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LvL, VY2757 0 ClafhimoEpm s Wo 2B A2 N T 5 Z ENR#ETHY, =%
X — = AL LR DS 02D E WS B o 5. —F, BN LIZB W TiE, #F
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R LHZ MWz y =— YN0 2 KeIHE 7 Vv 2Rm 7. IFIZR T, F k) HE, b
MIFROE S, p, : MILBROEZ ZNZNERT. 0L & UHAZEIT 13 E K
f,=F I p, U EOGIEERE h L EDOA hu—2 3hBE L5,

\ V-slit Sinusoidal slit
' Workpiece
-

=g

(a) Tool shape copying (b) Tool motion copying

Fig.2.3.1 Comparison of fabrication methods for micro textures on the workpiece.



Fine motion

Tool

Workpiece

Fig.2.3.2 Two dimensional cutting model of shaping.

Spherical and
A aspherical surface
for small lenses

Free form surface for
mirrors and reflecter

100 pm

10 pm

Periodic slit
Lens array

lpm L.

Required travel

01pum L . SNeee” . A

500 Hz 50 Hz 5 Hz 0.5 Hz
(P, =0.1 mm) ( P,=1 mm) (Po=10mm) (P,=100 mm)

Required control bandwidth
Fig.2.3.3 Control bandwidth and travel required for drive systems in machining
at 3 m/min.
BlZIE, —ROSRINTIZRT 260 HEZEELTF =3 w/min & 45 &, @EFEMLT
OITIRITK LT 233 1TRT XL 5 il e 2 b o —27 BNUIABENI TN ETHS. 10
mm PL b & B R Z 0 X0 3 i o0 72 513388 Hz BEOH T+ Th 573,
ARG o JE IR O TAZ I35 10~%7 100 Hz OFHE A LI L 72 5. 2 b OERICKE
LT, —BMICEREE VWb ) =T E—2 % ANk R ThH - THE 100 Hz DIGE
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BOEBRAE, BN, MTHEOBREKR) DIREINHIRENZET LS. MTHRIE
K 223 LREObAR, TEOERE, HNEESOREENPHEN TRV LIZLD 3
AT 5. ZNDOERIZE DEEL T 57010, kAL TE kL LTK 2.3.4
R 20D FERDD.

FHE 1 TN T%O TAEMR ZE U C BRI T 5L KD, HEDONMIL TR

:‘ Method 1: Rectification machining i
] ]
] ]
! Modification of |, Measurement of the | |
' the tool path ‘Machining workpiece profile i
]
(S I e A ;
Compensation
command
—————— Machine tool Cutting process
@ > Command | Y, o
generator |+ Tool Machined
I I 5 motion workpiece
— . profile
Motion i E““E“““““:
Target profile command | } ' ! rror facters '
(CAD data) E * Motion error ! Worko E Tool deformation !
] ]
i * Vibration ! OTEPICEe 31+ Tool wear !
H !'| material H !
i - Thermal ! 1 - Imperfect copying!
i displacement !| Tool —>[} of the tool motion '

Fig.2.3.4 Two different high-precision machining methods.
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BERBEMEESN TS, 2F 0, BN ESRESC THODAO X ) ITHEIZFE UALE -
INTEMECTHRT AR RBNT 22 ENTES. LnL, BREEZIT I BRI TIEYS
il & B PEBAENIRAET S, ZORBEE R 5720 EREAIIE S T& 7z M,
B ERE IR E AT T, THEe P AW TINTH 2SR S PIilES 5 ik & 3, 201
FHOfilEt D 70— e PR W C TR & BT 5 HERS 5 OV 10D Fat 2
WOHIETIE, BIRT —% DIEIER LN THEOMEE R 2 — B S E 5 Z gLy, AT v —
7% D HECIIIN T OERRRE & TAEMOTBIRA BT 2 2 L TERV. BB IRE
SBET D=0, Sk - KiGE - BAIEE W FEMIE STV S P Lo, lE
DieOOE Y NT  THEHE TV, MEREOBERDIEZ D & Vo TR D 5.

J¥E 2 1IN LREZAE ORI A ZERBNCAT 9 HiETh D, ZOFHETIEFAE, INTHEOE
AR D 7= O\ EREE I TR Z IV, INEEGICER T 2R ZDIKO 7212, B
s A VEY FLEZHWD . 3£ 231 \TBEEIN T & @SRRI RO D 2 7R
TSI TR CIEmE B A E B D v - RN & FEREARERE) 7 ook b %/ % AV CEshiR
7KL, 0.1 pm/200 mm FifZOEEEZFH L T\ 5. 7z, BB ORELZIHT 5
Te DI LA OIRERIE 21TV, RERD DARE SN D IRB OB A KT 5 72 O ICBRE
VAT LEMNTND. 61T, LENEE#HN TEMICIEMICEIEG S D B2 1 v
FYRLAEZHAWTNLET) 2L THT I 7 A — 2 ORRIEE &5 10 nmRz OFEH
MEABONS V0 LanL, BREIMN T CIXBINABERAGE OFE A &2 Ml 5 720l
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(TS IS LB L T2 D,

FRBICRAZIET 569 1 DOHEE LT, TUENDOERKR DR « ~HERZEIT

Table 2.3.1 Comparison of specifications of machine tools.

Ultra-precision machine tools High-precision machine tools
Feedrate ~0.5 m/min ~5 m/min
Positioning - -
Motion | accuracy (2 o) 5 nm 0.1 um
accuracy ]
Straightness ~0.1 um ~0.5 um
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L, ZOHEEZHAWTERBERNLZERT LI AT LTHS. K241 IZFHAIRE N LT
VAT AOE Z R KR O@)~dIEa T IR AEETH S.
(a) I Ao R SeiEE 2 H#EE 3 2 ke
HNEBOEIRF &2 57210, BEMICIEIN LR o eES 2 /E L, TIE
Witk & s A M ERH L. L, IMTHIETEE TEMRTHEL WD,
FTEBZRET D Z EILTE RV, RIS, NIEEE A HEET HHENNETH .

(b) H& LT ITAEMIIAR 2 7 9 S ke

RAEDTIEZE, A7 T4 L ORRMERZ AL HiEEE ENERH D, F
TIA CREKE NS TIETIE, HAES) ETRROBIE R — S E 5 Z EnEEL
W, T ZT, ETTEMRRZIET 2HEEIC LD ZoRBEZMRT 5.
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Modified cutting
conditions (d) Analysis of copied
quantity of tool motion

_ Measured profile (b) On-machine
D profile measurement

A

Compensation (c) Generation .
command of compensation (a) Motion
command Measure.d measurement
tool motion
————————\ Machine tool Cutting process
)\ 4
@ Command y : =
> generator . 5T mr_t‘l;_—ixh" Tool M. ; > W
e —— I Al ! achined
5 /N /4 motion workpiece
=/ ' profile
Target profile Motion d Error facters Error facters
(CAD data) commarn - Moti .
. L Motion error * Tool deformation
Cutting conditions Workpiece
* Vibration material - - Tool wear
* Thermal * Imperfect copying
displacement Tool —>»| of the tool motion

Fig.2.4.1 Conceptual configuration of Measurement-fused machining system.

(d) NSOG8 2 0T LRI 5 Hee
NS DG E2 TAEMTZAR OB LHIERS R & R SeidE B OHEE#E R 2 b L TR
5. Fio, WERIZED MO « SHERZEZITIMTRFZEE L TRET 5.
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N EE ZHEET 5 HiEE LT, LEORDVICHEEHEH & 42355 L CE#RRE
ZHEL, ZOBREZET ML L TN LROESRAZHET 2 HERNSHDH. ZOFED
el e LT, BWMICERE LT —7 4« 7 7 7 NERHWTEEREZITV, 7 — 7L i)
DEMEEDREEAIT12FIBNH 5 WD AR THLHE I TETIIZOHEEZHA S, LiL,
Z O EITEEE & HEEORICHMZENH Y, Z OIS L7EBNIHEE TE AR,
DF Y, BEIOWE & HEEITFRPED 720, & 2 CRFFMEZRFET 572012, X251 1278
TR THEOEEBREZITORDR ML EITZAD L )27 5. ZoHETIE, HNiEd
TR LG CLREZRE LM O Y — 7 7 —7 W33 5B 2 H1E L, FNiciESE) %
HeET .
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Displacement sensor for on-
machine profile measurement
L

Feed

direction| _ '

«— 'e) Instrument for motion
Tool motion o measurement

Tool tip ;I?ZL'LI\ —~| Ilable

/.
Workpiece &
Sensor motion easured motion

Fig.2.5.1 Measurement system to guarantee the simultaneity of motion measurement
with machining and on-machine profile measurement.

AWFZETIE, HETORRIECITEEMORERZHAND, EAROREZTIM T
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ToOLHE LRI, HE~y FERE LZEMOU —27 7 —7 /WK 2 @8 2 0E L,
BIE~y ROEBRAEEZHET T 5. 7 T4 > OFRBER CIXFERED FIERSHFTE S,
ERER TN 99,

252 EHREBELEYR

4 2.5.2 12, AWFFETHIE LTy AT LOMERA TR . AT MMIINTEE, FHUIS 2T 4,
RER D DARE S N D IRB AR T 272D ORIRE N B R > T d. IILHIZER 3 #ho
EDTHERIN, FHEbEBER— 1AL+ —ARE—FEDEZHW TS, ZHIZD
WTIE, XBIZEREERNE RV, Y, ZEEEmn 0 ZREZHNTnD. 2L T, KT
P CNC Z VT S hTWa. BB E TEMBROFHIC AT AL LT, 220 —
PERNFHET =T 47727 8 (FTFT4HLT7T b)) 2FHELTOS. BIEAITZERIE
PERNT Ry VT RIERTH 5.

YT I n A= TUIABBEORIE 21T 9 72, ITHIZIE 10~20 nm FREOALER
DFEREE  OUNAZERNMLETH D, Fio, @i THEEFAZOMIE & IR O T %
1T2%6, UIAZMIIEEWVINEESVLETHD. 22T, ZEWHOR—1LRLOYR— =
= MZ, EEFE A2 O T ERERE 2 58 L TV 2. X 2,53 I oK 2 R4
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Coarse motion command o
]
CNC
_1 Displacement
A
< 16bit A/D PC
7| converter : Y
 —
Position N 32bit counter > —
board Z
Vice B Finc motion
Table g command 16bit D/A
Amp. < converter

Displacement
Sensors

Fig.2.5.2 Setup of the developed measurement fused machining system.

Ball screw of Z-axis d

Support bearings

Spacer LB |

pzt

Piezo-electric actuator i

Fig.2.5.3 Schematic drawing of the fine motion mechanism in the Z-axis.

KPIZBWT, d,, JEERTOLEMEEZRT. ZOMEEME TIE, R—1n Lty THE)
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MickY, THzZd, 2T EMESED. 252108 &1, Z#hT —7 ALz 5
BE10 nm @Y =7 = a—X TR LT, CNC &3]0 PC Z W CHEN I 21T 5. %
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Table 2.5.1 Major specifications of the machine tool.

