motion ranges
(A-axis : -30.0° < 0.0° ,-30.0° & -15.0° )
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Fig. 3.6 Flat surface machining test
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Fig. 3.7 Y-, Z-axis motion trajectory of A-, Y-, Z-axis
simultaneous motion (-30.0 = 0.0 = -30.0° )
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Fig. 3.8 Y-, Z-, A-axis motion of flat surface machining test
(A-axis : -30.0 = 0.0 = -30.0° )
Table 3.1 Cutting condition for flat machining

Type Square-end mill
Tool Number of flutes 2

Diameter 16 mm

Material AL6063-T5
Workpiece Form Cuboid

Size of surface 30 X 30 mm

Feed rate of A-axis 200°/min
Mac}?“.“ng Depth of cut 0.2 mm
condition

Spindle speed 10000 rpm
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Fig. 3.9 Comparison of machined surface of flat surface machining test
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Fig. 3.10 Circular machining test
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Fig. 3.11 A-, C-axis motion of circular machining test
(A-axis : 0.0° & -30.0° )
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Table 3.2 Cutting condition for circular machining

Type Ball-end mill
Tool Number of flutes 2

Diameter 12 mm

Material AL5056-H34
Workpiece Form Cylinder

Diameter 25 mm

Feed rate of A-axis 200°/min
Machiping Depth of cut 0.2 mm
condition

Spindle speed 10000 rpm
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Cutting start point
0.0 = -15.0° -15.0 = -30.0°

5.0pm/div -30.0 = 0.0° (+)

(a) A-axis : 0.0° © -30.0°

Cutting start point
-45.0 = -60.0° -60.0 = -75.0°

5.0pm/div -75.0 = -45.0° (+)

(¢) A-axis : -75.0° & -45.0°

Cutting start point
450 = -30.0° -30.0 = -45.0°

5.0um/div -45.0 = -15.0° (+)
(b) A-axis : -15.0° & -45.0°

Cutting start point
-60.0 = -75.0° -75.0 = -90.0°
-)

5.0um/div -90.0 = -60.0° (+)

(d) A-axis : -60.0 ° & -90.0°

Fig. 3.12 Comparison of machined results by circular machining test
without compensation
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0.0 = -30.0° (-) -15.0 = -45.0° (-)

5.0um/div -30.0 = 0.0° (+) 5.0um/div -45.0 = -15.0° (+)
(a) A-axis : 0.0° & -30.0° (b) A-axis : -15.0° & -45.0°

60.0 = -90.0° (-)

5.0um/div -75.0 = -45.0° (+) 5.0pm/div -90.0 = -60.0° (+)
(c) A-axis : -75.0° & -45.0° (d) A-axis : -60.0 ° & -90.0°

Fig. 3.13 Comparison of measured displacement without compensation
by polar plot
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Fig. 3.14 Drawing method for measurement results
(A-axis : 0.0° © -30.0° )
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Fig. 3.15 Measurement results with least-square method

60



EI3E bEFEHIH VT RIZEITS
[ElEREHEE A R RERIZHF S B AR ER DR & ZDFEIE

3.4. EEEZBWERHIE

ZAVET, BV EhoER) 5 m KERENE 2 S e BRI T T T e A
BT D52 L2HMELTELOFE 'Y BRI TWD. flxiE, BiT
5O, EMEEFAEHAVWTEHEM R NE—Y a3 v ERBL, FOETLE
HAOWEMIEFEEZEZL VD, L2L, WIRbLEZY#HoBNBEEZOL D%
SETDH LI TNTHEEZ N LSS HETHY, TOLIFTEDERD
BFEET NVEICESSHMENEZR VTS, LrL, SEERSHT A flo
WIS AT DENMIE, YROZ RS AMHFOMEICIVMHIEST D Z
CIEARFHETH D, £ T AMOF LI AT REEHTH S X g Huv 24
EFEEZREL, A8 CRE LM FIEIC LY 20 R ML R L.

