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~ '" .... .......... 0 I ~ 
Ra L~l-J~'W 0.79 J..l.m e.J\l"!l~ 35 J..l.m "!I~LLUUl-Je.J\l"1l"'~~'W')'W ~1LL~'W\lVl 2 .... .... .. 

, ' 
.- '" .... .... Qf.... 0 I CII 

Ra L~l-J~'W 0.79 J..l.m e.J\l"!l~ 35 J..l.m "1l{;\L~U'Ul-Je.J\l"1l~~~'W')'W ~1LL~'W\lVl 3 ......... . 
, ' _ tI .... .....1 Clio 0 I .. 

Ra L~l-J~'W 0.67 J..l.m e.J\l"1l{;\ 35 J..l.m "1l~LLUUlJn~ mLL~'W\lVl 1 ...... ... .............. .. 
, ' 

'" '" .... .....1 ... 0 I" Ra L~l-J~'W 0.67 J..l.m e.J\l"1lr;'t 35 J..l.m "1l~LLUUlJn~ mLL~'W\lVl 2 .... .. ....... .......... .. 
, ' _ '" .... .... .. 1 ... 0 I .... 

Ra L~l-J~'W 0.67 J..l.m e.J\l"1l'" 35 J..l.m 'lJ~LLUUlJn~ ~1LL~'W\lVl 3 ................. .. ..... . 

102 

102 

102 

103 

103 

103 

104 

104 

104 

105 

105 

105 

106 

106 

106 

107 

107 

107 

108 

108 

108 

109 

109 

109 

110 

110 

110 



..J 
1l1'ViYl 

Fl.4g 

Fl.50 

Fl .51 

Fl .52 

f"l .53 

f"l.54 

Fl.55 

Fl.56 

Fl.57 

, , 
A, '" .... .... _.... 0 I q 

Ra L~l.J~'U 0.67 J-lm t.J-l~(i) 35 J-lm ~(i)LL1J1Jl.Jt.J-l~(i)'V!l-J'U')'U ~1LL'V!'U.:JYI 1 ... ... ... . 
, , 

..::::.. '" .... .......caI.... 0 I q 

Ra L~l.J~'U 0.67 J-lm t.J-l~(i) 35 J-lm ~(i)LL1J1Jl.Jt.J.:J~(i)'V!l-J'U')'U mLL'V!'U.:JYI 2 .. ...... .. 
, , 
~ tI .... .... q.... 0 I CIf 

Ra L~l.J~'U 0.67 J-lm t.J-l'll(i) 35 J-lm 'll(i)LL1J1Jl.Jt.J-l~(i)'V!l-J'U')'U mLL'V!'U-lYi 3 .......... 
, , 

..::a. "" .... .... .. I Grt. 0 I cI 
Ra L~l.J~'U 0.44 J-lm t.J.:J"1!(i) 35 J-lm "1!(i)LL1J1Jun~ mLL'V!'U.:JYI 1 .... .. ... .. .......... .. .. 

, , 
.t:II. t.t .... .... .. I AI:II 0 I .q 

Ra L~l.J~'U 0.44 J-lm t.J.:J"1!(i) 35 J-lm T.(i)LL1J1Jun~ ~1LL'V!'U-lYi 2 ..... ......... .. .. ..... .. 
, , 

Grt. "" .... .....1 .- 0 I q 
Ra L~l.J~'U 0.44 J-lm t.J-l~(i) 35 J-lm ~(i)LL1J1Jun~ ~1LL'V!'U.:JYI 3 .. .. .. .. ... .. ... .. ... .. .. 

, , 
Grt. '" .... .... ci.... 0 I Gil 

Ra L~l.J.uJ'U 0.44 J-lm t.J-l~(i) 35 J-lm 'll(i)LL1J1Jl.Jt.J.:J~(i)'V!l-J'U')'U ~1LL'V!'U-lYi 2 ........ .. 
, , 

Grt. "" .... .... CIII.... 0 I ci 
Ra L~l.J~'U 0.44 J-lm t.J-l"1!(i) 35 J-lm "1!(i)LL1J1Jl.Jt.J.:J~(i)'V!l-J'U')'U ~1LL'V!'U.:JYI 3 .......... 

" . 'V!'U1 

111 

111 

111 

112 

112 

112 

113 

113 

113 



...,j 

'U'VI'VI 1 

o 
'U'VI'lJ1 

I " "I 

,"~1tJ~fi ~~~fi~1~1 L ,"~hu'W~ 1~1~Cl c.J~ j;);hJ~ 1'WViiJl1.JVl N-nU-n'fl'W LL~ ::rl,)1~,"tJ1U ~') 1~ 
I .... ~~.: -J.. ....:.1 J'16o' .... 

LLj;)nj;)1~n'W~1.J Vl~'Wm~Vl'"l::L~'flnm::u')'Wm~c.Ji'lj;)Vlm~1::~~ "ll'W'fltJnu ')~~ ~1.JVlNLL~::n1~ 
OJ • OJ 

" 11111.J1-n"ll'fl~;'W~1'W 

"" I 

~ 1,"~U;'W~1'W1.J~::UlVl;'W~')'W;r'fl ~'fl L VitJ ~ LJh~1Vi1 ojfVl1~ n 1 ~LLYiVlU (Medical 

Part) Lij'W~'W~1'W~ ~'fl~ m ~~ j;)~1 m ~~ n,"~'fl1 'W~:::~u ~1~1 n L~'fl~fOl:::l111 ,xi1'fl1~ n1~1ojf~1'W~ 
... ..J 0 0" I ... ~.I ..J.!'I'" ..J... -9 -9 I 

tJ1,)'W1'WLYi 11 ::U~L,) ruVlVl1 m ~'W1'11'fl j;)'fl LVltJ~ ~LJ LLVl'WVl LLJ'Wun') ruVl ~ m ~L~tJ ~~'fl~ j;)~'fl ~ L,)~1 