Axis X Y
200 mm (Coarse
Travel 230 mm 220 mm 5um(l(:1n e) )
Max. feedrate 10000 mm/min
- +
Drive type Ball screw Bﬁllle;grzgv(g(oﬁrsg
Lead of ball screw 10 mm 5 mm
Guide way Aerostatic Rolling (ball)
Semi Semi-closed (Coarse)
Control type Full closed closed + Piezo control (Fine)
Resolution 500 nm 302001}11}}1(8;?386)

BNERODA S r—27 L5 um, (LERDIIEREOREREFIL 20 nm, N7E DD REE O M|
TEAE L S AN D O K LIET 0.1 um THh S, XY Vil b TONME & MEHIE %2
Al sE 572012, V=Txzra—FE#fnTX, Y#HIOMNEXx, yZHEL TS, V=
T a—XONFREIX X, YEITZENEI 10, 80nm THDH. K251 M ITHED T et
i Z AN

2.5.3 EHRIVRTLEBIEFIE

254 123 OEY NT v T ERT.ARKVATATIEL X FRICE Yy 7 74— REe bz,
Y FIENZ Y = — ST EAT 2 546 O NEsh & TIEMERE k4 5. THIZ v > 7 2
WCTHBBRICHEBEL, TEBEIAA AZHANCT =7V ECRETS. Z0oky v T v
T, v 7 OMPERFEAT HUHRIUCK L THAREWTZD, v 7 DlcbHrD
WEBTEHATE S, BEEDTZOICV—YEME L BiREH) 2REL WD, £
LT, Y737 A —2THELRRE S OESZHEET 572012, L—PENFH L,
(EB oY) EATT A AN T Ty FERELTWS. BAEORIEMIE, Z #opsEhk
BNZHWTWD PCITIRIFEND. £72, MTRRBEOMEZRD D=0, THIZIEhE
VY ERE LTV,

AR AT LTI, EB)ERIROPEICB T D 2 DOEMFEOKEL (@t &) 28
REROUEHRICEREL 525, T2 T, ZNULORMEZEEZ/NSLSTEH20IC, L, L,
ZIXFE COMEFREEOBA G2 H T\ D, K252 ICENMATO 2 kEZ /RS, &ETO
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Cutting
direction

I - e Artifact -
Y !X e -

Fig.2.5.4 Experimental setup for measurement.

Major specifications of laser displacement sensors.

Table 2.5.2
(Pr?)%lizosre%slor) (M(S)teigioéelﬁzsor)
Type Triangulation surveying
Minimum display unit 10 nm
Repeatability 20 nm
Measurement range 1 0.8 mm + 1 mm
Reference distance 8 mm 10 mm
Bandwidth 50 kHz
Spot diameter 20 um

BB - FERBNE O 72 DI SR RCHARA L = A BRI OBAEH AT 5. LovL, I
=AM ERZENL G 2 DTS RIE 1 TR EER O B2 2 7o ne ST g,
22T, WEMREEZRET S0, MEtloRmHESMEHEEAL TEH7 74 DR
WIEZ1T S .
B 255 IC TEAREMTEFHO T 7 2 %md . FEERTIEK 2.55 @IRT X1, I
LIAET LTe SN S S HITUIHEE Y 236k U Ol ERIEZTT 5. [X2.5.5(b), IR T X
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Measurement Machining

period\ |<—/>| period .

T T A YJ

Y

(a)Tool path in one cycle

L Motion error in Motion error in
! measurement period

L2 machining period
I W
k‘\‘,"\ kN 7
Ly e
- IY"T

B — I

(b)Machining period (c) Measurement period

Fig.2.5.5 Procedure of machining and measurement.

U, L &% ERE I ER o OREME Z R - TR T OER) & A7
ZOMMET v AT, BRI ORERE TEHALOMERRNEZLTH L. Z 71
DALEDZEL, Y T OEB O L TIRMEZITAD L I ITHES L TWD. Y T OAE
DFET, LB R & REBA R ONE DN BRD 5. X FAIDOALEDZENGIHZ A > D
g & i LT/ h S WEE, 1 74 OUIHNZ K> THE CEIHIZ A 12810 % FSeEs) &
FRZHETL2 2N TED. L, FRCZOL S REICE Y2y b T v 7
L2 EIFNEETH DT, NENE L B OMENEDIEREEZ H S CoRD TS

2.5.4 WMEEBORERFE

ARUAT LATIE, EVHE 3 m/min TOMTEHEET S, DI, 2.3.2 fHiTlk~7 X
D TUENEAE 1213 500 Hz F2E OSBRI L 70 5. X 2.5.6 (@D 2 fn—F
D7 vy ZHRERT. 2y ha—Z X PL§lHE 7 4 — R 7 4+ U — Nl & A58 T
B SNTWD . Eio, MEERROBIRIREIC X5 LR — 27 OB LT 5729
2, WD/ v F 7 4 0F 5.

2
s’ +a,

G, (s)= (2.5.1)
/ s2+2§MaM=+wMZ
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'

'

'

+ | Command X

= Calc‘z}ra“"n G . (s) || 160t D/A o] o || Fine motion Output

! £ nf converter |1 op- mechanism Displacement

Command .

X table 1 Notch filter X

'

Linear encoder |«

Control PC

Fig.2.5.6 Block diagram of the fine motion mechanism.

2L, o, 3/ yTFREE, ¢, 03/ v TFOBERS ZRET 268 THS. x, y 2l
WHPCIZATIEND &, ET AL LLIEOOLLUDIER LT —F T —7 V2 HWT, x
&Y ICHIET A EMEE O A ESER SN D . X5I, EAMmGFOF BN 21T 7=
W, A7y METd,, =3 pm ZHVD. HI#EST A= ZIEITHRIC, T — R4
— K7L K, =02, W7 A K =05, BT A K,=300, @,=310Hz, ¢, =1 ERE

L7z, UL, #ilfHROBNREF OO 500 Hz OINE A9 2 1N Th - 7=
72, ZZTIL 100 Hz DIRERIEAGD Z &IT L.

TRENBERE 2 FIV T 100 Hz £ TOMIR CULALRIENITZ 5 2 & 2 MEET 5 72 DIZE R A
To7. Y SOBEREN TR\ T, BB DEGIICEL T D & 9 ¥ A v A =T ROES
B IC - 2, Z ORROMENEIED Z FEN EEE ol ZEoY =T =y a—
H o HWCTHRIE Lz, ARFEBRCIE, Y @it A 3000 mm/min, Y $FEIIEAE © 20 mm,
YA AL —THREOREWEL - 25 Hz 705 100 Hz (K : 2 mm 2°5 0.5 mm), A A A
— 7RSO : 2 um, 7Y TR SkHz & LT

B 2.5.7 [ZHIE LIZENL 2T, 2 DORRICITES LIt A A4 =T ROTe 7 7 4
WHRHERTED. V=T 2 a— L TORGERRLE R, EH© % TORERRICIT
HEAY 10 mm O MRSy & RER OB D3R TE L. AW OB RIEIAR— 1A to Y
— REXIRT A7, A—/LRCOENR ICERT L EHRETHLIEEZOLND. %2
BROEMITE I E VD /A X ThHEeE2LND. E£, EBEE L TORERRT
Xy =18 mm it (& H 90 Hz f135) THA AL =T ORIEN 1.2 pm BN S < g o
TWa. L, V=rxzra—Z2HWlERBRTIET A v A4 — 7 OIRERD 1T
LAV, F 44 HiITHRET D LIS, AMITHITIL 80 Hz (Tl T —7 v & Z#hs Z J5
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Z motion measured with the Iinear encoder

————
—————
-
-
—————
—_——
————san
-
————

<

Z 2um/div

Z motion measured with the motion sensor

0 5 10 15 20
y mm

Fig.2.5.7 Comparison of Z displacement measured with the linear encoder and
the motion sensor.

BN FARHEEY ¢ B IREN T — ROVFEET D, DI, RIEIN/NE < 7p o 7o O Eh kR o &
N 80 Hz M DIRENE— REFHE L7272 ThHh i L EZ NS, Z OREOREICONT

5 4 BTk

255 FI734 UBRKAEIZEITHAERE

BENEONET — X OEMS 25720120, MENEEAT7 T4 ENLED
NIEFERZ T ZMERHD. LoL, 7 T4 2 TORRME &% ERE O R ENr &
EoBEE50FE L. £, BEL-AWRY T I st —Fichbl, AT7TA4 v
REREOREIFRBC X o> THEFR RN LD D RN H L. LT T 26 ORIE-REIC
DNTFIINRS.

(D)HIENLE OB X % IE -

BT EERT S 05m (v 7 70— RER) OMBEGLENFICRECHD. 22
T, FUCYHIZA P NTE v 7 7 0 — RERICALE D B - 7285512 E OREEHIER F
BACT D0 HRDEREIT 72, EBRTIE, o S EHE2 AT, [F—o
BIHIZ A v NTE Y 7 7 4 — RGRONEZZEL SRR HREEITo 2. JENGITR
8 3 um, R 2 mm OIEZEKE L, FEEE L TINT Lz, TREZIZRBROUINANE
bHOSREmA A YE Y FLEZ Y, HHIMITESER= > 71 L Uiz, X 2.58 IZGIHIS M
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Width of one cutting line
50 pm A
R-shape of the too] edpe 10 5pm S5pm X

copied on the workpicce

Z profile pm

Distance ymm
(a) Mean value

o1gM{l----q------r e .

g
o
(3]

|

|

|

|

|

Standard deviation um

0 5 10 15 20 25

Distance ymm
(b) Standard deviation

Fig.2.5.9 Mean value and standard deviation of the workpiece profiles measured at
various measurement positions shown in Fig.2.5.8.

BRI AEMEEZ /T, 22 TIX 4 oOMETHEL, SIEIHmoBE
£1X23mm & L7~
4 SOMLE TORERROFIIE LFFER ALK 2.59 17T, K 25929 FEEIC
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I E 2mm & HE 10 mm OEBR S DNHERTEX 5. HE 2 mm OSIEIES L- EiGiE R
WThv, HE 10 mm OFIIEA—/V U OIREIE Y IZREK T 5N T O EB L) 55
SNTIRTH D, X 2.5.90)7 6, HAIEXHEOMRICIBW TIAFER AN K E < 2o T
D08, IESEIEIROMIE 21T > TV D KT, EHEREITR K T0.09 um FRETHH Z &
NING.

Q)HIERE DA

BB FT7 74 APEHRE MWTGEIZ EOREIER RN ZENT 20 H~5. Ehk
vixzw@_mbt%%%ﬁﬁé3o®@m%ﬁ@mbt.wm%_i%%ﬁﬁﬁﬁé
HEW A, B &, L—¥—7 o —7X=WonllliER C 20z, JIER C It — 74—
AARDWER,TH D720, FEEMAOBERO T TIL, WEWOERmIER - & - HER
EORBRLII/ NS VWEEZ HND Y. FHITEHIC #5@%%#%%253_r?
AW EHE TORERRZR 2.5.10 12T, WEH A, BOREHRITIZIE—HLTWD XL
WZHZ 5. LaL, JIERE C ORIERR CIXHER A, B OfER LR, HEXMH a
TIFEEEROTm 7 7 A ARR OGNS, WEHE B, C OUERRERE & REE A ORERFEO
ZHEK 25111 T. JEHB & A OZEITNT02 um OFPHANTH S Z L Rb7d. b
(2, AR L72ENE DOEWIZ XA RERMROIT O 2EET 5 LEK A, B OfEFZE
ThENEWNWZ S, HEKC L ADEIBEADELY HREL, -0.8~0.4 um OFPHAN
ThdZENbnsd. 2k, HEEMKTHLZ LICERNTIRERED-OTHDL LE
bbb,

Table 2.5.3 Measurement conditions in the off-line measurement by three
measuring machines.

Machine A Machine B Machine C

Measuring principle Stylus contact Stylus contact Laser auto focusing

) 1 ym

Probe radius 5 um 2 um ]
(Spot diameter)
Measurement speed 0.2 mm/s 0.2 mm/s Auto
Measurement length 20 mm
Number of data
) 2000
points
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Z profile 2pum/div

| | |
Profile m‘easured by Machine C !

0 5 10 15 20
Distance y mm

Fig.2.5.10 Workpiece profiles measured by three different measuring machines.