MIEIX, NC7'r 27 7 A X G ROMIERSEZINAx 5 FETiTo7z. K 3.16
I A EOBHER A -300~ 0°OBED, PEMBELEMET—FE2RT. 22T,
BUZRT KO ICHERMRICB W THREHREZHm S4B L, Z2oME2z0n <2010
—kACLVELLE. 2L T, 260N 6—ED AfAETL (22T
X 5°) ICHIIET —# &R, NC 7u /7 LWNIC X BFMOBEHRS & LT
2Hb0E L. ZOMET—ZOME (A #MAE) X, B 3.5 K 3.9 8LV
B 3.16 OWPERRICH O TREM R LN EZ 2RI SSRETHLZ L, £
o2 7mry 7 THEALTWEZ A BOEEEMERSICH L CTHMIERS AT D
fewlz7my 72 ESET AR, Tary 2 BN R0 E CTEBEOBEREIC
WEZRITESRWESIICT L7720, SENE A MEERSS 5ScZ LI ERS %

Motion direction changing point

10 AV
I
E 8 |
5 6 :
g !
S 4 I
[a+] |
2 i
.2 2 ¢
A ) ) .
—o- Linear approximation
0 —— Measurement data
_2 | | i | |
-30 -20 -10 0 -10 -20 -30

Position of A-axis °

Fig. 3.16 Compensation data by linear approximation
(A-axis -30.0 = 0.0 = -30.0° )
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Fig. 3.17 Results of flat surface machining with compensation
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Fig. 3.18 Results of circular machining with compensation
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Fig. 4.1 Cutting test to investigate tool approach mark
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Table 4.1 Cutting condition

Type Ball end-mill
Number of flutes 2
Diameter 6 mm
Tool
Tool length 20 mm
Material Cemented carbide
Coating Uncoted
Material AL6063-T5
Workpiece
Form Cuboid
Feed rate 100 mm/min
Machining Depth of cut 0.5 mm
condition Spindle speed 10000 rpm
Up-cut/Down-cut milling Up-cut milling
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Fig. 4.2 Results of cutting tests
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Fig. 4.3 Generation of tool approach mark (Depth of cut : 0.5mm)
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Fig. 4.4 Cutting test with -5mm offset of approach and retract motions
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Fig. 4.5 Results of cutting tests with -5mm offset of
approach and retract motion at each depth of cut
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Fig. 4.6 Depth of tool approach mark by depth of cut
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THEH77e—FEICEL, K 4.2 OLEMBETOLEMCH 2T 7o —F 5O
BiE L, AR DA £ To LEKTHOERELS, WThoT e —FF
BOMIFERIZBWTENERR D ZERMREINTZ. Z0oHGE, K 4.3(b)ICR
T LT e —FHOM LB IRIE, UHAAZENIZICDOOMLIZEIT S TAE
FBICXDHIVELTHY, EFIT/NIWVRETERINDDIZXH L, HTFEHOM
THEERIE, UHAZENEIICKEVIRETO TAERIZL > TEEI AT
HZENFERNTHL. ZOBRIZLDE, K43(b)IRTT 7 a—FIEDHKITH
OWEE L X, B 43@)I T HRHTEECEKRINTHOOT 7o —F N LERIZE
F%, T7u—FEMEOKEND LEZRENETTOETCORETHLZ LD,
T7a—FHOBHICHRELS RS, ZOT7 T a—FIEORKRITEHOERM L 1L,
THYE r, 770 —F LR R, TH#MENMTHDOZRT A 0(45°) L TH R
MOEAHE d b, RADICL->TFAETES. 22T, TEERIZHEIH
MCEROE L E, TEHOERICHES TEE TEMPEERT 2 HEES 2 o0&,
FOEBEN/PNINWZ ENLEALTWD, RM.)DOE M HiEEHEE R DRI
B9 2 3 ME AT O K% CTHAT 5.
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+R 6 — Rd
L= (r +R)sin {cos_1 (T cos )} —+/2rRd — Rd?

r+ Rcosf@
(Rd < 2r1) (4.1)

77 a—F R % 50 mm, YiAALEE 0.5 mm & L728E, RITEOBEREZR
@715 69 mmens. LrL, EEOMLHERTHDHE 4.2(d)I2BT 51T
EOMPEEEITH 3 mm THY, RAEDICEDFEMBELRAL->TWVD. ZOHE
i, 4.6 OFEFRLBEBRLTNWSD. T728bb, UHAZEN 0.10 mm 205 0.60
mm O TIE, LTEEFENMIZEAEEZLLTELT, LoT, K 4.7 [ZHEXA
T LI, WAL EN 0.1 mm £ THMT2BICTEZEZEN 2.3 um £ THA
KTDHDHDOD, FOHBITYIALED 0.5 mm FTHEMLTH LEERITIZE/LL T
Wi EEZLND., TZ TR 47120778912, hiFomIicks 57
7a—FEEDK SN E N B YHAZED 0.1 mm ~EEINT 5 F TOHR T O HEEHE
ZRADICEVHELEZFERE 3 I mm &80, ZHIEK 4.2(d)00n TR &
—H L7z, B, 42083 TZOMOT 7o —F 4 5, 20, 35mm (2 X 5001
MROBZATYH, TOHTHOHEHML, RADOFHERBRE MR —HT 252 L
DRI TND.