~~ Lij'WiffOl4'tJ'"~~ 1 'Wn') ~l111,x Ln ~ m ~~n,"~'fl"ll'fl~;r'flj;j'fl LVitJ~ LL~::1 'Wn1nh ~ ~ L1.J~tJ'W;r'fl j;j'fl 
" " LVitJ~1 'WLLj;j~:::rl~~l111~tJ1 n LL~::U~iJc.J~ n~:::VlU,"~~ n1~~1 ~ ~j;)1~~1 'W'fl nfOl 1 nu'Wu~iJ r1')1~ 

" ~ .J,q I" 4 .J .d.J .q ~ .J 
j;)'fl~n1~1 Wll'W~,)'WVl~~1.J~1~ rl~1tJ"ll'fl~ L~~~1 nVl~ ~ LYi'flVlfOl:::~1~1~Cl L~tJ'WLLuUm~Lrl~'fl'WVl 

OJ • 

I " I 

L~~1~~1 nVi~ ~ l111,x fil ru~~Ui"ll'fl~;'W~1'W~~ ~'fl~l11fOl1 n.r~ "JViiJ rl,)1 ~ LL;~ LLNVl'WVl1'W~~ 

~1~1~Cl1-n'Wi1~mtJ~"1:ffi1~ (Biocompatible) LL~::i1~n1=tru::Lij'Wl1.JVlN1~1~~1l1Yi~ 1.1 

n) knee prosthesis "ll) hip prosthesis 
I " I 

111YiVi 1.1 ;'W~'b'W;r'flj;j'flLVitJ~j;j1~1Vi1-n'WmmYiVlU 



1111 II , 

1 'WiJ~ '1,j'Wil=B'W~ 1'WU ~~ LJ1 'Vl=B'W~ 'J'W' 't) (;) 't) L ~ U).J (;) 1~ 1~1 ''Vl1~ n 1 nL 'Vi'VlUVi 1).J1 

~1n')~~u~~LJ1'Vll'VlL'VlLilu).J (Ti 6AI4V), Lr1u't)~(;l1r1~L5Ju).J (CoCr) ~~LU'W.)~(;1~i:!r1'J1).JLL;j~~~ . . " 
(334 HB LL~~ 371 HB) [1,2] (;l1).J~1~U LL~~i:!r1'J1).J~U1UC4'Ji:!rh~~~~1~ 10-50 'W1L'WL).J(;l~ 

~~Vi11,xLn~tfl(;lnn1~~n~~'t)i:!1"i1~~~~1~ 1.47x1 0-
19 

- 2.63x 1 0-
18 ~nU1P1nij~~L).J(;l~/n'J~'W. 

, ~ 

ij~~L).J(;l~ ~~J11'J~n1~LoifL~U(;1~ 1,000,000 r1f~ [3] 

1 'Wr1'J1).J LiJ'W~ 1~~~i:!.) ~ f;Jil n~~1U U~~ LJ1'Vl~ i:! r1'J1).J LL;j~ ~~ n~1') ~ ~ ~~ n ~ 1 'J 

'1~~'W LL(;)L~'t)~~1n~1n1n~'t)n.)~f;J).J1e.J~(;ldj'W''t)(;)'t)L~u).JhJl~'W't)~nur1'J1).JLL:n~LYim't)th~ 
L~m ~~~'t)~~1i1~~~iJ'"l{U~'W1~'JU L'll'W r1'J1).JLL;j~LLN(;)'t)~1~,rn"lJ't)~.)~~, r1'J1).J~1'W'Vl1'Wn1~ 
n~ni't)'W, H1.'Wi1~n1U).J't~u1~ LU'W~'W Vi11,x,)~~~'"l~~1).J1e.J~(;l LiJ'Wi't)(;)'t)L~u).JLL~~l~ 

, ~ , 
~ru~).J~(;l1).J~~'t)~n1~,r'Wi:!'t)~hmU~~LJ1'Vl 

, ~ 

L~m ~~~'t)~~1i1~~~iJ'"l{U~'W1~'JU L'll'W r1'J1).JLL:n~LLN(;)'t)~1~,rn"lJ't)~.)~~, r1'J1).J~1'W'Vl1'Wn1~ 

n ~ni't)'W, Loin 'Wi1~ n1u).J't~u1~ LiJ'W~'W Vi11 ,x.)~ ~~~~~1).J1 e.J~(;l Lu'Wi't) (;)'t) L~U).J LL~tl~ 
, ~ , 

~ru~).J~(;l1).J~~'t)~n1~,r'Wi:!'t)~'Wnu~~LJ1'Vl 

., , ~ 

1 'W~1'Wn ~~u'J'Wn 1 ~e.J ~ (;l=B'W~'J'W~ ~'t)~ n1 ~1,xi:! r1 ru~ ).J,j~ ~~ n ~ 1'J,r'Wi:! • 

, ~ 

Center ~Loif~1~fue.J~(;l=B'W~'J'W'Vl1~n1~LL'Vi'Vlu1~m'il'Vi1~ (Datron, excelsiorEX) LL~~~~hJ 
~ ~ 

~1).J1~ClVi1n1~e.J~ (;l1~ L't)~J11ul 'WU~~L'Vl PI 9~Vi11M'W~'J'Wm~1,r'Wi:!~1 r11~~).J1n 1 'Wmru,'t)~ 

''t) (;)'t) L~U).J (;)1~1~H''Vl1~ n1~LL 'Vi'VlU ~~e.J~ 1 ,xn~).J r1'W~i:! nul~llJ~~hJ~1).J1~Cl fU/l1~~ 
" ""I I 

'Vl1~~1'W1"i1H't;hul~L'Vin~'il~,r'Wtl1i:!m~u'J'Wn1~e.J~(;l=B'W~'J'WL~~1il~i:!~'W'Vl'W'Vl1~n1~e.J~(;l~1 . . 
LL~~~1).J1 ~Cl e.J~ (;l1~ L't)~J11U 1 'WU~~L 'Vl PI U't)).J~ ~Vi11,x Ln (;11.1 ~~ LU"lJ\J(;)'t) n~).J r1'W~ i:!~1ul~hj ~~ 