0.5 T I
Difference of profiles measured by !
Machine C and Machine A |
|
|

N

1
fl ' (H] 1
:Ei_ H ” ‘Y‘ . '| “ I
g [y | A J
% | Lk | i’i)’.’lﬁ
! i \ o
S ‘ it w ’ !
; . :
L_0.5 ,,,,,,,,,,, 1 R (N | R . N ] i
i | " |
[a] | | |
| | |
| | |
| | |
| | |
| Difference of profiles measured by
: Machine B and Machine A
_1 | | |
0 5 10 15 20

Distance ymm

Fig.2.5.11 Difference of the workpiece profiles measured by three different measuring machines.
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2.6 #& @

RSN TS 2 BUROMBSIZOWTELE L, b OMEE MR 2 FHElES N
Ty AT LDzt b~z FHUEEIN T 27 A LN TES ORIE & TEWE
WOREZHE L TITH> 2 LIk Y, IIEIC LY BAET LALLM LB LY HBAET
DAL HEL, ZOMEMEZN N TERERNLZRERT LV AT LATHL. KV AT
LI O RN SEE) 2 HEE T D HERE, B LT TA/EMR 2 HE T 28468, EERRZEDOH
IERERE, NIEEEBORE ROMITHEEZL . B4 3 WO mEE I TH# L ~— R & L7zt
HEEM T AT A& L. BB LIV AT AOERNRIILUTOLEBY THS.

(1) 7—7 4 7727 b& b—WEMFZ2 AW TEOESREICL Y, MTHoRH
SeiEB A HEE T 5.

(2) TAEMIROBIE T L —V G2 AV EER O ERIEZ V5. B ER
TEH S I TAEDOEENAE 21TV, B LE ORREITEENAE ORf R 2 VD TH ¥
YEALT L. B ERAEOKIED DI, it oRmH S ERE MWt ~7 7
A 2 DIGIRBNE 21T 5 .

(3) UBARBEDOHIE O 7= DI EEFE % AV - IESER 2 Z S35 H L, 20 nm Oz
WD NIRRER 1G5 Z L3 TE 2. 100 Hz DISEHRAEED Z L2 HEE L L7273,
PRIE 2 um, AW 25 Hz 725 100 Hz £ TE(LT DA v AL —TROFES 2
R IC G- 2 726, ML TIE 90 Hz (L CIRIED K 1.2 pm /hS < eo72. T
TN THEOEEIRB OB L ZE 2 6.

(4) 774 OFRBEIZ I T DRERAE LT~ T, gt Kk < JER 2
WETBIRBIEIZBWT, FA—DUHIZ A v RNIZB T 5885y 7 7 4 — KI5
DNLE T ORERE R OEWER TR K T 0.09 um 72 - 72, £72, JBIRHIE I gt
O S MERE WIS S TRER ORI/ NS0V, it L—13—
7r—7 A GEEAR) OREREOBE R RIT13-0.8~0.4 pm DA E T 7.
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3.1 &

ARETIE, MIEOEBHRAZICBWTHIMEO S HBER D ZET VL, ETVICE
DWTHEEZMIET D HIEIZOWTIEARS, FERICEY, MENEORGEEZTTD.

I TR O EE AR I TH YRR ZE E IR ZEIC D SN D . FRANRRZE & 1305 0 PN A
7 EOBEBEMEN R > THHEICFA UNLE, KESTRAETIHAETHY, BBEROK
PTRIRRZEICEK T 5. BIRYRRZE L ITEBRMFIC L > TRAET HMESCKRE SRR HRE
THY, MEEEOENMENC X > THRAT 2 EENELIREI N B ETH 5.

HEEFREOMEIZE LTIl < 22 BAFEA Tl TV D, il 21X, Wei bITEALE &
(PSD : Position Sensitivity Sensor) % W\ CTT7 —7 /L OBEEERAEZAEL, @il LEY—
AEEEHOVTREL XY U EATH LI TREZET52 LT, U7V A LADOEE
ERIEZEB Lz ¥, 2 OFEITH - BIRREOW T 2 MIEFRETH 508, @i T
2B T DMIEDTZDITIE, MIEEBENS S VISEMEN LI L 72 5. Gao HX° Kim 5133
DOIENIE Y CEMEE O BHEEEL BN E AT T AN T Ty FEAVWTHIEL, %
FACEICRHET BB E U O R EB IS L L CE X D FIE RN LA T o7 2V 2,
INH O TIE, EEENIC mE TEY — R A O TR ZEAMEL TV DR, &

BEDOREREICITBNAREE LS EN TV, LIRS T, MHFEZDHET 2 FERYS
HThb.

Z ZCARETIE, EHRAZEOWEMED SRR EL L TET b 2 kA B R
15, BRRREOERIZIZ O, 22 CTIIRHCHENKRE WEIEE O 08217 5 .

AREDOHEMITROEY ThbH. 328 TIIMHIERNR E T DA LFBET T IOV TR
. 33 HITIE, EEBEAT A W CEBRAEOHEED O FI 2222 B L TET VWb
THHEEZRRD. 34 TIIER LEEF A2 MW EEFEEOHEN R AT 5720
CEBRAEIT D . 3SEITIE, BAR LZFHE AN TV AT A CTARMIEEZ AV 2854 1SR
R BDAERADREEHET S, 36HIIU EEE DR THD.

32 EFRENETIVE

b5 TENE(x, y, 2 WBWT, ITHICIE XYZ i odE#iREe, (x,,2), e, (x,1,2),
e. (X, y,z) WIFAET 5. FRINLOREARL 725 Z FcliABb % 52 52 = — /LTI,
UhAZ BRI OT=IZiT e, (x,y,2) ZMIE LT LT 6720, 22 Tldz o8NS
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WEREL, e (x, V) EMETLZE2EZD. e (x,p) IITEAERE (HEY) &F
HERAE (DR S NEEND. EAEREITIN O AN T LRICE T 5
VEAZZE B AWM IEIC K VIR 2 2 E R FRECH D728, AMFFE TIX VB A O
EZIT 9.

(4 3.2.1 IZFEFEHE TR Z W E N Lo 277, FX@ICrT L9118, 2oL
T, TE-T/EHMO Z FEOMEMAM THICETEShD. LER->T, filziE Xz
P OEBEIRAZE TIE, KGR T X9 Xl Z FinoREEREE X—Z i oA
NI TREZEORK E 725, £ 2 TARIFETIE, LEOMEXIZBITD Z HoiESREE
e,.(x) kA TERT.

e,.(x)=e (x)+ B, x (3.2.1)

ZIT, e ()X X®oz FroBEEERE, [ IEX-ZHWEOEAETHDS. x D
RITIN TR E 95, Fio, 7—7A28E LT (#EME2BE s+ ) TE—T/ED
ﬁ@xﬁﬁ@ﬁﬂ@@%é@é@é%ﬁ@,ﬁ@&n@ﬁﬂ%l@@ﬁ%%@#ﬂﬁ;w

Fiz, XZ FHEIZBWTEREBRIZ, YZ FETH TEHOME y 2815 Z FhoiEEREE
e, () ZRATET.
e,.(V)=eM+a,y (3.2.2)

IIT, e, ()RY®OZFMOREERE, o, Y -ZH#EOEAETHL. SBIT,

Tool

X Pick feed\\ X
4_1/ Machined &\w L. Tool '-E

surface

e, =i
Workpiece W \ﬂzx
/ | Table |

| Table

(a) Surface machining (b) Geometric errors copied
on the machined surface

Fig.3.2.1 Surface machining with a non-rotational cutting tool.
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XY FfD b HABICIIT D HED Z HoES#EEe (x,y) &, KADLHice (x) &
e, (V)DRITHETZ LNRTE D LETS.

e.(x,y)=e () +e (V) +a,y+p x (3.2.3)

Z LT, FlEBRAEDOHIEDTZDIZ e (x) L e (y) ZRE-ET ML, HETS. e (x)D
HIEED S FFRRRGEZ BT D720, WEMEZ 7 — U iR L, #ERRREICHIS
T D ERE O E W TRAD LD ICHEEREZET MET 5.

e (x)= Zak cos@r - ll k(x—x_,))+b, sin@r - ll “k(x—x,,)) (3.2.4)

k=1 x x

ZIT, a &b IFET7—YRE, KIEETEORE, mliTETMMET DA 0T
b IR O ETREOWRE, [ TET VRO X HFMORS, x 137 REEHHEO X
A T OKIAIE CTh D, 77—V TR L m TEEEBEEOHEMNSRET S, FEL
<IX33HTHRARDLD, T /WEEFH O CILET MERRZEN R E 2572, Rz
EREREFAICR L CTET UBERHHEZ RESRET DLERSH L. e (y) be,(x) &H
RIZET VLT 5.

3 ETIOREELHETILTY XL

BLE RO & FIRAE R D BET 572018, EE OV B CRIE L7 B
RAZED SR IRNT 21T > C, BETTNAVERET H. HINREETEIZHE U@ TRAET S
78, EREURRZEICKIIS T D WA 1328 0 BRI Ko THENRZ(L L. Lo, M
REN G T 2 IR DR A%, EARE f LEVEEy Ik Tal=v/f ERES
ho. 2FE0, BVEEICL-s THERENE(LT . PRIT, EEOXY EE THEERE
ZREL, BRSO EOFHBEMEZ RS Z & TS LIRS 2 Dl 5 2 L8
TE 5.

X 33.1 ICEEEMEET L EZRET D7 AAY X LERT. EFADOREZSEAT.
E9 Step 1 T, BT /WESRMH L LTy & x, ZRET D, F7, MIEEITI RV EE Y, %
n, EBVIRD L. I Step 2 1TBNT, B0y CEEEMAEZEHENITE L, BEED
PHhfEe,(x ) ZRDD. ZOLEOME Y1 /2T 5. Step3 T, V—Fr—Y=T—%
i< DICEARST 21T -1, e, )P 7=V THREERD S, i HHOWESIZBIT 5
Bl £ IERKD LS IckEND.

3
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Step 1

Choosing measurement conditions
l,x,and v, j=L12,---,n,

j=1

Step 2 *(

Motion error measurement at v ;
and calculating the average

e, (x)
Step 3 \ 2
Calculating the Furier coefficients
ak/,bk/ k:1,2,
Step 4 v

Calculating the power spectrums

P (A)

Step 6

Calculating the standard deviation and the average

0(1):\/1’12(13]_(,1)—P(/1))2, ﬁ(g):iin(i)

n, -1 n, =
Step 7 \ 4
Choosing thresholds
o,h
Step 8 i

Choosing the shortest j, that satisfies
o(A)<o, and P(1)>P

Step 9 )\ 4

Obtaining m = ceil (I,/2)

Step 10 l
Configuring the error model

e (x)= Zakl cos(2z li k(x—x,))+b,, sin(2w li k(x—x,))

k=1 x

End

Fig. 3.3.1 Algorithm to identify the straightness error model.
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—%COSQH%)+O.5 (1<i<N)
S=q 1 (N<i<n,—N) (3.3.1)

—%COSQHLJFN_I—H)+O.S (n;—N<i<ny)

ZIT, n X BNEXEORERBTHY, NIFIGKXMEIZH T HERBTHD. RE
T T ANDEREH S TZOIL, ZOEATIEE T /WSS O ML TIXEAN 1
ERDEDITHRESN TS, Step4 T, JAMMRSOBE AT T De, (x ) DAY — AN
7 MIVRA)ERDD.