<------ Desired path of function point

Lox

Depth of cut: 0. mm

Actual machined surface

=~

L: Actual length of the retract part

End point of the approach [>
Length of the approach part

A

Desired surface

Fig. 4.7 Generation of actual tool approach mark
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7 Y
X - \\i—~\\\
\ N
B | \
R sin 45° X R i Y

:U/
>

Fig. 4.8 Oval path on perpendicular plane to machined surface

R@.DIX, 770 —FIHEOKL D T EEE NN T HErRTOREBICKE S %
TO Y Ao CTHS, K 4.7 IZRENDT 7 —FREOHRITEO HEE L
ZHETLOIAE L TUTOLITRDHND.

AT 2 TERRTESEE TR Ve —F@#EICHW TS XY Fili Lo
MOMARIC X 2 TERKIE, K 4.8 I RTEX2ICNMTHOEER CTHDL XY F
Y LTEEHRETHLZ RN D. 22T, 77e—FROKTHOH
B L ZRDDICEL, £, B 4.8 IORTHAKRE»ORDEZRA.2)EY, X
4.9 | 2R T THARTEEIC I VRSN T/ o Y 7\ o & 5 a6 7
KEERRT 5.

X/Z YZ

F-i_?:l (4—2)

FEHREO®EE : A=r+ Rsin6
FEMREOER : B=r+R

22T, RU2Q)OHEMARKOER 4 ERE BIX, K48 oo ndkHicsE
O T &2 AR T DHRESORK E D2 b, K 4.8 R8T TEHPLOF
AR OMEEE Rsind EERRICLAR 2R LEbDERD.
EXEVFEAREO Y @5 m o EE 2 R 5R4.3) 03 KES.

Y = Bsin {cos‘1 <§>} (4.3)
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X oI, MTHERTOYLALEN d THLIHA, B 4.9 O(b) DN E LLE D
JEMEIC LV ISR SN DI LEO, X 5 OERHIEX =r+Rsind—d TH D
e, ThbaRMA3)~MATLHZ LI VRMA)BKRED.

(4.4)

r+ Rsinf —d
Y = (r + R)sin {cos‘1 (—)}

r+ Rsin@

WIZ, B 410 2R TT7 Fe—FEOKTHOERM L 2H5H+T52XX%2kD 5.
B 410 0o LE7 7 v —F8E{EOKEBG)UFEZIN LS 28, LEEEEN I LE
Wraf OMRREICE THEITT DUIAHRE d (Y = L)FE TELLEO LTEPLALEIT,
Bl 4.9 D (b)) H(c)D LELTEEIC LV RS2 Lo Y 5 17 o B )
H5V2rd —d?z FRioME (K 4.10 D)) &RDT b, RAHHDH ZhEE
Ll ZETRUEDDBKRES.

Center of oval trajectory

Y
XI
Rsin6
r+ Rsinf —d
Tool radius : 7 2R d: Cutting depth

) _(r+Rsinfd—d
(r + R)sin {cos <_r T Rend

Fig. 4.9 Machined surface generated by retract motion
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(a)
\ Tooli

Tool radius : r [/ R V A >

/. d: Cutting depth

) _(r+Rsinf —d
(r + R) sin {cos <—r Y

Fig. 4.10 Machined surface generated by restart of machining

TEHOERIZHESWREADMNEOEEZEBHE L AL AW %2, K
411 EHWTHAT S, P D@2 H(0b)~LTERBEIT 25 F TOMIZ, YlhiAA
BEOHIMIZE > CTEITR23 umM THE»SEEND FA~ERT 5. Z D,
K4.11127 3 & O ISR, 260 EE) o J7 m)IC Tl 2 A w o @F DO NLE H
OxEIDONE~BE L, Z0%, LEEENELLLEZATOHIOMENRES.
OB, UliAmEICHT L LEERENLGEGETHDL L LEELEE, RM4.1)T
KON DHLERANNNOARKDOERED 21T, AFRIOFEFRSEMET TIX10 pmBL T
L7, LELWNTIEFIT/IHIIWED, RIFETCIIInNEEBHT L2 L.