~ ~ 

LL~~i:! r1'J 1).J~1 LiJ'W~ ~~'t)~ l-r-n'W~'J'WL ~~1il't)U1~ LL 'W'W't)'W 

2 



~ m~t1 i1 '"l ~ tJ ~ ii ~H~ ~'fl ~fi n '11~ ~ Fl ') '1 ~ ~ tJ '1 U ~ ') i \6~ '1 \6LLU U Abrasive 

pol ishing LL~:;~ [ijJ\6'1~fimnJfutI~~ ~') L ~'fl~'"l:;'lhtJ 1. ~ Fl')'1~~tJ'1U ~,)"ll'fl~i\6~'1\6~~l1'1'"l'1 n 

.r~ ~Yl'1~ m1LL ~YltJ ~~~ ~'1"m'11t1futlt~ ~') LL~')iJ 1'i'1'fl~1 \61::;~U\6'1 L \6L~ (;11 

1.3.1 1.\6n'11'fl'flnLLtJun'11Yl"'~'fl~ LL~::; ~LFln::;~~~ Fl,)'1~~tJ'1tJ~'')~ 

';hn'11~n~ ~'fl Fl,)'1~~mtJ~,)L'U~tJ (Roughness Average, Ra) 

, " 
1.3.2 Fl,)'1~~mtJ~')1.\61::;~tJ\6'1L\6L~(;11Vi~'fl~m1~'fl iJl'i'1r;i~LL~ 50 \6'1L\6 

LLtJtJ Articulated arm (6 Degrees of freedom) 

3 



4 

" , 
1.3.7 :n'l.!~1'l.!VlIil:;vhmruflJUN~'JLrhJm~n Mild steel • 

, " 
nI'lVl't~'t,xrilJ~Wil'l"llru:;il'l, L~'l.!'Vl1~mril'l, mrrimrilJLL~:;~l'lmr~'l.!LU~'a~~~il'l 

tI 
'i' .. .a , ,.,.., 

1.4 'i::: ~!J"li'U'VIfl1U1'J1~:; U1'itJ 

, " 
1 .4.1 L~h 'tlil ~~iflil~tJ (;h~1VliJ ~~ [;]'a';jfin1r~ 1'l1"l'J1lJ~tJ1lJ ~'J:n'l.!~1'l.!LLlJlJ 

Abrasive polishing 
", , 

1 . 4. 2 ~ 1lJ 1rCl ~ I'll"l 'J1lJ~tJ1lJ~ 'J"lI 'tl~:n'l.!~ 1 'l.!Vl iJ lU'Vl N 't1'l1 Vl ~1 'l.! n1 r 

Machining lJ1ri'tl'l.!LL~'J't ,xiJl"I'J1lJ~tJ1lJ~'J~1n~1 50 'l.!1 L'l.!LlJ(;lr 

1.4. 3 ~ 1lJ1 rm11';jfin1 r~1~1u d1'l.!LL 'l.!'J'Vl1~~ oo.J'l.!1 [;]'tl1u~ n 1ruflJUt~ 
" , , 

~'J:n'l.!~1'l.!Vl Li1'l.! ;J'tl [;]'tl LVltJlJ'Vl1~n1rLLVI'VltfVliJ 1"I'J1lJ LL~~ ~~ n~1 (CoCr) 't ,x1"l'J1lJ~tJ1lJ~'J 

~1lJ1rCl~~~~lJ1r:;~lJL~mn'l.!1~ 

1 .. 4 . 4 ~ 1lJ 1 rCl tJ 1';jfi n 1 r~1~1u LU'l.!LL 'l.!'J 'Vl1~ ~ oo.J'l.! 1 [;]'tl1 U ~ n 1 r~ ~ (;l 
do .1 " , ... rt....J...... ... J' 1" 
~ 'J 'l.! u r:; n 'a lJ"lI 'tl ~"lI 'tl (;l'tl L'Vl tJ lJ 'Vl1 ~ n 1 rLL VI 'Vl tJ 'l.! lJ r L'J ru 'VllJ n 1 r L M.l1'l ~ ~ ~ "11 'l.! lJ 1 I'l L 'tl ~ 

'" 

a:. .... "" 1.5 '1I'UUI'tl'Un1'i'J~!J 

1.5.1 vhmr~m~nLL~:;~'l.!1"It)1';jfimr~~1lJ1rCl~I'lI"l'J1lJ~tJ1lJ~'J LL~:;iflil~tJ~ 

L~m;r'a~ 't 'l.!LL[;]~:;';jfin1r 

o U " 1.5.5 'Vl1mr'VlI'l~'tl~LL~:;LnlJ"1I'tl2;l~ 

1.5.6 ';jLl"ln:;~~~mr'VlI'l~'tl~ 

1.5.7 ~rU~~~1'l.!';j~mL~:;;J'tlL~'l.!'tlLL'l.!:; • 



2.1 FltuI11'Yi~'l • 

.col 
'U'VI'VI 2 

tl'nJ'H'tl'l~'J-.1'ltJ~tht.ln'lHhj;)~'J~'lLL~'J L"lltJ I'l:::LU n~-.1 rij;) L~u~:::h.! '1~'1 

~'l~'rl-.1~ ~'JmL~tJ"llmU ~:::YiU~'l ~'J"ll'rl-.1~tJ-.11tJt!tJ"llt"ll ~:::LUtJ~ n rl~tJ ;-.1~tJ-.1'ltJ Lj;)~21 rl~tJ~-.1 n 

LL~j;)-.1~'l~tJ-.11tJt!tJ ~~'J",mu ~'JtJ~tJ-.1'ltJ~~ rl~tJ~'l LL~ j;)-.1~1 ~'J-.11tJt!tJL1uu rl'J1~",mU"ll'rl-.1 
~ ~ 

~'Jij21 tJ~ j;]'rl m~ Hf-.11tJLUtJ'rlU'l-.1~1 n tl1 tJ~ I'l ~'J;tJ-.11tJhJ I'l N riU~111Yi rl'J1~ LUtJ~1-.1~:::Yh L ~ 