Step 2~4 £ TOEMELZMEY KL Th, L3I0 OV HE TRIE LIZfEN B RO TZT —
AT bV P (A) (j=12..n,) &R0, %@%E%%au)kﬁﬂ@ﬁu)%%ﬁﬁé<&w
6). ZTLTStep 712HBNT, o(A)DLEWEe, & P(A)DLEWEP %, HEEERZEDH

BN AN HERR OREE & A IE% O BB O BAREN 5 ZNZIRET S, Step 8 Tl
o) Mo, RV/INEL, PAOBPRYVRELLBRLIFRNDOAERDD. 2 %RkDDE, m%
m=ceil(l /1) LTRDDHZ LM TEH(Step 9). Z 2T ceil 1 T/MURELTFUIY EiFZEE
T 5. FFRIT Step 10 TiX, m & Step3 TRD7=7—VU =z x AT, XB224)D Koz
HEEEELET LT .

UEDORIIC L THEERELET /MET 2 L&, KX (32.3) ZHWT XY i O EshRAE
EHETDLHZENTE D, AT, HELLBEELZT v BT HIERSE Z o
MEEEIC B 2, REMIEETT ).

3.4 EEREDMHEER

FEEEE TR A AW Pl TE2AE U O ERREDET ME L MIEETTV, Zil—T7 —
TV O BN 2R S, £, FRROMIEZEMITICEA L, fERRZREET 5.
T, EBEDTEE UTTONTRNIHE 21T 9 Hikx & 205, INLHIZRIEZ1T 9
FIETHRBROMEZIT) Z &N TE 5.

341 EHREMEOHR
(1) FEBRoOFIE

4 3.4.1 (28 7 VARG & AN &2 R 5 s A R 9. FERTITE S, AfEte T
=7 47778 (ATT 4 INT Ty ) EHOCTEEBRREZOWEZITY, SRETT VE
FETD. M34212FE ROy N7 v 7%y, 7= NV ECRE LA TT A ANVT T
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Measurement position

Compensation area .
P of the motion error

Evaluation area

=80mm
45mm

22mm

| 1

70mm
/,=80mm

N

10mm

Fig. 3.4.1 Compensation area and evaluation area of motion errors.

Displacement |
sensor

Fig.3.4.2 Experimental setup for motion error compensation.

v &, ZENZEY (T T ZARER O L — AN A FWTC, X o Z OB EERE
e, (x) ZWET D, ZoLE, YHOERITy=1/2 35, XBMOMELY =Tz a—F
ERHWTHET 5. £ 341 ICTHEEBOHAREZ T 0,=3 LB OE Y EE CREEITV,
v, =4800 mm/min, v,=7200 mm/min, v;=9600 mm/min & L7=. %> 7V > ZJEHEEIT 1 kHz
EL, FE0HETOREEEIL 3 B & L., ORISR T 2 HESEN X 1 BoflE
BT DRERED 10%E Lz, YHITHREDO HETHEERAETT VERET 2.
ETT VEME L%, fERI% T XY FlEOESICE TS Z#—7—7 Moz )
ORI AN A E L, WIER R A BT 5. WETIE, XMOELFmCE Yy s 74— P,
ZH ARG, Y iz S EICERE Y 5. 5 0 X 7200 mm/min & L, P.=1mm & L7z,
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Table 3.4.1 Specifications of measurement instruments.

) Diameter 150 mm
Optical flat

Flatness 32 nmP-V
Sensor type Triangulation surveying
Resolution 10 nm

Laser displacement sensor

Accuracy 20 nm

Bandwidth 50 kHz

QFEFAEET L OFE

HELTze (y) ERIELTEETANLRDIZ e, (v) 2K 3.43 1Z7-7. FX(@@IZHIT5 3
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Fig. 3.4.4 The standard deviation and the average of power spectrums
of straightness error.
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Fig.3.4.6 Relative displacement of the tool to the table after the compensation.
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Cutting
direction

Fig.3.4.7 Experimental setup for surface machining.

Table 3.4.2 Machining condition.

Material Single crystal diamond
Cutting tool Nose radius 10 mm
Rake angle 0°
Workpiece Aluminum alloy A2079
Feedrate 7200 mm/min
Pick feed P, 30 um
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Fig.3.4.9 Comparison of the profile curve and the estimated relative displacement of

the tool with the compensation.
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Fig.3.5.1 Schematic drawing of the measurement of tool motions.
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Fig.3.5.2 Experimental setup for the measurement of angular motion of Y-axis.

Table 3.5.1 Specifications of measuring instruments.

. Size 200mm X 30 mm X 30 mm
Optical flat
Flatness 43 nmP-V
Disol Type Capacitance
isplacement Resolution 10 nm
sensor
Accuracy 30 nm
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ZefFiE, BE B - 60 mm, 250 T : 2400 mm/min, V27V > 7 EEEK 1 kHz, [, =47
mm, [, =120mm, & L7z, 72, BAEFIE0 Y A7 HEE 200 Hz D v —/S2 7 4 )L
Z (7Frmr) Z@LT, ADR—FEHWTHr T 7 LT,

35312, €puc (V) & ppup (V) DBERERZRT. VTV U TIEHET >y b AT
Wt 20 Hz OF VX Nu—R"2AT 4V EEHOTT AVZ DT L. e, ()L
€ ngap (V) DUERER Z LT % &, PEBIAR L RER T RUHEICHN T, WHOERK
Lo TND ZENDLND. ZAUTIBIRREOREBORETH L. IIEIEREZ R 2 E
FARRBIZBWTIE, MEDOEIIRRTHNLIBDTHS.

34



0.6

0.4

o
o

Rotation angle s

0 10 20 30 40 50 60
Y distance mm

Fig.3.5.3 Comparison of e, (y) and e, (V) -

€ ngac (V) PEERERICENT, AERETRKTROAMTHL I LBDND. T,
[ =120 mm % IV TZEALEF A L2005 C OREEDOFEITHE T 5 &, 02 um ITHS 5.
WEHK 10 mm OFNEB N R LNDD, ZOFREEFR—1RLOY — KT 570,
A=V RCOEERIZFEY L CTAERZENEEL TND Z LN,

3.6 $5m
RETIE, EBREOHEMEN S, EEZIFC XK ST HICHE CALE CHAT 2 517208
EEGHELCTET L - fHIET 2 HEEBRL, ERICIVMEDREBRIELTZ. RET
BONTEERMERIILLTOLEBY THD.
(1) XY FaiOEEBICIIT D Z FOEHRRELZ T T /b LTz, JERE R TRz % i
Bri, 77—V az M5 2 & THET — & biRE e & OBy 22 % R\ T
i 7eiie 2 BT LT 2 HIEERE L.
(2) FEEEETEAZ AW Fmin Ta2E L, EBREIC L TR —rhaCoELRD I X
L EHFREOET /UL - fHEAITV, MIEOHI%Z T Z—7 —7 VD Z o
RN ZHE LT, ZOfER, M ZN%E 1.3 umP-V 75 0.5 pmP-V (K395
ZENTETL.

35



(3) FEMTITEWT, MEDEZMFELZ. Y Ei_— 2087z biiRET— NIRRT
LIRE) & AR — /LA L OIRNE D IZER T D EERRAEZ SR L THIET 22 LA TE
7o, T oW RO EEEIL 1.0 um 2>5 0.4 pm (2 L L7z

(4) THEITRRDAE THIE L T OEERREZ W CREROET b E1T 5 5
BEMBEL, YHOEEICE) XiEb ) OfERAEZHE L. AERZETR—
NRUOEERZFEB L THRAEL, RRKTO4BRERECTHST

36



FA4E INFRTAVZIaL—2 a3 FALE
ERAENIEOIREENT

4.1 &S

232 i TR ~72 K 9, EHENER G O @RS E N IS8T, BHAZEIZ 134 10~%% 100 Hz
DE IR OEEB 2 M & T 5. Z ORI A2 T O EIRE) O LR FE R4 L [F
BETHS. ZO7D, UNAKZEENC L > THEIEIREND IS S 41, BIHA Al o Hil#EE§E
KFT5 &0V BBERREAET L. IMTHOREREIL, iSRS ICR I 28 & - Btk
DELSY e L, FEAN S IC L > TIRIEEND. LW -C, EEEMEE k457

DI T DG 7 1 22BN T, T IIFREDORRGHBME T, w7 R o i
ML 22 2 IRBE— RBFELRVWE IR ZITHI ZENEETHDH. ZDDITI,
INTHE AT OV T OIS OIRBNER G 2 BB CIT X DATIE A LI TH 5.

INTREDIRENENT 21T 5 oo D ik E LT, AIR%EFEE (FEM : Finite Element Method)
ERWSHEBIO~/VFRT 22— 3 (MBS : Multi Body Simulation) % f\»
HHENRH LY. FEM T, MUIRERGHEEZRETHZ & THE LS ETMELEITH 2
EWNARETH . ek, R—ndhl - Fifihl o @RI TR OREKRZESE %, FEM %
WTETF LT B HIEICONTHFEM TR TE 27 L, MT#akz2E7 1tk
TH%E, BHENKELS Y, FHRAWMPHEKT LI LW MERH Z DORIRE % gk
THDIZ, ETAOHBEEZBLTXRNE DND. BEMICIEHEREZ W 2oy~
TUR—R MIGEIL, EAREERELTENLEZMET S, £7001%, BHRHEDOKRE
Aetldhz K0 AHEEODIRWVEMET VCEESHZ D E Vo HENHV LR S P,

T, BTV RA~OEANERGITT D20, FHFEM Y 7 N T, B 3 koo
ETNAEBWILCAD V7 FEFTEL L2 >T0S. LinL, #dhOSEREED
BREDY, K+ fWEIHR & W o T2 BIRICTIKAE L TV D 2 ERE N T, FIHI DR B R
BT DHETNAVTIE, BRNRETHIET 2BEAFMEZRET DL ENE L. £z, i
DFWAEBET D7D, HOIREOFHMRRIETET NV ELELTIHHEHLE.

MBS TIX FEM & bl LT WE B E TR A 7 /UMb T 2 2 e ETh 5. £z,
Bl Eha~ AT V&AW THITZ1T 9 720, fEEICE T 28 & - IR A <
HY, FKARMRFEEORFHIE LT\, ZRGcHEECIN TSV T, MBS & H
w(@%@%@%%%ﬁ%v:;v~F#éﬁnﬁﬁbnfwéwwﬂikﬂms&MM
ERAADE D Z & T, BRMATICE W T, KVBITREE 2 ESH 508 e ST
YRR

il 21X MBS & H\ 72 TAEBIR O ) PR ORI H > — /1 & LT, Axis Construction Kit
(ACK) 75 IWF (ETH Zurich, Institute for Machine Tools and Manufacturing){Z & > TBHZE S 41

37



TW5 9 ZoY 7 FTiE, 3RO MBS ZHWT, §Y - BN 21T 5 2 & AN ATHE
Thbd. £, 1 DOEMEEEOERIIHEITLH 2 L CliEALBMEERLET ML TE 5.
ZLT, HAOUHEMTHLRDIZET NV EMEST D720, iz faT 23RO ES
A OWHEL R T A —F B EETAR & IS ICRRE T RES LTV S, HARBERE O R Tl
AR g N (RS A N SN UNY U i Jﬁ?ézghkblﬁxm%o%rwmmﬁg
SFRERFETHD.

ARFETIE, ACK (2 X - THERREEFR ORIPES I TR SR OPERE~G 2. 2 DO A\ E 7
AR D EE I LR OIRENAEHT 21T\, UNAZEENC X - THEEIRE 23 bk S h 2 3
T D. BARMIICIE 2.5.4 i Tl _72, 90 Hz FLEE OULAARIERN I\ CTRYBAA RN
W T LR RS 5. F7-, ACK &P FEM THVTRE & €7 MEDOR S SOkt
179.