@ : Function point on the perpendicular reference plane
to the direction of the feed motion

N
N
(IR
! Y
|

i

i

i

i

i

i

x : Function point during
increasing tool deflection

(b)Tool

I Original length - L < 10pm
calculated by eq.(4.1)

Original length

Fig. 4.11 Function point during increasing tool deflection
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4.3. TE7 7 u—FEOMIE

IHETOHZEICLY, =2 FI VNI LM IEFE Ak 5 THEEER
ICEELTWD Z RG> TNDHR, RIFEOXRTH L pm L THRAE
THLETY 7 —FE%, (EETORNRERMDE 1 um Th 5 —ixr e LIE
B CEMICHET 52 LITREETH 5.

IHETIE, MENEMNTO T EBBRCEATL2MERO TEY 7 —FIR
DR D, GIHEIL OB E S TAEERORBEIZE S Z R ghoTnNd. £
LT, 77ue—F8{Eo&Ricxt ¥4 5 THBBEEORIBAME L, MLHEIZH -
THMTRMEANCEE S TEEREORE L HIC TEZN T Hik# st 5 2 &
T, MEROTHT 7o —FREBEET 5 HIENMERIL WD Y. RETIK
28T, MILEE T ERKOBRICOWTINLEDRMZIR & T EREKITLT
Lb—HT 2 Tid<, MILmZx L THROBBIRZEIC K > TAEBR IS
MTEZEOR S, TEREOBEBRICI Y TERKBICHNIEFIT/NEL 255t
ZHLTWAHZ EERRTWNDS., E612, ZOMEBRO TERKOHMEEZ H WD
Tk, MBROBMBGRZES N THICKIETEELZRET 52 ENAETH
L22EbHMELTND.

T ZTARMIZETIE, K 412 IR T X5, TEKRTEECHT 27 7 n—F
FEOHIM T MiEELF 7y FT5Z 8Ly, MBRICEAET D TAET 70
—FIRICH L, BRMICMERO TERKEZRESEDL LT, WEROREZ
T A28 AL, ZOMEICLERE 7y hEZHAEXIVEHRT L)
HEERET D, £, EEOMIERICEV ZOENMEZ2ERT S.

ZIT, MIfiThoRLIZE O, EALENMTE BT AKRITEEE T e
—FEMEIC L D TEREIT, K41 X448 TR TIMLHEICK L TERER XY F
m BT, XY FEAOMEEICE S TARKEZEZ LA E s, 2
O D, B 412 ITRTHEROMEDO LERKICKLERAF 7y & W
%, LEEMLEOZRT M 045°), MBRO LERKOEmS [, LTE¥EE r &
T —F YR R DPLRDIRAS)ICEVFHETE S, 22T, TAEERICED
Ml O R OB ITELR L TV 5.

l 2

lV=zav+ﬂj1—(1‘;Iﬁ?EE)

(0 <l<2(r+Rsing)) (4.5)
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Bz 1, TEMYEEZ 3 mm, 770 —F % 50 mm & L72BA, 4.12
2B TERBEOMBIRBOE S 1% 2.0 pm 75 3.0 pm ([CEE$ 25 D2 H 3
ATy bE W OEBLEE, K455 0243 mm LD, ZHUE RO
TAEEW O R/IEERMD 1 ym 72T 5 &, TOR200ETHDLH. ZOEEL,

T —FHINFLOF Ty MK DANMEROE S1E, LTAIEE O /N EE B
NOEESDO—DNRETHIE T2 ENAGEERDZ EE2RLTWND.

Y

r | Rsin45°

Fig. 4.12 Compensation tool paths by offsetting

27T, K@) bbb X Hic, RMIEFETIE, Aifi TR -ZH T
ET7 7 —FEHOMIEOMLEBROBE NI LDEELZZEL TRV, 2
X, R EZ#EHLZSAICOR 4T IR LEZELDOERICESENEL D20, 4
TFHiIZ TEORENEREINDE O THD. £, AERICBIDMENSGET
L2770 —FEOERSFT 2 um BETHY, ZNEMETDOCHERMBIRO
HIEOBESLRIBETHDLIZEND, ZTNICXDUAABEDENOEELEEL
R TEW., ET7 o —FERICBWT, 23 um ZMIET DD HER AT
vty FEZRASDPORDTEFERER 4218 T. Enbbnd X oL, 77nm
—FEENREWVZET e —FHIlFLOF 7y PEIFRKREL D,
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Table 4.2 Calculated offsets