L~U L'J~1L tJm~Vi1-.11tJhJLj;)U LtJ'Ci'ltJ~:::LU"ll,r 

~'l Wif'rl rl'J 1 ~-if 'l-.1 ~tJ'rl'l~ Vi'lL ~ Lii c;} rl'J'l ~ iu~ tJ~:::",~ 'l-.1 rl'J 'l~ LUtJrl ~tJ 

(Waviness) riu m'l~",mu~'J (Roughness) Lj;)utJn~LL~'J rl'J'l~LUtJrl~tJ~:::~n~~'l~n.!'lLUtJ 

rl'J1~rl~1 j;) Lrl~'rltJ"ll'rl-.1~tJ1'l-.1~tJLtl'rl-.1~'l n rl'J'l~hJ'm~'rl-.1Yl'l-.1 L~"ll1 rl rul'l'1l'rl~~fim~tJ~ I'l ~'J"',J1 
" " 

~'JtJrl'J'l~"'U'lU~'J'rl'l~~:::L ~~'l~'lrij;)rl'J'l~~'l LutJm'l~hJ~~1 L~~'rl ",1'rl rl'J'l~hJ~ n~'rl~;-.1 

hJ~1~'l~Cl~:::",~nL~U~L~ "llfN~fim~tJ~I'lCj'J"',J1 tl'ln~:::Vi'lutJLrli'rl-.14'm~~~\!mr"flntJ~:::m~ 

"'~-.1L tJu qJ"''l'''~'l U1tlU'l-.1"ll'rl~ m ~tj j;) m'l~"'U'lU"lltl~ ~'J"',J'l n~tl m mu n 

rl'J'l~ LUtJrl~tJtl'rln~'l n rl'J'l~",mu~'J tl'l L~1~'lri c;} m~I'l~'J~~tlU"1J'rl-.1 ~'J"',J1~~ n I'l n LLj;]-.1~'l LUtJ 

..J .t .t II ,. J ..J .... ~ • 
1l'J-.1m'l~U'l'J",tJ-.1 'lI~ L~~m'l~U1'Jrl~tJ (Wavelength) YlU'l'J j;)-.1tJtJ~:::~L'TlYi'l:::rl'J1~",mu 

I !', ..J '" ~.cJ A. .q I ~ ... 

LYl'ltJtJYl ~ m'J~ L "ll1~'l rl'J'l~U1'J rl~tJ~~~ C;}Yl ~ nYi~'l~n.! 1 L~Um'l rl'J 'l ~U'l'J rl~tJl'l j;)tl'rl n (Cut-

Off Wavelength) ;-.1~nri'l",tJj;)~'lLUtJ~ 'l I'l~~'ltJLtJ~"'~1'l1'fl1n.!'l4'n~ Lj;)U B.S1134 L~LYhriu 
.oCIto.- .dI ,",0 • .: J' ...... ",.:.I 0 

0.25, 0.8, LL~::: 2.5 ~~~L~I'l~m~L~tlnL"llrl'lL"'~1tJ~:::"lltJ'rlfJnutJ'J",tJ'lYl~:::Yl'lm~I'l~'J~~tlU 

~'J n-iftl rl'J'l~-if'l~ ~tJ~:::L ~tJL~~1~ ~'l~ ~'l f1 qJ LL~:::~ m'l~~1 LUtJ~~:::~tl-.1~ 
~ 

rl'J'l~i'rl'J'l~ L -if'lL~ n-.1 m1~"'~'lU"lltl-.1 ~'l 4 ~'l'l!tJ [4] ~tl 

- rl'J'l~"'U'lU ~'J (Roughness) tJ ~:::ntlU ~'JU rl'J'l~LlJ~~'l L~~tl"ll'rl-.1 ~'J"lltl-.1 
~tJ~'ltJ ;-.1~'JtJL", 'lJltJ LLUU"lltl~ ~tlU~ Ln j;)~ :::Ln j;)~ 1 n~ I'l n m~tJtltJ'1I'rl~ Lrlitl~)j'rl ~ c;} rl'J'l~~-.1 
",1tlrl'"1'l~~n"ll'rl~ffi-.1~'rlUrl'J'l~1lJ~~'lL~~tl LUtJfh~L~~1nm~tjj;) 

- rl'J'l~LUtJrl~tJ (Waviness) ~'rl U1L'Jn.!~:::"'~'l-.1rl'J'l~",mu~'J Lj;)U~'rl~LtJ 
J' ..J , .... .... .t.... ~........" J 
YitJYl"lltJ'l c;} L"'qJ (tJ~:::~1n.! 1 ~~~ L~ I'l~) 'lI~tl'l~ Ln j;)~'l nm~itJ~:::LYltltJ"'~tl~:::Yl'ltJLtJtl-.1~'l n 



" -l1f'1'Vl1~'ll'tl~~'tlU~"" (Lay) 1il:;~'tl~L~~1~u~~'J-n~~1~ L""mn""u1-L'lru'll'tl~ 

" , 
- ;r'tlunYii'tl~U~~'l-n~~1~ (Surface Flaws) fI'l1~hJ~~1 L~~'tl~1'tlfl'l1~hJ 
'" I I " 

L1UU~'tlU'll'tl~ ~'l-n~~1~ L(;1UiJ ~ n~ru:;LLUU~ ~ ~~;r'tlU nYi itl~~ iJ'tlUIl1UL ~tj~ (;1~1'tl ~'l-n~~1~ 
• OJ. 

ri'tl~~Iil:;Ln(;1~'l~1L~1il ~~1~LLri Yi'lm'Yi~~ ~~l1~ LL~:;Lf'I~L~~:;~L~'tl~~""U1-L'lru'lltlU~"" (Build 
OJ • 

, , " 
Up Edge) ~1tlLfl1tl~ij'tl~LLj;]ntl'tln LL~:;~~~~U~~'l'll'tl~-n~~1tJ 

Flaw 
-- (unspecified) 