AREOHRIILLTOLEEBY THD. 42 8T, ACK &pEH FEM % AW T 2.5 #i Tk~
BB THEEOETT MMEZ1T . 43 HiTlE, 700 HHBE & ITREEOBRIZOWT
FRD. 44 HTHE, YHARERD ORKZ RS 7O THEOE— RIENT 21T 5. 1
L7eET NV EHWTE— FEIT 21T, MR A2 FERE— Mg & T 5. 458Tl3, 44
HIOFERIZS E ST THOBRFEE 21TV, ZTOMREMGET 5. 4.6 HiIILL LA F &
OIfEm T 5.

42 IREBFEFOE=HOMIHDETILE

WREMRHT D721, 2.5 Hi Tl 7= EEEM THEDOTT AL ZAT 5. HERER O THEA
KOVERE~DHFHE AT D201, HHE « FEEREZ A0 ODOET LV EZHE L,
FERZHT D, £z, BT MVBEICKLEL T ORMAZPGHO FEM V7 b U =7 & s
5.

421 ILFRTa4ZaLb—2arEAVEETILE

ACK #AVTEF LEITH . £, BT 2EF A OHRT, FPERE V2 0ET L
DHEFIZ STk~ 5. [ 42.1(2), (DI TAEDIMEL L HESE LT £ F L& 22 hsT.
FT/METIEET, SHEBEHEZRIEOEGT L LCTRIIRET 5. KIS, W< Onoih
F1oDar K= hELCTRy T VT 5. 2 LTREIMIZ, B4210)I5ET 750
aVR—F Y M XYZ FINCHST LRI 2 3 E L iERTRA L, EFAEEET .
FRED RON—R EFERENE (X T A F) FREA L R—LRCISHIET 2IERTHET 2.
Ry FEBRIRS OEKITRICHIET 5B IERTHEER L 6T 5. R4 b THE LT
W OMIMER I REWESTE L, Xy R—EHD AT A=Y X—ZADORIFHIEREA &
T 5.

38



/]

rd

Z-slider

) 950 mm
X-slider

Machinebed

Vibrationisolation table

(a) Appearance of the machine under investigation.

Y-slider(including Z-base)

Z-slider Pt TR S ~base
Column L AT :M'" I ----------
Machinebed (including Jf { o _;,,,_-_—_(_;f_)l“m“R
Vibrationigolationtable o W i
and X-base) i Ly Az M|y

X-slider

=

: X
'&7

(b) Simulation model developed with the ACK.

Fig.4.2.1 Machine under investigation and developed simulation model.
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Fig.4.2.2 Three different models used in simulations.
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NTHETDH. Ny F=a3 T h—Y X—ZORITANRHG & 5.

(2) Columns elastic (CE) : ZEAMEE IR ET/VEREE L, 2T 0% Z FIEIZHEIL,

PR E T 5.
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Table 4.2.1 Comparison of required time for simulations with ACK and commercial FEM
software package.

ACK Commercial FEM software package
. . Time . . Time
Required operations . Required operations .
min. min.
Modeling of solid parts Definition of the coordinate Definition of sketch plams and
. . . . i 10 sketches of cross section 35
13 bodies including material definition .
Extrusion
Guideway .
. . . X

Couplings 2D stiffness at 4 | Net of 2D stiffness X 3 1D §t1ffngss 24 .

S (2 direction X 4 points X 3 axes)

for points in 3 axes
. - 9 24
guideways Drive
and drives 1D stiffness at 1 | Drive stiffness X 3 1D stiffness X 3
point in 3 axes
Group{ng of Grouping X 4 Definition of contact surfaces X 6
bodies
Couplings to the . 1D stiffness X 12
R . X . . .
Other inertial system Netof 3D stiffness X 1 11 | (3 directionX 4 points) 40
couplings ID stiffness X 24
Couplings of Net of 3D stiffness X 2 ('3 direction X 4 points X 2 columns)
columns Row of 3D stiffness X 2 1D stiffness X 8
(2 direction X 2 points X 2 columns)
Kinematic definition Material definition
Other operations Analysis definition 3 Analysis definition 5
Calculation Calculation
Total required time 33 min. 104 min.

WRETIEET 5. FEM IZBWTC, [FhfE 02 RinR EICBIT 2 BEEITEm L.

BT ARG - FRHTICEE R BUE & 2 OFT BRI O 2 K 4.2.1 1T . T EREH 2t
9% &, ACK TIXFEM & W28 08 13 OB TR TA 0 Z ERNbhd. Zh
1L, ACK IZIXZEN « R— LA lED RE VS THEREZENE Y 2 — /L e LTEEINTE
0, BT AERICKLBEREBIEENDRNEDTH D, BlZIE, BRICKIGT DIEREESD
BREIZIBWT, ACK Tl 2 FcHltEd & oiFhan 4 > 1 Il EY 2 — /L% 3 [AlER
ET UL KW DIZx LT, FEM Tid 1 WM A2 & oiXia% 24 [ERRGE L7 < TR B
MmoTz.

43 ETIOEHELBIEEORR

WA BRI e L CET VBT 585G, 7 /0D H HE®DOF : Number of degrees of
freedom) MEHTHE FAC K & 70 B 5.2 5. £ 2T, IREIENTIZ W THMERE T L2 v
HHEC, EFOREOBHENLETH L0 %5, ZD7=HIZ, ACK & FEM IZBWT,
xR BHETET UL LI OE— NI 21TV, SRR R 4 B aH R L & i
%. ZZTlE, ACK & FEM BT 5ET 4O AHEFRNTRD 5.

nDOF ., =6xm, (4.3.1)
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nDOF .., =3xm, (4.3.2)

elZl, m B LEEROBAERL, m 13/ — FEERT. HlziX FEM 2B\ T,
20 /— RIpbpd ANmEEY Uy RERZOHBEITN4.3.2) 10 60 LRDHND. W DOh
DBERDPIES SINT-LETERO ) — RBREEINL D, 207 — RO4371E0 BHEER
BT 5.

BJ 43.1 (Tt e T o Afeb a7, KPizsnT, w,, h,, t ZZHLENEZO
g, mS, BAERT. O TIZEBRAERK OIREIE— FIZIER L, #4.3.112577 1
~5 WO EFIRET— FOEGEEKEZ KD L. ACK TIIR%E Z HFnE L TET b
T4, Fl, MO =T LA%2MEE L TROMENIRFEME L, ZOETw, =100 mm,
h.=500 mm, ¢,=38 mm & L7c.

wf/a>
& z
Y
h X
N Fized
£, (cantilever)

Fig.4.3.1 Cantilever used in the calculation.

Table 4.3.1 The first five modes of the cantilever shown in Fig. 4.3.1.

Mode order | Description of mode shapes
1 The first bending mode in the X-direction
2 The first bending mode in the Y-direction
3 The second bending mode in the X-direction
4 The first torsion mode
5 The second bending mode in the Y-direction
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Fig.4.3.2 Relationship between nDOF and difference from the analytical
natural frequency for the cantilever with the ACK.
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L, HHEEN 100 (8 17 ERICHYTS) LV R&< b L, EIZE-EDMEIZ/L->T
W5, FIERIZ, K433 IR TEDORERICEBWTY, BARENKE L 22 LM RER L
DED/NSLIRDHH, HHEDN 300 LV K& b L, EIUIFEEDOMEIZ/R>TND.
F7o, K432 L4333 ITRTRER AT S &, BHEN+HSREWEEIEL, ACK & FEM
TOMENTF—H L TND I ERbnd. LLEOREEND, ACK (W THENTIEE DK
T TEOICHERABEIZFEM LY 07202 E8bhnD.

44 INIBEDE— FEEM

FNAB B DWW DIRK &2 72018, HEELTZET V2 TN IO T — T
BATH. £, BT NVOMRITKEE %39 5729, ACK & FEM % H\W 72 T €& — NfiE
Hrofb i & BT — NI OREREZ T 5. RBRT— RIIT T, /437 b~
DG 2 W TBRBR 21T 9. 3R DET— R ZRD 5720, IEE I3 EER
D 3 WL EF &2 HW D, JESBE S KOPEZ1TV, RS2 HRE S E TofKK
BubE %, FFT 7T 74 P2 HWTRD 5.

FEERTIIAWEEIRSAE L, T B 48 SOBE S ER T =, HIEROLEE & T
FMEEF 441102, X441 SRS & RE R ONLE Z ZNEIoRT. SITORRIT 500 Hz
EL7c. ACK ZHWEMHT T, 2758 Y RXR—XEZNE 20 HERITHEHI LT

Table 4.4.1 Specification of measuring instruments and experimental conditions.

Specification | Sensitivity of the impact hammer | 0.21 mV/N
of measuring | Sensitivity of the accelerometer 10.10 mV/m/ sz, 10.21 mV/m/ s2,
instruments 10.00 mV/m/s” in each direction
Bandwidth 500 Hz
Number of data points 1024 points
Experimental | Window function Force (excitation force),
conditions Rectangular (acceleration)
Number of FFT lines 400 lines
Number of averaging 10 times
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Fig.4.4.1 Excitation and measurement points in the experimental modal analysis.
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FEM % JHWZ AT IRV T, S &2 FMERICERET D BRD / — FEUE, A= L 561 /
— R, F275:330 /—F, YX—Z:688 J— K& L7z,

F 442 \ZFEBRE— NI CHRONZEFIRBE L — MR EZ R, 2 2 TIHERKROH
ERENCIER 5729, HKAE— K& 300 Hz DL EIZBN 72— FIZEAK L. E— Rk

Table 4.4.2 Natural frequencies and mode shapes obtained by experimental modal analysis.

Rigid body modes are neglected.

Mode Natural
frequency | Description of dominant mode shapes
order Hz
(1) B-rotation of Y-bed, Y-slider and Z-slider caused by the deformation of columns
1 % (2) B-rotation of Machine bed and X-slider in the counter phase to (1)
(1) C-rotation of Y-base, Y-slider and Z-slider caused by the deformation of columns
’ 141 (2) C-rotation of X-slider in the counter phase to (1)
(1) C-rotation of Y-base, Y-slider and Z-slider caused by the deformation of columns
’ 1 (2) C-rotation of X-slider in the simultaneous phase to (1)
(1) B-rotation of Y-slider and Z-slider caused by the deformation of Y-base
* 103 (2) X-translation of Machine bed and X-slider
(1) B-rotation of Y-slider and Z-slider caused by the deformation of Y-base and columns
(2) Y-translation of Y-base, Y-slider and Z-slider
’ 190 (3) X-translation and B-rotation of Machine bed and X-slider
(4) Y-translation and A-rotation of Machine bed and X-slider in the counter phase to (2)
(1) B-rotation of Y-slider and Z-slider caused by the deformation of Y-base and columns
6 203 (2) A-rotation of Y-slider and Z-slider
(3) X-translation and B-rotation of Machine bed and X-slider in the simultaneous phase to (1)
(1) B-rotation of Y-slider and Z-slider caused by the deformation of Y-base and columns
7 236 (2) A-rotation of Y-slider and Z-slider in the counter phase to (2) in the mode 12
(3) X-translation and B-rotation of Machine bed and X-slider in the counter phase to (1)
(1) A-rotation of Y-slider and Z-slider
8 261 (2) Y-translation of X-slider
(3) Y-translation of Y-base in the counter phase of (2)
(1) A-rotation of Y-slider and Z-slider
(2) Y-translation of Y-slider and Z-slider
9 274
(3) Y-translation of X-slider in the simultaneous phase of (2)
(4) Y-translation of Y-base in the counter phase of (2)
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ND, KA442IT-TE—R 1, 4 P LE—TAEMH DO Z TR OFKRENIC K E 72508 % 5
2D LMotz 2.54 BTl 7B TlE 90 Hz FEE OYNAZIEBN B\ CTHYPBAALEN
B L2728, RO LD imnWE— R 1 AR ERBDVOFERNTHD EB 26D,
442(), BIE—F 1, 4 DE— FEkETAZART. KLY, T—F1 CTEaZ
LADEEN, TF— R4 TIEIY R—2AOLEER LR THDZ ERbns.