Approach
radius mm
Calculated
value mm

| R5 R20 R35 | R50

| 0.42 0.75 0.98 | 1.16

ZoF 7ty FEEFHWEEMLRBRZITO ZLICXY, ELEA7EY b
BERHGFEOGIMELHER L. TOKREEZRK 413 12777, K413 12kD &,
ETOT Fu—F R LEHBEICBWT, #ETIMEZEAT I LTI
D—FHEOREENKRIBINEL o TVWARILERNDND. BLMIENAEZICIE
AL 41307 7o —F ¥R 50 mm BT A M ITHERICLD L, #ELE
FIEFEICEVES 22 um OLET 70 —FENES 0.6 pm BRI E TkE
ENDZENERTEXD, 2, o7 e —FELRICEBVTH, £ 2.3 pum O
MIEZ 1.0um L FICETHETE LI LN TE LI ENERINT.

72k, B 42 FOERTOMEIZENT, MEEZITLRWVWEEORTEEFRIZ
SHOMBROEADBESH, ZOZ LR 4.3 BLOK 4.7 »HIEmHATE
2. OB OED, K 413 FORERICBWT, MIEEZIToHEAICD
TR —FIREFERICRLSTIENTERVWER THL B2 bND. 2O
HOZLORIAE LTiX, TEEEEOHNRE# R ENEZ 5N D5 MRIK % K
ST HICIEE-TELT, 4%, ZoXBoFERNEHLNMNITIZ LT, T
Bo7 7o —FBLXOHKITHIEICHEI MTIEZERICRLS T I ENTE L HiEE
R TELEBEILND.

U EDOFRERND, PRIFMYVIALBEEIMTIEOES & OBREZ FICHE L
TR, BELET Ve —FHillbLEA 72y NSEDLZEICKDMIESE
IZOWT, ZOMIEICKNERA 7y hEZBEYICRDDLIZENTE, T —
FIRZ KBNS TEDLHENRD.
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Displacement um Displacement pm Displacement um

Displacement um

FTA4E TORILLMIIZEITAS

TE770—FEOEE FZDOMIE

'LO'—‘
o O O

1 1 1
ESN VS S
S O O

-3.0
-4.0

-4.0

1.0
0.0
-1.0
-2.0
-3.0
-4.0

-2.4pum .
a — Without .
compensation
- — With .
‘ ‘ ‘ compgnsatlon
0.0 2.0 4.0 6.0 8.0 10.0

Measurement position mm
(a) Approach radius 5 mm

With .
compensation

0.0 2.0 4.0 6.0 8.0 10.0

Measurement position mm

(b) Approach radius 20 mm

— With .
compensation
0.0 2.0 4.0 6.0 8.0 10.0

Measurement position mm
(c) Approach radius 35 mm

— Without ..
compensation
i — With .
compensation
0.0 2.0 4.0 6.0 8.0 10.0

Measurement position mm

(d) Approach radius 50 mm

Fig. 4.13 Results of cutting tests with compensation
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5
WIZHAT L2 TET 7o —FEAKET 5 HiEE LT, LERKTEECKHT LT
ZHREEL 7.

(1)

ARETIE, TEARNMTHEA~AT 70 —FFTH5REOFTY, MToHEIZEY T

BE2MTmE»o —HEELZ%ICE —ETT~7 7 —F LG aoMLiEicE" L
TERKBKEMTHEHICALATLETY 7o —FRLEOGREZHEL -

I BHIZ

IF/7
To—FE#EONIITLMIEZA 7y hSEDHZ EICLD, ERIZHBIRD

THRKEZREIEDLZLETHRBIROMBEELZMERT D HFEEZBEHL, TOMIEIC
T —F EREOENCLAMTIE~D

VB A7y " EZFHERNIVELRET D HIEZREL, ERICLVZ0H530M
FORER, UTFICRTZENRHLNE o T
/j:
(2)

N R

X, 77 —FEENhEL
B

A
RHIZON LY AN TIENEAT H0, IMIIEDOERI ~DOFE TN
OEAEDENI L > TELAS L
BfRIC L > TIRE A,
(3)
HETX 5.

TEHBTEHET e —FHOMLEEROZZX, LTEYRRGmOUNEA A&

&, TEETMOYNALED
TEREKTHIEICH T L7 7 e —FHEOHINPOLEEZ, 47y bSH

HZETT 7u—FREMETE, BELILFECZI-TAH 7Yy NEE

EBREOR—N T FIAZHOTMLICENTY, LAY Fa—FRPHEAES
52LT, MTEMBICEEELRELTVDEEZDND. AR TRELL
FHEIZEY, BECKLELRF 7y FEEZRDDZZENTE, THY Yo —FIKE
EFEORK

ORI EINS ), LET 7o —FE2Z2IR TICEE> TRy, T
NEEDDTETHD.