, " 
1l1Yi~ 2.1 ~'l~U1-n~~1~ 

" 
. n1~tj""fI'l1~~U1U~'l~1~1~t1LLtl~'tl'tln1~~~il 

Nomina I surface 

TOI a I pro file 
(iTICll1de~ C!'rot irl 
geometric: (orm) 

Wa Vlness pro1ilf: 
(rougbn heigh'~ 
a ttcnualcd) 

Roughness profile 
(wa"inc heights 
allenoale(/) 

" 
1. ri1f1,)1~~U1U~'l Rt 1~1il1m:;U:;~'l~~:;~~'l~Iil""~~~""'ll'tl~-n~~'lWiUIil(;1 

~ ~ .. " 
, " 

~1~"""1J'tl~-n~~'l~ j;]~'tl""'ll'l~~:;U:;~'l~~~ (L) 

6 



7 

~------------ l----------~~~! 

I 

J'.J "* ...... J'.J I#'.s IJ ~ ",. 

'Jl'tl-:JYlt.!'VlU'tl(;)LLW~l-J L~t.!'tl L~t.!n-:J n~1-:J mJYlt.!'Vl~~l-J1(;l L~t.!n-:Jn~1-:J LL~';l~1~c;,';lU ~:;U:;'tl1-:J'tl-:J (L) 

~-:J~l-Jn1~ 

LA A1 + A2 + ... An 
Ra = = ----'--"'---------'-'-

(1 ) 

L L 

I 

1l1YlYl 2.3 n1~t)(;lFl1rl';l1l-J~U1U~';l Ra 

., ., I 

'tl'tlnLtlt.!5 'll';l-:J LV111 nt.! (La) '"l1mrt.!~1~:;U:;~1-:J~:;~~1-:J'"l(;)~-:J~(;)'iI'tl-:J=Rt.!-:J1t.!nU'"l(;)~1~(;l'Jl'tl-:J 
.. 'U ,. .. fI 

., I 

=Rt.!-:J1t.!1t.!LL(;]~:;'ll';l-:J (RZl' ~, ~31 ~41 LL~:; Rzs) LL~';ltl1l-J1~1fi'i1L'U~U ~-:J~l-Jn1~ 

(2) 



, 
... ... 

~:;tJ:;VlIn~'tl1J~\lIl"l'Y'lVl 2.5 

, 
L = S· L e 

1l"l'Y'lVl 2.4 n"l~1'lnl'hfi)'J"l~'\ .. nn1J~,) Rz 

R.z3 = Rmax 

, 
1l"l'Y'lVl 2 .5 n"l~1'~I'1"lfi),)"l~'~m1J~,) Rmax 

fi)f\l ~"l~"l~C1Yi"l\l"l'Wl~~~"ltJ1 ~t!"l~ ~\ll~f1Jn"l ~'tl'tl nLL1J1J~"l L~'tl1. ~~"l~"l~C1~U1J .4'1J 
f I '" I 

Lfi)~'tl'WU"ltJ 1'~~ 'tJtJmru Lfi)1'tl\lij'tl ~1'tl'tJtJn~ru~LPlhr;l"l\l1 L~tJn"l~~\lLtJ~LLn~~LYi'tlfi),)1JI'l~ 
, , ... 

m~Lfi)~'tl'WVl'1J'tl\ll!'W 1. ~Yi"l\l "l'Wl~ m~ ~'tl\l m~Ci\l LL~~"l~'WtJ'W~U'W"i:;~ n~ ~'W 1'tl'tl n d~J'W~'tl\l 

tJ~:;LJlYl1. ~t1l1 ~'tl 

tJ~:;LJ)YlLLm ~'tl~'WtJ'W~"l!illn~~In~\I'tl~n1J~ (Fixed Robot) hJ~1~"l~C1 
I I ... I 

Lfi)~'tl'WVlltJl ~'Wl~ ~')tJ ~') L'tl\l ""'WtJ'W~tJ~:;LJlYltl"i:;ii~ nhru:;d:l'WLL "ll'Wn~ ~"l~"l~C1 Lfi)~'tl'Wl ~') 1~ • ... 
L'U'Y'I"l:;LLr;l~:;i'tl r;l'tlll"l tJ 1. 'W~,) L'tl\l Lvhu'W ~,)'W~"l n l! n ~ mJ"l ltJH1 'W L~\I\I"l'W'rJ (;]~"l~na~ L-rl'W 

LN\I"l'WtJ~:;n'tl1J~C1tJ'W~ LN\I"l'WL~~ n LU'W~'W 

tJ~:;LJlYl~~'tl\l ~'tl""'WtJ'W~"l!illn~ Lfi)~'tl'W~l~ (Mobile Robot) ""'WtJ'W~tJ~:;LJlYl • • 
" I • I I I 

tl"i:;~"l~"l~t1 Lfi)~'tl'WVlltJl ~'W~"l 1 ~'Wl~ ~') tJ ~') L'tl\l U1\1 Ii Lfi) ~'tl'WVlLlntJ m~1. <if ~'tl~1'tl1J"l\l LL1J1J Ii 
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I I I SI' I I 

LfO)~!l~~L~t1m~L-D''tI1 :n~~~t1~(;}U~::;LJWI~ ~,)~L"Hkl~~LtJ~~1~,;)4't1Vl!l~L~"LX!l~V1~~!l~ L~!l 
" , 

~1ij.J~1!l!lntJ1 Hf~1~L ~lULLUU(;h~1 L'~ ~~t1~(;}~1~,)" ~1,).a~ fO)1~ ~~t1~(;}i (;)1"L~t1~:n~ ~ n 

!l!l n LLUUtJ1 L ~!lL "LXtJ1 LtJ~L ~!l~L~~riUtJ'th'U '\.·i;'!l LL:! n ~::;~~iJ n1~~ (;J,J~1~~t1~~ "LX~1tJ1~~ 