# 44312 ACK & FEM % W TH5 & L7z B IRENE & 3258 CFF b L - B A IREH O ik
Y. ZHRIZBWT, BHEEBHESIV, b LAXE— FERAEET E— FER T
TICRRE SN TS, F£72, OFNEE— FEBRNFERE— M T ozt — NIk E
FURILTWD Z e aRd. ZADOBVITEREIIVEARBEN GOSN RN L7
#7. YCEET /L TOD ACK & FEM TOfERAZ LT 2 &, W& TIRIEFREDOFELRIG S
NTWDZERDLND. D2 ODETIITEIT S HETYH, ACK & FEM OfE Iz K& 7
IR LN oTe. ZOZ NG, HMEERZWCE— M Ick VT, ACK Z T
FEM & [RIBRDFERDIFOND Z E R0 D.

YCE €7 /L TliL 9 DH 6 DDE— NIV TERE — NN & REkOE— N2k & B
RN HZ LN TS, EBRE— T COE—F 5, 7, 9 3o Tunanolk, Xy
F=aZ AMBLPaT L-Y X=ZAHPBHIEFEG SN TN EDTHLLEEZEZOND.
YCE EFVEZHWTELNT-ET— K1, 4 DF— KEIREZK 44.3@0), OIZETNTIRT.
BJ 442 TR L7eFEBRE— NMEFTCOE— FIREFRRIZ, TR 1 TiE= 7 20EENR,
T— N4 TIEY RXR—RDOEENIERTHL Z ERbhd.

£FE— RIZBWT, ACKIZEIT5 3 2OFT LV TORRE KT HE, E— R 11X YCE

(a) Mode 1 at 80 Hz. (b) Mode 4 at 163 Hz.

Fig.4.4.2 Mode shapes obtained by the experimental modal analysis.
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Table 4.4.3 Comparison of natural frequencies of the machine obtained by experimental modal

analysis and simulations. “ Comp. with exp.” stands for “comparison with

experiment”. (Rigid body modes are neglected.)

Experimental result R with ACK CE with ACK YCE with ACK YCE with FEM
Mode order Natural Natural Comp. Natural Comp. Natural Comp. Natural Comp.
Freq. Hz | Freq.Hz  withexp. | Freq. Hz  withexp. | Freq. Hz  withexp. | Freq. Hz  with exp.
Mode 1 80 84.5 O 76.9 O 78.2 O
Mode 2 141 146 145 143 O 144 O
Mode 3 154 225 O 150 O 153 O
Mode 4 163 236 O 160 O 172 O
Mode 5 180
Mode 6 203 237 O 237 O
Mode 7 236 233
Mode 8 261 254 O 254 O 247 O 250 O
Mode 9 274 302 297 272 276

Z-direction [m]

Z-direction [m]

Y -direction [m]

X-direction [m]

(a)

Mode 1 at 76.9 Hz.

Fig.4.4.3 Mode shapes obtained with the YCE model in the ACK.
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— ke
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\

Fig.4.5.1 Variation of the relative displacement between the tool

and workpiece due to the driving force.
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Fig.4.5.2 Relationship between stiffness ratio, &, and the natural
frequency of Mode 1.
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100 mm

(a) Before the modification.

100 mm

(b) After the modification.

Fig.4.5.3 Comparison of the columns before and after the modification.
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Load point

) :

400 mm Fized

e

Fig.4.5.4 Evaluation method of the stiffness of the column.

F-direction [m]

; -

i

Y-direction [m]
H-direction [m]

(a) With the ACK. Natural frequency is 129Hz. (b) With the experimental modal analysis.
Natural frequency is 140Hz.

Fig.4.5.5 Comparison of mode shapes of Mode 1 obtained with the ACK and
the experimental modal analysis.
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W fEATRE R L e 5. EBRFIEIT 44 Bi Gl 7R EFAIfEE L2, X 45.5@), (b
ACK & EBRE— FT 2 AW CTELNTZE— F 1 0T — FEREZZNZRT. EARED)
i, ACK & HW-fNTICEB\W\T 129 Hz £ 720, EBRE— FEENTICEHB\W T 140 Hz & 72>
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Fig.4.5.6 Comparison of the tool motions before and after the modification of the column.
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® Unstable chipremoval

Ideal relation D
(1, =1) -

Effective uncut chip thickness #,

Minimmm thickness of cut
Nominal uncut chip thickness £,

Fig.5.1.1 Hypothetical relation between nominal and effective uncut chip thickness®”.
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Fine motion
Cutting direction

€ Tool
Workpiece A
. _ p
Copying rate (' y =
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Depth of cut -
’ /' N Total amplitude of the
Se”, .
tool motion 4,

Total amplitude of the
Wave length workpiece profile 4,

Fig.5.2.1 Schematic view of the machining of the sinusoidal profile to investigate the copying
characteristic.
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Fig.5.2.2 An example of the relationship between the tool motion
and the workpiece profile.
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Fig.5.2.3 Examples of the relationship between the tool motion and the workpiece profile
when the geometrical accuracy worsen.
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Fig.5.2.4 Variation of rake and relief angles during the cutting process.
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IO, BEEN 1 ICEVEZEZ LN HEER S A YEY FTRIC K 3 EER= v 7 L0
GIHIZ O CEHAI AT A ORGEE 1T S .
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53.1 EE - BRBIEICHSITHEMETOREL

K AT ATILES L TROBEICE T 5 2 DOBEMAORE L (@S &Te) 235
BROFEMBICEEL G2 5. 22T, @B HICHT 20K 0 O 2T~
DI OIZEREAT O . MBS I IERECIROIE D & 5 2 T Z & MU NER) S, Z SR
RICERE L7mEE e o R 2T, TN DT T 4 VT Ty Mt
T ORI BN 2 RIRFZE T 5. 2 DOENEIAE CEENC L DEMAZRE L TWDH Z &I
BT, EAFFOH AWM OREEL & 70 D N - JEICBIT D Y #oEE) o
BB EET D720, WEIRY BhooBRE 14T 5 . FEBRTIE, Y Bk 0 @ : 3000 mm/min,
U NEERORNE © 2 pm, BUNEEIOJEREL : 5~100 Hz, AEEHE : 5E& L.

B 53.1 12Kt o8 LEEE Y O ) 2t - B 7 e > b LERER 2R
T WEOBRIIIE TH D, WA Bkt HAERE o) 13h T 1 Ky RE
W2 ERNbL N2 FEEAOCTHAEZRDZE ZA1.07 720, EHERZE1320.09 um
Lipole.

2 T T T T T 7
£ ; Straight line obtained by the ' .~
3 ! least squares method 1
5 ‘ ‘ ‘ .
Zs S S S
g |
<L : |
= | |
N R RN - S ]
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z | | |
F 05— RN IR # 7 S o]
- | | |
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a | | | |
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Displacement measured with the motion sensor pm

Fig.5.3.1 Relationship between displacements measured with the motion

sensor and the profile sensor.
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532 ZEERAEK

Z SO PEERE 2 fe T & 5 2 TR & 7o iRIE O RS IR 2 0 T L, i TR o> ) S5 dh & n
THOTAEMIRZ T 5. TAEWBIRIIHE ERIE L 47 54 ORRAIERKZ VT
HEL, LR TIEERENOREMZ#E LHERR, 47 74 AAERIR & RS, HIEHE
BE7—U WL, WEIEOREEEHOCTEEREZRD 5. 1 FENICERORIE S %

R CRIERELZ T 272012, WED A, £V REOVIERBZICOW TR AZ1T 5.

531 ICFEBRSM AT, L LM EREIZI T 5160 E@EILFRARIZ 3000 mm/min & L
To. ZHUTEBREEIN TH A -V D0k D ISR LT, 5~10 fi5 @l eI LEHSRMETH 5.
PREhHIE O HIEE B - 10kHz, Vo7V 7 JEBEE : SkHz & L, 1HEEMNIZ 10 LA ED
HERDEENDLIICA,, 0.1 mm & Liz. 47T A RERIITAEF 2R <0

min

Table 5.3.1 Experimental conditions to investigate the copying characteristic.

Material Single crystal diamond
Cutting tool Nose radius 0.2 mm
Rake angle 0°
Relief angle 7°
Workpiece Electroless Plated Nickel
Feedrate 3000 mm/min
Pick feed 50 um
Depth of cut 7 um
Sampling frequency 5 kHz
Amplitude 4,35,3,2,1,0.5,0.1 um
Sinusoidal profile Wavelength 11.5 mm
Length 18.5 mm
Wavelength threshold A . 0.1 mm
Messuringmachine | e machine
O [ 02
measNu]rlemn?:rfti)foints 37000
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EMEHEH L, A7 74 HETIE, WERME : 0.5 um/point, HIEHE : 0.2 mm/s & L
7o Fio, BEERE TS E, Rk S RIER#EZ AW ZHE T3 BIRTE 21T - 7.

533 EE#ER
533.1 ERREZ 0Sum Ul EE LIZBE

532 \CERER OfRSIEEZ 0.5 um & L728A 0, FNIGEBIOHEEN & TAEYR ORI ER
Dz R £z, X 533(), (b), (W EHIERIR, HEH), 477 A AERKOIR
gAY MV AZNLIoRT. FAAEEINII(DEER 11 mm, $RIER 0.5 um OEMIEGY, (2)1
F#90.3 mm, #R0E 0.5 um OEMIESY, G)KE S 0.5~4 pum OZELROEB MR TE /2. LIF
T)~BNZHOWTERIT 5.

(1) FER 11 mm OEMIR I Z iz 5 % 7= AEEBOfRSTH Y, X532 a8 B3
TR E 7 F A4 ANERIZIB DT HIMERTE, M533(@), (b), ()FDOWEE 10 mm fHIoE
— 7 EXET 5.

(2) HEAY 0.3 mm OFEHIRSEX 53.3(b) T ORSR 0.3 mm DO —7 Extisd 2. [ (b)
\ZZ DOWRMGPHERIILD &) 2 &1L, REEIZ ZOERBSPHAET 5L 0 ) 2 & Th

Workpiece pt"ofile measured on the machine

e . e e e e e e e e e

Z profile 2um/div

0 5 10 15 20
y, mm

Fig.5.3.2 Comparison of tool motions and workpiece profiles with
the commanded amplitude of 0.5 um.
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Workpiece profile measured on the machine
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Workpiece profile measured by using a measuring machine
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Fig.5.3.4 Comparison of tool motions and workpiece profiles with

the commanded amplitude of 0.1 pm.
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Fig.5.3.5 Powerspectrums of tool motions and workpiece profiles with the

commanded amplitude of 0.1 pm.
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. R ORSEENIIE, ZEERD ) A ADHERTE 228, ZENI 52 72 RAY 11 mm O ]
OB CER. X 53.5(), (b), (OWCHE HHIER, HocEs), #4774 SRERRONE
MEARYZ M ZEENEIRT. FROIZBWTER 10 mm (I TART FABRKREL 25T
5L, ZENCE 2 - NAEEESHEL TWD 2 ERNbnD. ZORYIEM 5.3.50), (©)DIE
IEART MUTHEEILTWADT, Z 85 2 7 ASEEBN T T/EMICET S Tnb. Fiz,
[X15.3.5@), (b), (IZBWT, FHE03mm I TE—7 R TE 5. DI, Y H#D=bit
— NI X DHRE) & TAEMICHR G STV D 2 E3bhb.