B77n—FROEEICE, TEORESRE LE, WHIM OBk E V-
T, BRABRFMENRET D ENBEZOND I LD, 4% bk LTl & A
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D) M, BT, AR UIHITIcR T 5= FI voZEHE L
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(1977) pp.807-813.

DYMEFEFM, EETET: R— L= K I K D UM A7 iR &0 TR
& DORER, KB M, Vol.48, No.5 (1982) pp.649-654.

3) FVAL —, FRATEDURR, ZHEE]: = R I VINLIZB T 2N LEED
R HT & B BAl, K T 555, Vol.52, No.4 (1986) pp.705-712.
4y Il SE=RR, N g A, til BAK T, ORI ik, SEEP M, (LS OHR
KSghdlH~ =7 22K H LN R IVINTLHEO &K E
A — Wi J7 17 B0 ) i ) 480 L2 S 2 A D B0 IR 0 BD IR — Mk —, R T
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SYRARAl—, JEEWE, ixRFH, IR, EEFEE: =2 FI VTS
B HUHIEILOH EE — FE— 2B E P — AT —FEMIZ X
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TYEM FER, AR fifdl, S0 fi—: = RIAVC KD ®m#EMTICET 2

7t (BT X 2N TR L RRZEBIN) |, B AR 25 SUER(C
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BOHBEZRBL, DO 0 AMAROIENE & iy =— XIS AT 78 ik 72
BEEV AT LOMEIZHBIRT 5 2 & 2 HrVIS, BUEslE TEEMIC L0 ks
HMLEICHEAET DMIBREDOMITIELREST DL L I, TOFERRENS
FRARFZOMLEH~OEREREZH LML, ZTOBRERMEIZE W T
D an LA LA ORET 21T > 7. AWFRIC L0 G S ilim & 4% ORI E
LU TICHERET S,

51. HIREBKEOE LD

FPHE2E TIL, [BlgsHh o E#) )7 m) SR O 28 8 2 FEAT 9 5 72 o0 O E T IE B
FOMLTRBR S ELZREL, TOAIMEEZRIET 272012, 320 L —HFEALG
CEMWEREDNPDORDMEEEZPAFE L TEBRICHEERZITO L &b, FENL
RER A T > TINLRE R ERERROBEVIZOVWTEL L. SHIT, TOMRIZ
EOWEMESTEZRZEL, TORDEZFEMLTRBRICEVRIEL 2. ZORERE,
UTIRTZEBRHLMNE R T,

(1) 20O EHEE & M2 A b CBHES® 5 2 L c, B0 7 [k 65
D# B % EAEMOEH & 5T THETE S,

QTBEBRELEWEFIEELERUEH TAR— L= RINVIMTEITH &, Bk o
M) 7 0] SRR R O 2B 30 T HR 5 S 4, MG R A & Bl il o s E) 5
) SR B 0D 26 8 2 Rl T & 5.

Q) HER R L FEEOEE TN T 2175 &, [BIHERHhO R 5 m O B RS &N
Ti & O ERBRICEVHERRE L ITIR R ERIELNS.

(4) Nk LT RAR & 70 DA 22 1d, TR L OBFRIC K v IInTmEmic
FERE S I <.

(5) TR DRABFERZE 2N b S EREREEZ WD 2 & T, BABRRRZE 2NN T i K&
ETRBLZBBT O LNARETHS.

EERORIEFSEM TIZHB T 2 MTEARICEL TY, AL THH L ZRE R

RESHEHELTWD EEZALND. KMIETRELLFIECLY, SRR
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Table A.1 Specification of EX-305(Amplifer unit: EX-201)

EX-305(Amplifer unit: EX-201)

Shape ¢5.4 Cylindrical
Measuring range 0~1mm
Analog output Output voltage 0~5V

(Output impedance 1000Q2)

Output current

4~20mA
(Applicable load 0-350Q)

Resolution 0.04% of F.S.
(Response frequencey LOW)
Linearity +1% of F.S.
Response HIGH 18kHz (-3dB)
frequencey LOW 1.3kHz (-3dB)

Disconnection alarm output (N.C.)

NPN: 100mA(40V)max.,
Residual voltage: 1V max.