LfO)~!l~~ LLUU~!l~'tI1L~!lth~tJ 'th'U L ~!l!l~1 fO) (;),,::;~ 1tJ1~ml1LuH1. ~~1~~ iJ fO),)1tJ L~ t1~~!l 

, " , 
n1 ~';h~ 1~'tI!l~~~t1~(;}~ (;)~1~ n~~WjjU~Vl ~~!l~ riUVl ,,::;~ n!l!l n LLUUL"LX 

L~t1~LLUU11~ n 1t1't1!l~ tJ'th't11~t1" ::;L~ tI ~LLUU L 'Uri 1::;~ ')~'jJ!l~ 11~ mtl~"::;u 1 LUL-D'U ~::; LtI'tIU L ~ 
" , , 

~1~~ (;)~1~nntJ L'Vh'l!~:n~n~'el',)~ LL'1I~'tI!l~tJ'th'U L~t1 LmtiU L~t1UL~ ~~J11riVl 2.6 

Uppcmnn 

1 TTllit::rl1.TTTI 

~.,"-< -" - ------- ---, 
J~ ""',,- ~t:rr": 

L~t1~,) LU mnLtl~"1IU~'tI!l~~~t1~~~~~1tJ1~{l LLtl~ (;)1tJ~ nh'ru::;LL~::;~UVlN'1I!l~ . ~ 