534 EEEROFE

(1 53.6 ICHEDIRIEA 4 um & L7260, NEEE) & 47 7 A4 AERIR, KON SeES) & 1%
FHERRO 26— L R ROTEREZNTIURT. FXPIORT EBLOBRIZEBW T,
WEN2 mm U ETHAMEETIEae —L o ANEE 1 TH DA, HES 2 mm L0 FEOGERT
e —L U AT LTWAZ ERbnbd. LoT, SBRIOFEERIZIBWTCIE, 55 Lz HNJoE
BIOEEGIRAEITIT D ) A AOFEENT/ N S, JEE 163 Hz OBBIRE) DEZ G2 ZHOU T
I A RDFEZZT COD AR B 5. WED 0.5~2 mm Th HHEK T, # ERERRZ -
TeARERDTTHS, 7 TA ANERREANZRERE YV b ae— L ARENWT L3005, Ak
F7 74 PEIZBTD ) A ROEBEIT/NS VRt — L U AMME T T 36 FHE & E
BHIEICEBT DREROFM LD b D EEZ BND.
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Fig.5.3.6 Comparison of the coherences between tool motions and workpiece
profiles with the commanded amplitude of 4 pum.
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Fig.5.3.7 Comparison of the coherences between tool motions and workpiece
profiles with the commanded amplitude of 0.1 pum.

537 IHEBIRIEZ 0.1 um & L7256 0, NEE#) & 47 714 HERIR, K ORSEESR) &
B FRERIRD 2 b — L U XA & RO TR R N EHURT. [X53.6 L[X53.7 i 2 &,
53.6 TIXEER 4mm KV EVEECabe —L U ABMETFLTWAD Z Enbnd. £, KEN
4mmP EOFTH->THab— L RFT0IRE TH L. ZIUTETIRIEIN NSV TH Y,
PRIE 0.1 um OIEFBOEEZRANE L ) A AOFEEEZIT TN D.

538 |2, NIEE L AT T A PERRD HROIEEGR S IRIEORRE R~ FESHRIE
Z05~4um & L7240, 8533 120.1 OFPHNTH 5. HHIEEL 0.1 um & L725E0
fhDFEHHRIE TORER & il U TIREROIES DENRE NI ERNbns . NIESHOFEME)
0.5 um FEETH 72D T, FEHIEE 0.1 pm DAL OHBEEZ T TNE LEZ BND.

53912, HAEE) &g RRER) DERTRE RO TR 2~ 72720, #EFIE5.3.1 i
CHANTENEI O E O THIEL T 5. FERRIEZL 0.5~1 pm & L72HE1E, BEEN
120.1 OFPANTH D Z L3005, LL, fENIRIEEZ 2 um BLEE LI25A1S, fERRED
N & b 722> TGN 1 KOS <HESH TN DS, A7 T4 AEIRINGROTAERT
X ISEWEEFRDS, 20 K 9 1/h S HE S JRIKIHE ETRIRRE ORIERAEIZ L 5 b D &
Ezonb.
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Fig.5.3.8 Relationship between amplitude and copying rate with

workpiece profiles measured by a measuring machine.
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Fig.5.3.9 Relationship between amplitude and copying rate with

workpiece profiles measured on the machine.
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54 ATEOEMNAENIRLEANEICEZ ZEE

AT TR~ ECORRIEIZB T M ERZO R 2 AT 2. — KA =Alll&E
BALFHNIE, FEMIEIE R & OEREHINTET DMIERE L, WEmOXRmM S, R, &
U — I ME R EIC L o TEL B IIERENFET S 7.

HiEm 2 A YE FLEZHWTEER = v L2y = — NN LI28G, NEkimo R
TR TIEMICIZFIEREICEE S NS, 541107791, TEONELERRES VO
PIERD X FRNLEIZEZR > T D72, JERIZY MiEHLV ITENTWD. ZOfIER
DERNZ L - T, WERZENBETDHEEZZOND. 22T, MEmOMERHIERT 5
HEMAZFHE L, WEREZIERT 5 HECONTHRRS.

Al
b

541 BIEREDHE

HEE DA L > THELHMEBREEZFTARD DI, RVATLDOT—7 )V EIZ X #l
FHL0, bLUX Y MEDLVIMT A TT 4 V7 Ty hEFEL TRRE Y ORIE
Z—0y he L, ZE RS S50 O Z iERE RO EB N 2Bkt oL ) =T
va—ATHELTHETS. A7T a7 Ty hEAWDZ LT, MEROEmIR,
th, V—UMEICL>oTAELLIHERZZ/NS L, MEROHEIZE DREREDH %
WETHZENTED.

Laser displacement

sensor

Measurement point

Laser beam

|
|
!
| Y
i
I
R-shape of the tool edge |
copied on the workpiece | Tilt angle at the
measurement point

Workpiece

Fig.5.4.1 Schematic view of the measurement point in the on-machine measurement of

the workpiece profile.
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X 542 ICEFIEEOWEEZ RT. RIERTIE, I=ART—VEHNTETT 4NV T
Ty haEX, YEBIEDVITHIT D, Hx RERAEICEWNT, V=T xra—FaiEl L
TR Y ORE Ak, BRHAE L EEOCRBKREZR~D. 7L, FiKRIEShT
HH AR BIUAENLF 2 AW T FEIE 217V, Z 8D REAEAL DO EEN/NE W L 2R L T
W5, FEEEEORIEIL 30 um, Y7V U7 EEHUL 1kHz & LT
kT o ORREZRD 572018, #HtEZ R E Y ORERE, Mz ) =7 =
—ZORERRE L TT ey ML, /D2 FEEZHOCTELEROBEE 2RO, Bkt
Y eV =T a— L ORERERN BT 55, TREROEE, SDEVEEL 1 &
72% . SEELEAICKR T IR Y ORER R OEERZEIL 36 nm Th - 7z.

4 5.4.3 \ZHIE i OBERNA B L REORR A RT. XHhEbo D OMERNCIE, HIE f OfEAR
MEICL ST, BEIXIFIE L THHZ ERNbns. LavL, YHiEb ) oA CIElEmo
BRHAEIIZITHH L TRENE L TWD. Y iED D OBRAEES EL i LT, +4
JETITRENRKE < Aeo TWDA,  ZHE 2 OMERME FE A HIE 7] HE 2B R4 FE O BR AT
ThHZENFERNTHDLEEZOND. X543 5, JIET OGR4 FE~+4 FETE
6T % Z&I2E-T, BIRE I TORER RN EERDLEADR 0.95 5~ 1.10 f5 & 72 %
LWV b.

Z-axis linear encoder

Laser displacement sensor
(Profile sensor)

IZ—axis motion I 7Z-axis motion

Optical flat

Z-axis
Z-axis i § Gonio stage | | Z

Z
% Haj\j Table Rz y Y X
X+$Y

I — | \\T — |

(a) Tilt around Y-axis (b) Tilt around X-axis

Fig.5.4.2 Schematic view of the experimental setup to investigate the influence of the tilt angle of

the sensor target to the displacement measurement.
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Fig.5.4.3  Relationship between the tilt angle of the target and the displacement
ratio of the laser displacement sensor to the linear encoder.
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I E T OBEARNS & D BERREE RIS 2 HiEE B2 5. i CIlR~72 Rt v DR
ZEET D ENTENL, BECTHERRERT 52 & CRIER O E I X 5RIERAE
EMETHZENTED. 541 605 X912, IER OB EIXHIERD X F0h
DB L >TET S, LavL, AL AT ATIRRERB BN TRE L FIT7THD &
YD, [FA—OMLEETHIUE, WIEROERAEITFIIZE—EL 2D, Zhid
EAEROK EREOFRTH 2.

ZIZT, LTFTOLIRFIETHUERZOHMIEEZITY. 7, EREROEIIESZ Z
ICHZ S TR ERET S, +58, RUEHZ0)Z #hoV =7y a—4, (2)
Bkt Y, QEEE O 3 SOMELRTHTETHZ Eiled. LrLIotE, ik
Y CORERRAIITRE R OB L 2 PERENEG T, Bkt d@Esie oo
21X 531 Hi Tl 72 K S IR LB ET 5. £ 2 C, 88 LI BRI ORI 2 FVC,
V=7 xyra—FefEElL L-ES - IBIRE Y OKIEZITH. BRRICE, V=Tx2
o —Z ORIEM DOIRIGIZ KR 2 Wi o 3 OREMOIRIE L 2 K>, Wit o ORIEE % %
NENOIRIEL TR L TIRIEZAT 5. 85 LI BRI OIRIRIIZ T — 27 Lo s
HRD L. TIRIANE & FIRFICKIEZAT 5 728, Z OREEZ [FIREERIEE & FES.
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[FIRFAZ IER EVE DR R A TR R D120 DFEREAT 5. IR IR DI T 44T > THRIE R4
&L, figtAoREMHIEHZ TN TRIE LcA 7 74 JRIERIR &, AR IERNE
WG EHWRho 26 o EERIR A T2, 72, RS 2L ORE
BT 3 SORERR, LEERERD T 5. ERTIE, HimA A vEUR
THEAWCTEEMR= 7V ZMT L. MTRRIFEEN 1.5 mm 225 0.5 mm (28K
WAL DIERLIEER E U, IREIX 2 um & L7z, # EHERICHR S 9 2 Bk iEENE, =
ME:2um, R 2mm & L7, T ERRMPIEICIS T 5150 B IXFERIZ 3000 mm/min &
L, ¥ 7V o 7EESIL 5kHz & LTz,

X 5.4.4 12 3 DORERRO K Z /RS, ZOERIZBWTL, V=T a—Fxd
LIEBHE Y Y ORIEL : 1.03, V=7 ra—XIx3 3Bkt oiEEL 0.74 T
HoTz. 544 1T EORERICH, S LI ERERK & AR — 1 CofiRAEND IZEER
T HEER 10 mm O ERS VPR TE 5. 72, AEHERE 18 mm {17 CIEZE IR OHR
ME/ NS T TWNDD, 44 HI Tl L D12, THUTERRER 80 Hz I/ ET 52T A
DHFE— DD THD. 7 T4 AERIR & FRFEERE S Z R o 72356 0
B ERERIR A T 5 &, # ERETR RIS T 5 EREROBIEL 0.5~1 pm F2EE /N S
WE DN B 2 E D . [RIRIERIEE Z W26 o ERERRIZA 7 7 A 2l
ERIREIZE-H LWL EICRZD.

X 5.4.512 3 DOWUERIRD HRDIZETRO AR, K 0.5~1.5 mm DIFE AL
DOWERTE LT, R EREEZ AW eho 2856 OERERT 0.750.1 OFPHIZH
L. ZHICHK LT, RRREREEZ AW SEGOETRIT 1201 OfHEICHY, 77

— T L T T T
Workplece profile measured on the machine with the S|mu|taneous callbratlon |

profile  2pum/div

z

i \
10 15 20

mm
‘VW

Fig.5.4.4  Comparison of the workpiece profiles measured on the machine and measured by an
off-line measuring machine.
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O Measured on the machine without the simultaneous calibration
4 Measured on the machine with the simultaneous calibration
O Measured by using a off-line measuring machine
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Fig.5.4.5 Comparison of the copying rate measured on the machine and measured by using a
off-line measuring machine.
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EikE, FEERE THEMFR O AT — 227 b A EHRT 5 ERS 2 & OFE
EaRE L.
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Relief face —

100 pm

(a) Perspective view of SCD (b) Rake face of SCD

Relief face —t
100 pm

(c) Persective view of PCD (d) Rake face of PCD

Fig.6.2.1 Photographs of the diamond tools used in the experiment. SCD: Single crystal
diamond tool. PCD: Poly crystal diamond tool.
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Table 6.2.1 Three experimental conditions to investigate the copying characteristic.