(N.C)
Temperature characteristics 0.03% of F.S./C
Rating Power supply voltage 12~24 VDC £10%
Current consumption 240mA max.
Environmental Enclosure rating 1P67
resistance Ambiente temperature -10~+60°C(No freezing)
Relative humidity 35~85% RH(No condensation)

Vibration resistance

10~55Hz,
Double amplitude 1.5mm,
2 hours in each of X,Y,Z

Weight Sensor head

Approx. 45g(ixcluding cable)
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Table A.2 Specification of GT2-H12K

GT2-HI12K
Measuring range 12mm
Resolution 0.1um
Indicated accuracy 1.0um
Measuring force Downward mounting 1.0N
Side mounting 0.9N
Upward mounting 0.8N
Mechanical response 10Hz
Operation indicator light 2-color LED (red, green)
Environmental Enclosure rating P67
resistance Ambiente temperature -10~+60°C(No freezing)
Relative humidity 35~85% RH(No condensation)
Vibration resistance 10~55Hz,
Double amplitude 1.5mm,
2 hours in each of X,Y,Z
Material Main body Main body cast: Zinc die-casting,
Indicator: Polyarylate,
Dust boot: NBR
Dust boot NBR
Contact TYPE304 Stainless steal,
Super-tough tungsten alloy
Weight Sensor head Approx. 95g(excluding cable)
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Table A.3 Specification of IL-S025

IL-S025
Mounting distance 25mm
Measuring range 20~30mm

Amplifer type Red semiconductor laser:

wavelength 655nm (visible light)

Laser class

Class 2 Laser Product
(FDA(CDRH)Part1040.10, IEC 60825-1)

Output

560uW

Spot diameter (at the reference distance)

Approx. 25X1200pum

Linerrity

10.075% of F.S.
(When used under 20~25mm)

+0.1% of F.S.
(When used under 20~30mm)

Repeatability

Ium

Sampling rate

0.33/1/2/5 ms (Variable to 4 levels)

Operating indicators

Laser emission warning indicator: Green,
Analog range indicator: Orange
Reference distance indicator: Red/Green

Temperature characcteristic

0.03% of F.S./C

Environmental Enclosure rating 1P67
resistance Ambiente light Incandescent lamp: 10000 Ix
Ambiente temperature | -10~+50°C(No condensation and freezing)
Relative humidity 35~85% RH(No condensation)
Vibration resistance 10~55Hz,
Double amplitude 1.5mm,
2 hours in each of X,Y,Z
Pollution degree 3
Material Housing material: PBT,
Metal: SUS304,
Packing: NBR,
Lens cover: Glass,
Cable: PVC
Weight Approx. 60g
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Table A.4 Specification of EX-008(Amplifer unit: EX-501)

EX-008(Amplifer unit: EX-501)

Shape MBS, Theaded, Non-shielded

Measuring range 0~Imm

Analog output Output voltage 0~5V
(Output impedance 1000Q2)

Impedance 100Q

Output current 4~20mA
(Applicable load 0-350Q)

Resolution 0.03% of F.S.
(RESPONSE =3 4)

Linearity +0.3% of F.S.
(RESPONSE =2,3.,4)

Response time 0.1ms(RESPONSE=1),
Ims(RESPONSE=2),

10ms(RESPONSE=3),
100ms(RESPONSE=4)

Disconnection alarm output (N.C.) NPN: 100mA(40V)max.,
Residual voltage: 1V max.
Temperature characteristics 0.03% of F.S./C
Rating Power supply voltage 12~24 VDC £10%
Current consumption 220mA max.
Environmental Enclosure rating 1P67
resistance Ambiente temperature | -10~+105°C(No freezing)
Relative humidity 35~85% RH(No condensation)
Vibration resistance 10~55Hz,
Double amplitude 1.5mm,
2 hours in each of X,Y,Z
Weight Sensor head Approx. 50g
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Table C.1 Cutting condition
Tool shape ¢12 square-end mill
Number of flute 2
Workpiece Aluminum (A5052P)
Feed rate F 1000, 2000, 3000 mm/min

Spindle speed

12000, 24000, 36000 rpm

Feed per flutes

42 um/tooth

Axial depth of cut 3 mm
Radial depth of cut 0.2 mm
Radius r 25, 50 mm
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2.1 Measurement system