" , " 
~~~';h~1~ (Envelope geometric) L~mLtl~L~ 5 U~::;LJ1V1~~~ 

1. Cartesian (gantry) Robot 
., , , 

LLn~";~ 3 'tI!l~~~t1~(;}"::;LfO)~!l~~LtJ~LLUUL:n~L~~ (Prismatic) tl1 LfO)N~h~iJ • 
" ~nh'ru::;fO)~1t1 Overhead Crane "::;L1t1n~1LtJ~~~t1~~"1IU~ gantry LL~tl1~~t1~(;)1~iJ'jJ1~~ 

I I " I I 

~1'el'tl1LtJ~LLUU~~ ~t1n~1 "1IU~ Cartesian :n~';hL"LX~~t1~(;]U~::;LJ1V1~iJ;r!l~~!l iJmnfO)~'el~~ • " , , 
LtJ~L~~(;)N";~ 3 ij ~ LL~ ::;iJLfO) N~11~ LL;~ LLN (Jl~!l ~ 1l1~LfO)~!l~Vl LL~ niJ-if'el L~t1~!l ~~t1~(;}iJ 

'1I~1~L~qjn~1U~L')ruYl1~1~ LL~::;~~1tJ1~{lL-if1(i~t)(;)~"1nVl1~-if1~Lm~ 
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1. \J~1\J~'a~ n-,1U1 hJ1. -n L~'a~1il1 n LfOlN~~1~"lI'a~~\JU\J(;)iJ fOl,)1lJ LL;j~ LLN (;l~'a r;) • 
LL \J') n11LFl~'a\J~ ~~ ~~ 1. ~ L VllJ1:;ntJ~1\Jth:;LI1'Vl LFl~'a\JU1U~'a~\nrnVl1'a L'1U n~1~1\J Pick-

", " 
and-Place L"llU 1.-nLVI~r;)~\J~1\JL~1LFl1'a~4'n1 (Machine loading), 1.-n4'IflLntJ~\J~1\J 

" , 
(Stacking) \J'tlnIil1n;j~~~1lJ11rl1.-D1. \J~1\Jth:;n'atJ (Assembly) Vlll.l !1f'tl~n11L~1 ~~ 1. \J~ mtru:; 

2. Cylindrical Robot 
", , 

~\JU\J(;)tJ1:;LI1'Vl;jIil:;iJLLn\JVl 2 t1.VI~) LL~:;LLn\JVl 3 (~'ap\'an) dj\JLLtJtJ • 

prismatic ~,)\JLLn\J~ 1 (Lm) lil:;dj\JLLtJtJVll-J\J (revolute) Vh1.~n-,1LFl~'a\J~1~~\J~n-,1~1~1\J 
, ... , 

.f'l • I 4 0 1.... , ... I .oj...... .oj... .oj ,,/ • I .oj~ ,.... ... 

LlJ\JllJ'Vl N m:;tJ'a n '!!~'Vl1 VI\~\JtI\J(;llJ1:;LI1'Vl\J~~'a Ifl rl'tl lJ~,)\J lJ1:;n't)tJ'Vl ~lJ"1itJ"1i't)\J LL~:;n-,1 

LfOl~'a\J~~1lJ11rl L ~11.1il 1~~1U LL~niJ~'a L~t11. \J~1\J~\J~ n-,1~1~1\J~ fOi't)\J~1~~1 n r;) 
, " 

1. \J~1\Jn11U1 hJ1. -n LIfltll1,) 1tJlil:;1.-Dl \Jn11V1UtJU n~\J~1\J (Pick-and-Place) 

Vl1'ail'tl\Ji\J~1\JL~'l LFl~'a~4' n1 L'Yin:;~1lJ11mFl~'a\J~ L~1't)'t)ntJ1L,) ru~ Li:J\J"ll'tl~ L 'YiN L~ n11~ 
~:;Ifl')n 

3. Spherical Robot (Polar) 
, , , 

CIiI CIiI..dI It .... .::II Q 

lJ~'tl~ LLn\J'Vl LFl~'a\J ~\J~ nM-ru:;n-,1V1lJ\J (Revolute Joint) fOl'tlLLn\J'Vl 1 (Lm) • 

LL~:;LLn\J~ 2 (1V1~) ~,)\JLLn\J~ 3 (~'t)P\'an) Iil:;LiI\J~m~ru:;n1nFl~'a\J~LL\J,)L~\J(;lN ;~~11.~ 
I r ~Q '" <Qj,dl q 0 J' ..... d .J 

VI\JtI\J(;lth:;LI1'Vl\JlJ~'a Ifl rl'tl lJmlJ1 (;lm11'Vl1~1\JlJ1 n~\J'a\JL \J't)~ lJ11il1 n n11V1lJ\J"lI'tl~ LLn\J'Vl 2 • • 
(1 VI~) LL~:;~1lJ 11rl~1il :;nlJ~~lJ 1V1UtJi\J~1\J1J\J~~1~~ :;Ifl,) n LL~ niJ~'t) L~U ~'t)iJ1:;tJtJ~ n Ifl 

" I tI I 

LYltl~ L~mJ't)U L"ll\J n-,1L VI~Ifl~\J~1\JL-if1'tl'anIil1mFl1'a~trlJ (Press) Vl1'a'a11il1il:;1.-n~1\JL~'alJlil Ifl • 
(Spot Welding) 

4. SCARA Robot 

~\JtI\J(;) SCARA (Selective Compliance Assembly Robot Arm) Iildj 
I I "I 

~nM-ru:;LLn\JVl 1 (Lm) LL~:;LLn\JVl 3 (~'tlP\'an) VllJ\J1't)tJLLn\JLL\J,)~~ LL~:;LLn\JYl 2 lil:;d:J\J • 
~ nM-ru:;n-,1Lrl~'t)\J~;\J~~ (Prismatic) ;~~11. ~~\JmJ(;)tJ1:;LI1'VlniJ-if'a ~~'tl ~1lJ11rl LFl~'tl\J~ • 
1~1,) r;) L~,) 1. \JLL \J')1:;\J1tJ LL~:;iJ Fl,)1lJ LL,,]\JU1 ~~ LL~ niJ-if't) L~t1 ~'t) 1,,]~1lJ11rlVllJ\J (rotation) 1. \J 

~ . 
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11 

~ I 

1'l (?l L1'l~~ L "n.J1~ntJ ~1,\.l1h~n'atJ:n'W~'l'W'Vl1~~ L~ n'Vl1'f)UnM~ ~'f)~ n111il'l1lJ1'l~ L1'l LL~~n11 
J .J .. ~ I '" .... I ~ I .... • I :: "J 

LIil~ 'a'Wym LlJ j;J'a~ n11 n11~~'WlJ1 n'Wn LLj;J"l~ LlJ L ~lJ1 ~n tJ~ 1'W lJ 1~n 'atJ"1!'W~'l 'W'Vl1~ n ~ 

(Mechanical part) ~~~'l'WL~'1ln11U1~n'f)tJ"l~'tl1~t1n11~~'W (rotation) L'W~n1iru~~lJr;h~1 

robot ej~L~lJ1~ntJ~1'Wj;J1'l"l~'tltJ (Inspection) 

(Packaging) 

5. Articulated Arm Robot (Revolute) 

J.J J.J '" 
'Vl nLLn'Wn11LIil~'tl'W'Vl"l~ LtI'WLLtJtJ~lJ'W (Revolute) 1U LLtJtJ n1 nlil~ 'tl'W'Vl"l ~Iil ~ 1 tI . . ~ 

ntJLL"1!'WIil'W ~~"l~tJ1~n'atJ~'ltl'll'l~L'tl'l vl'tl'WLL"1!'WtJ'W vl'tl'WLL'1l'W~1~ ;J'tliJ'a ~~'l'i1L~~'WtI'W~ • 
.: q" q.dll ..cal ....J., 0 "q .dII I " 

U1~Ul'Vl'WlJ'1l'tl(?lIil'tl "l~lJn11LIil~'f)'W'VlL'W~n1iru~ '1l'f)~n11~~'W'Vl1L~lJm1lJtI(?l~~'W~~L'Wn11L'1l1 
'1.1'" .cIIJ'.J 0 J U.cII" CII .. .J.J 0 