Condition 1 Condition 2 Condition 3
Worki terial Electroless Plated | Electroless Plated Alminum Alloy
orkpiece materia Nickel Nickel A7075
. Single crystal Poly crystal Single crystal
Material diamond diamond diamond
Cutting tool Nose radius 0.2 mm
Rake angle 0°
Relief angle 7°
Feedrate 3000 mm/min
Pick feed 50 um
Depth of cut 7 um
. . Amplitude 2 um 3 um 2 um
Sinusoidal
profile for Wavelength 2 mm~0.5 mm
machining
Length 20 mm
Sinusoidal Amplitude 2 um
profile for
measurement | Wavelength 3.000 mm 2.857 mm

Table 6.2.2 Measurement conditions in the off-line measurement.

Probe radius 5 um
Measurement speed 0.2 mm/s
Measurement length 22 mm

Number of data points 44000

6.3 EERHER

6.3.1(a)~(c)iZ 3 DD LE - geHIM O AG LT T L L LI EREZRT. &
OHIZY, By 74— RHAIZ 50 um MR THUHEIZ A U3 R TE 5. B A
YEUCRNLEZHOWCEER =y 7L Z T LIZRK®@) & SRmZ A vYE RLEZH
W R Z il % &, S A A YEY FLEZRWZSA T Frhicin-T1
I T A VI DhOMBRZ 5. ZHUT 6.2 8i Tk 7= WIERIR MBS Sz 729
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Cuttingdirection |
E a3

(a) Tool: Single crystal diamond
Waorkpicce: Electroless plated nickel

e
ing direct]
Pickfeed direction

(c) Tool: Single crystal diamond
Workpiece: Alminom  alloy

Fig.6.3.1 Photographs of the machined surface of the workpiece.
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(b) Magnified view of A. (c) Magnified view of B.

Fig.6.3.2 Comparison of tool motions and workpiece profiles. Tool: Single crystal diamond
tool. Workpiece: Electroless plated nickel.
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THI2DTHD. ZOFROZRIZAT LORREIToI2l20, Uk TR ERFERIZIZIZO X
WRASI X I G ZRY g ANTAY

633 ICHAEIN A A YL FTEZAWTT VI =0 L85 INT LI5E o R jeEs) b
TAEIIR O i v d . NS & 47 T A VRERIRITEE L D208, H EIER
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(b) Magnified view of A. (c) Magnified view of B

Fig.6.3.3 Comparison of tool motions and workpiece profiles. Tool: Single crystal diamond
tool. Workpiece: Alminum alloy A7075.
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Tool motion
---=- Workpiece profile measured on the machine

--==- Workpiece profile measured by using a off-line measuring machine
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(a) Comparison over the measurement length.
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(c) Magnified view of B.

(b) Magnified view of A.

3.4 Comparison of tool motions and workpiece profiles. The wavelength of the

Fig.6

profile varies from 2 mm to 0.5mm. Tool: Poly crystal diamond tool.

Workpiece: Electroless plated nickel.
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Fig.6.3.5 Comparison of tool motions and workpiece profiles. The wavelength of the profile

is 2 mm. Tool: Poly crystal diamond tool. Workpiece: Electroless plated nickel.

81



Yw

= 10~13 mm OFRIFZ RSN D & 918, IEFLE DB OHSy THIGEE) & TAEIIR D23

KEWZ ERbDNE. OF 0, BEHINEZ > TWAZ &2 5. @UEIRHAE L% 7

D ’

FOSAET 2 20D OISR AR E U= & TR - 28%Ths 70,

64 ELGLHTELBHEIMIZEITHEGRER
64.1 BEBRSCELEDRITEEZAWV-ES

X 6.3.2~6.3.4 | THERICBWT, WERD ZEDREEEZHWTIEERZRD 5.

K 632 \RTHEEERAA YT FLEZHWTESER=y 7 VE T LIEEA DR R
WZBWT, HEER S TEMEROat — L v R EEEERE RO TR EX 64.1, 642
WZENENRT. X641 L0, BERTERI - A7 74 VHERKROESL S EZ AW

Coherence

e

Copying rate C(A)

2 T i
<4 With the workpice profiles measured on the machine
< o With the workpice profiles measured by using a off-line measuring machine
| |
I T E T e
° | |
o | | <
424 3 9 Q g 9 < | o >
g° q < 9 ' 4 1
1****5435*37*68***¢**3**: ***** £ 8 ***d**ﬁ**********************j
o | |
| |
| |
05 e
| |
| |
| |
1 1
%.5 1 1.5 2

T T T T T T T T T T T T T T T
With the workpiece profiles measured by using a off-line measuring machine

[ [ p
I N I /
/
I R I
v, gAY S N A _
i Ny L 1\ Y I o [
! ] [ I I N I A4
[ b /
i [ R [ I I i o
EE Rl (el iy i e e e ---d--- e i i B —
i 1yl kR T N I | w0 T
i ol AN | T
il ! 1 v
| [ N R A I | I I [
T lr-r-T7- 7T rar- - (720 ¥ At et ToTTr T T T T —
ol | [ R | | | I [
ol (B o}
H (W [ A R A I I [
(i
Lf" I N R | | | [
! ine
| |
I I
| I

Wavelength A mm

Fig.6.4.1 Comparison of the coherences between tool motions and workpiece profiles
Tool: Single crystal diamond tool. Workpiece: Electroless plated nickel.

Wavelength A mm

Fig.6.4.2 Relationship between the wavelength and the copying rate. Tool: Single crystal
diamond tool. Workpiece: Electroless plated nickel.
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Fig.6.4.3 Comparison of the coherences between tool motions and workpiece profiles.
Tool: Single crystal diamond tool. Workpiece: Aluminum alloy A7075.
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Fig.6.4.4 Relationship between the wavelength and the copying rate. Tool: Single crystal

diamond tool. Workpiece: Aluminum alloy A7075.
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Fig.6.4.5 Comparison of the coherences between tool motions and workpiece profiles.
Tool: Poly crystal diamond tool. Workpiece: Electroless plated nickel.
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Fig.6.4.6 Relationship between the wavelength and the copying rate. Tool: Poly crystal
diamond tool. Workpiece: Electroless plated nickel.
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WD Z ERD5.

646 XV, 774 HERKEFWIZGE OIRERII A =0.5~1.6 mm 2B TIX
E1L1I~13 THY, A=16 mm L ETITN 15 THHZEnbnd. LoT, ZfEma (Y
Y FLEEZRWTEER =y rVEMTL LSS, B5EN 1 LV RELIRDHIERHS.
LoL, M6341 0t 7 — ) 2 BET O Nl & 47 T 4 VHIERR ik 5 L, A =16
mm U EICBWTHEEGRIT 12~1.3 Lo 72720, RSB T D IR0 7 — ) 28 Bk
WZRER S D B2 D, % FERIRE WG E13A 7 7 4 VERR E HWic s 6
EHE LT, BEEEN A =0.5~1.6 mm (BT 0.1~02 /NS U, TR ERIEORIERRE
DI=HTHDHEEZ LD,

642 BEEREEZRAVSES

6.3.2~634 | TR T HIRICE W T, EEREEEL MW TEEREZRD L. BEEFEE
EEHWTEGRC BT Ee, ZROIERER 6.4.1 17T, £T, 7714
RIEFR A W RERIZRN T, B D THEHHIM A2 W 5GE 2 i 5. Bfsia A v
Y FTEZHWCTRER= v rVENT. L 5E, BERIITT 1 TH Y, EERTEE T
0.19um ThHd. 7NI=ULEEEINLLIESGEE, BEM= v V2L U256 & g
L CHAG R LR H R I KR E REIT R O N R W. i A v FLEZHWESG1T
RN 1 LD HREL, 1.22 Lo TnD. LLEDEETRIT, WEMS Z L OREEZ N
TA 7 T A ANETRD HROTAZER LITFE L. Sibdm S A Y eV RTEZAWEGE

Table 6.4.1 Comparison of C, and o, calculated from the off-line and on-machine workpiece profile.
SCD: Single crystal diamond tool. PCD: Poly crystal diamond tool.
EN: Electroless plated nickel. AA: Aluminum alloy.

Off-line workpiece profile | On-machine workpiece profile
vs. Vs.
Tool motion Tool motion
Tool: SCD C, 0.98 0.97
Workpiece: EN O, pm 0.19 0.23
Tool: SCD C, 1.05 1.03
Workpiece: AA O, Hm 0.13 0.36
Tool: PCD C, 1.22 1.05
Workpiece: EN O, pm 0.20 0.24
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Fig.6.4.7 Relationship between the tool motion and the workpiece profile.
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643 2DDRIEEICKDEEHLRDELD

W& Z L DREEEEZEREELZ MO TGRS/ REZ L LIZLT, BR5T
B LEWHIM OMAEDORICBIT 2IEFROE L OER 642 17, B F A YES R
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Table 6.4.2 Comparison of the copying rate with different combination of tool and workpiece.
SCD: Single crystal diamond tool. PCD: Poly crystal diamond tool.
EN: Electroless plated nickel. AA: Aluminum alloy.

0 S(Iil(r)rrl)zn/llg;ztfnm coSta}Eda;('iror Measurement deviation in
’ C_ ( /5 Py O_g on-machine measurement
Tool: SCD
09~1.1 0.19 um Deviation of C, is £0.1.
Workpiece: EN
Tool: SCD
09~1.1 0.13 um o, increased to 0.36 um.
Workpiece: AA
Tool: PCD
1.2~1.3 0.2 um C, decreased by 0.1~0.2.
Workpiece: EN

NEMTLUIZEEE, @BUHNC X VEERN 1.2~13 Loz, 3 2OEDOTHE - #H|
MOMAEDLEICBWOTY, HE 0.5~2 mm OKMETIE, WEOEGTERITHT D B2
INEo T, Fie, EEERREIEAEIT 0.13~02 um 720, 3 OO T H - #RHIM MRS
DY TRERAETRNoT2. B A A YEY REHWCESR = v 7 L OIS T
X, B ERDEICRIERZENE U

6.5 &

ARETHE, LTHEWEIMPERTRICEZ DEBERRL7-010, BfEmA A YES R
THEHEHWTESER =y 7 VEIMLLSGG L, TREEWHIMZ 2R A YEL FL
BETNI=UAEBIIENENEL LI OBERELFI-. EMS T L OFE
B EEREEZ AW TEIRERERE LR, LT OMmIE Sk,

() EOTH--#HEIMTH-TH, WEN 2 mm 25 0.5 mm (ZE(bT 5 EZE R
DOIMTITBNT, WEDIERICE X DB NEhoTc. ELZDOLGEIT,
Ry Z & OFREE & E#EREE CRBEOETENPHONDL Z L i L

(2) HfEWmAAVES FLEZHWTEER= v VA2 TLT 5546, BERITXT
1, RT3 0.19 um & 72 o7, DF VY, RS L NeEHIFIEELICT
EICER G STz, 70, B EHEZHWTAE 7 74 VlE#KZ AW 256 & TR
FROBRG SR « R E RS A 15D Z E N TE 2.

(3) HfEHEAAYEL FLEZHWTTAI =Y A882 NI T 584, BRI,
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4)

FIFE 1, EEEREEET0.13 um &7, RS ZEORIEETIE, A7 T
A HEREE VS AIRRE L Tho o NEE & TEYERO e —1L %
25, HEEHEEFAWZEAIX 09~095 1K T Lz, BEHFEEETIE. EHEiRE
RRZENS 0.23 pm K& R odz. 2T BHIEDRERAZEDT- D TH L EBERDH
no.

Zifma A VEY RLEAHWCEER= v 7 V2N LT 58546, BE5ERIL 1.2
~1.3, MEHEIREEZET 020 um &R o 7n. EERITEZHW RS, Z0dx
BENIERLE OB O3 OO & (L5 o)k LIS L, Fricimbig o
BINRENZ LD oTz. BT IO &2 Ol O T/EY~D
MEPRKCH D EHERISND.
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