2.2 Configuration of the five-axis controlled machining center
(EGURO_E-32V)

2.3 Measurement method for comparison of sensors

2.4 Comparison of curved surface measurement results for different
sensor types

2.5 Influence of surface geometry on measurement results for eddy
current-type displacement sensor

2.6 Influence of surface geometry to the measure results

2.7 Comparison of frequency responses

2.8 Developed measurement system

2.9 Schematic of measurement movement at C-axis rotational angle of
180°

2.10 Measurement motion of each axis

2.11 Comparison of measured motion errors

2.12 Coordinate transformation between machine and A-axis coordinate

systems

.13 Measured motion errors along A-axis tangential direction

.14 Cylindrical machining motion

.15 Cylindrical machining condition

.16 Machined workpiece

.17 Tool trajectory with a convex motion error

.18 Cutting test for convex error
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.19 Relationships between width of motion error W and height of
machining error / with various tool radius R
2.20 Relationships between width of motion error W and height of
machining error / with various height of motion error H
2.21 A measurement result of the compensated motion errors at
0,4 =-27.0°

2.22 Cylindrical machining with compensation at 6, = —-27.0°
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Table 2.1 Axis specification of the five-axis controlled machining center

Table 2.2 Specification of the displacement sensors

Table 2.3 Measurement motion of C, A-axis

Table 2.4 Experimental condition for machining
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3.1 Worm gear drive of A-axis
3.2 A-axis motion in measurement test (-30.0° & 0.0° )
3.3 Measurement system for axial displacement
3.4 Measurement results of axial displacement
3.5 Measurement results of each A-axis motion ranges
(A-axis : -30.0° & 0.0° , -30.0° & -15.0° )
3.6 Flat surface machining test
3.7 Y-, Z-axis motion trajectory of A-, Y-, Z-axis simultaneous motion
(-30.0 = 0.0 = -30.0° )
3.8 Y-, Z-, A-axis motion of flat surface machining test
(A-axis : -30.0 = 0.0 = -30.0° )
3.9 Comparison of machined surface of flat surface machining test
3.10 Circular machining test
3.11 A-, C-axis motion of circular machining test
(A-axis : 0.0° © -30.0° )
3.12 Comparison of machined results by circular machining test without
compensation
3.13 Comparison of measured displacement without compensation by
polar plot
3.14 Drawing method for measurement results
(A-axis : 0.0° & -30.0° )
3.15 Measurement results with least-square method
3.16 Compensation data by linear approximation
(A-axis -30.0 = 0.0 = -30.0° )
. 3.17 Results of flat surface machining with compensation

. 3.18 Results of circular machining with compensation

Table 3.1 Cutting condition for flat machining

Table 3.2 Cutting condition for circular machining
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4.1 Cutting test to investigate tool approach mark

4.2 Results of cutting tests

4.3 Generation of tool approach mark (Depth of cut : 0.5mm)

4.4 Cutting test with -5mm offset of approach and retract motions

4.5 Results of cutting tests with -Smm offset of approach and retract
motion at each depth of cut

4.6 Depth of tool approach mark by depth of cut

4.7 Generation of actual tool approach mark

4.8 Oval path on perpendicular plane to machined surface

4.9 Machined surface generated by retract motion

4.10 Machined surface generated by restart of machining

4.11 Function point during increasing tool deflection

4.12 Compensation tool paths by offsetting

4.13 Results of cutting tests with compensation

Table 4.1 Cutting condition
Table 4.2 Calculated offsets
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Table A.1 Specification of EX-305(Amplifer unit: EX-201)
Table A.2 Specification of GT2-HI12K
Table A.3 Specification of IL-S025
Table A.4 Specification of EX-008(Amplifer unit: EX-501)
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B.1 CAD-model of developed measurement system
B.2 Front view

B.3 Rear view

B.4 Top view

B.5 Bottom view

B.6 Side view
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C.1 Construction of a 5-axis controlled machining center
(NMV1500DCQG)
C.2 Proposed cutting motion

C.3 Proposed measurement motion
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C.4 Experimental set-up

C.5 Motion direction of the translational axes before and after the C-
axis reversal

C.6 Displacement of each axis

C.7 Block diagram of C-axis

C.8 Relationship between angular displacement and friction torque of
C-axis

C.9 Simulation of circular trajectories (» = 25 mm)

C.10 Measurement test of circular trajectories (» = 25 mm)

C.11 Cutting test of circular trajectories (» = 25 mm)

C.12 Influence of workpiece setting (» = 25,50 mm, F = 1000 mm/min)

C.13 Influence of friction torque

(F =1000 mm/min, » = 25 mm, simulation)

Table C.1 Cutting condition
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