LlJtI~' ~ j;J1~1 LL~~lJVi'W'Vl n11'Vl1~1'WlJ1 n LLj;JnlJ'1l'a L~t1Iil'tln 11LIil~'tl'W'Vl LL~~1~tJtJmtJ ~lJ'Vl1 

" ~"J' _ ,,~_!~ J .J 
1il'l1lJ L'1l1L"l L~tI1n-n'W LL~~lJLIilNM1~ L4-JlJ'WIil~(1: ~'a~'ii'l~n11LIil~'tl'W'Vl 

~ 

L 'W~1'Wn11'\J1 '1.tJH' ~'WtI'W~"1!U~i1~1lJ11(lL-n~1'W'1.~ n~1~'1l'l1~ LVi n~~1lJ11(l • 

.--------
·t F'-r -.--~. '. 

U= ~ 
• 

Gantry Robot 

Scara Robot 

C),!lndrical Robot 

Sph erlcal Ro bot Articulated Robot 



., 
L(;ltJL 'W-.1'1'W~4'tJn~:;Yh n1 nh:;!J n [;fl1'1~'WtJ'W[;f~ (M~'1~n~~lJ LLUU Articulate 

., , 
arm (6R),6 Degrees of freedom lJ'1~'1n1~~~H~r-.1'aun~ruic;)~') L~~'1:;~'1~'WtJ'W[;fVii1 , , 

degrees of freedom "J1n~:;~'1lJ'1HlLi'1hJ~-.1~'1LL~tl-.1~'1-.1'1'WL'WlULLUULL~:;l1~'Vl'1-.1~'1-.111~ 
, ." 

ru ~'1 LL~tl-.1~'1-.1'1'WL;itJ')n'W ~-.1~'1 L ~~'1lJ'1~Cli C;);'W-.1'1'WVii1lU'VlNLc;)11r1l LL~:;~'1lJ'1~ClmU ~lJ 

L~'W'Vl'1-.1n1~Lf')~'a'W~1~'ath-.1Qn~'a-.1mJ'WU'1 

2.3 Abrasive polishing 

2.3.1 \'I~nn1'i Abrasive polishing 
, ., 

LiI'Wn'1~ufuu~-.1~')L(;lml'1~tJ~-.1i(;l~-.1hJ~C;)LLtl'W'a~nu~un~ruic;)~1'a;'W-.1'1'W 

[5] ~-.1n1~n'W~,)~'W-.1'1'WLnC;)~'1nn1~~~umrui(;l~i1f'),)'1lJU(;l~~'W LL~:;~-.1i(;l~'1lJ'1~ClUc;)~~'a~ 
nu~un~ruic;)L(;ltJ'a'1~tJft'1~~:;~'1tJ~-.1i(;lLiI'WIJi',)·lhtJ r;i'-.1~'WLLN~LflL~nu~un~rui(;l~-.1~'1lJ'1~Cl 

., , 
fl-.1~'1'W1Uii-.1~-.1i(;l1~~'1L~Ln(;ln1~n'W;'W-.1'1'W(;1'1lJlJ'1~-.1LL~'MLwn~Vi 2.8 

Load 

+ 

Workpiece 

Abrsive 
particle 

.cJ _ .. ~ lI .. aI 

1l'1~'Vl 2.8 n1m'W~,)"lI'W-.1'1'Wc;)')tJ')fi Abrasive polishing 

2.3.2 u~4'!lvlihnu;i'el1fin1'i Abrasive polishing 
.., 

1. "1I~1(;1"11'el~~~"11(;1 

"lJ16'1C;)"lJ'a-.1~-.1iC;)LiI'Wif~4'tJ~'1~'lJmh-.1~~-.1"lJ'a-.11fin'1~ Abrasive polishing 

L ~~'1 :;~i n n1 ~n'W~'W-.1'1'W"1I'a-.1 ~finLn c;)~ '1 n m~~ ~-.1i C;)~lJ ~-.11UL 'W~'W-.1'1'Wri'a L ~ Ln c;) ~:;tJ :;n'W~ n;'W 

::'J!",0111:111 CI -.4 .10.,,,, . _ . '" I _4 ".J 
L~~'1 :;'U:;'W'Wtl'1 ~-.1"lJ C;)lJ"lJ'W'1 c;) L~ n ~:;tJ:;n'W~ n~-.1~ C;)'Vl'Vl'1 LC;)tJ'alJlJ f')'1'W'atJ m'1~:;tJ:;n'W~ n~-.1~ C;)'Vl 

Ln c;)~'1 n ~-.1i c;)~i1"lJ'W'1 c;) L ~ qj LL~ :;ti 'alJ 11'1 LU~ f')') '1lJ~mu ~,)"1I'a-.1~'W-.1'1'W~ i1 rhU'atJ (;1'1lJlJ '1 
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~ I ~ I 

:nkl,nw't~~ nn~1 ~~i ~Vlil'llkl1 ~ L ~ qj ~~ ~~ L ~~12-J1~tl ~"'~'lklLnkl'll'tl~:nkl~1k1't~2-J1 n n~1 ~~i "'VI 

ii'llkl1'" L ~qj~~';h L ~ Ln '" f01'l12-J~tJ1U ~'l~ii f'11 ~11'l12-J2-J1 ~~111vt~ 2.9 

Longe 
Particle 

Sma" 

, " , 
4:1.... .....Q 0 .... _ oQ, tI.-- 0I:III " 

n1 ~L~'tl n"llkl"''ll'tl-l ~~'ll "'V11il :;kl12-J 1"ll ~ ~'l"ll kI~1k1[;)'tl~vtIil1 HlJ 1V1 f01'l12-J LL 'll~ 

(Hardness) 'll'tl~.r~"J~,j12-J1Vi1LUkI~kI~1k1LUkI~~n t"'tJLkli1Iil~Uklil~tJ2-JL-n'tl~~'lwikl 3 "llU", 

~'tl SiC, AI20 3 LL~:; Diamond ~-l SiC L~2-J1:;~Iil~L-ntill.r~"J~ilf01'l12-JLL:n~'t,,]~.J1n, AI20 3 LVl2-J1:; 

.J 'I"'" ~ I c¥ J.q ct 1.1 .. .J .," .... .., .Jci 
V11il:; ~"llnu ~~~:;n~2-J L~~nVl2-J f01'l12-JLL"ll-l2-J1nn'l1unl'l, Diamond L~2-J1:;V1Iil:; ~"llnu'l~"JVll.l f01'l1l.l 

LL;~l.l1m"llkl L"llni1f01 :nklLI'l'tlff011flu~ 

L Uf01'l1l.l LUklIil1~ LL~'l"llU",'ll'tl~ ~-li "'~ L~l.l1:;~l.l tiu.r~ ",~ii f01'l12-J LL~-l~-lU'tl2-J . ~ 

, " , 
LLl'ln~h-l tiki ~-l f01'l~L~'tl n L ~ L~2-J1:;~2-J L~'tl L ,nMkI~1k1V1ii f01ruJl1vt LL~:;tl~:;mr '" f'11 L -nt>i1tJ • 

" I I I " 

Lkln1~i '" ~'l:nkl~ 1k1LLUU Abrasive polish ing ~-lVlVi1~\J1Vltlfutlt~ ~'l:nkl-l1k1 
I I I "I 

ri~'tl ~~i", ~-l Lf01~'tlklVl'ttl2-J1UkI~'l~\J1'll'tl~:nkl~1k1~~ t~tJtln ~ltlVlN'1l'tl~ ~~i "'Iil:;ii~ m~tru:;dJ'W 

ltlVlNL~1 LL(;]L kI~nlil:;'ll'tl LLtJ~ltlVlN'1l'tl-l ~~i "''tl'tln LU'W 2 tl~:;LI1V1 t"'mLtJ~ 1'l12-J~ nMru:; 

t"'tJ~'l2-J'll'tl~~tlVlN t"'tJ LLtJ~ LUkI LLUU~2-J2-J'll'tl-l ~~i ",ii~ nMru:;l.lkl LL~:; LLUU~l.l2-J'1l'tl~ ~-li ",il 
~ . . 

I I " I ., .. " q .., Q4I:II.... .... -. '1 ",.. I .., q~ .... 
~nMru:;f012-J "ll~ ~kln~ru'll'tl~~~'ll~V12-J~nMru:;f01l.lIil:;~1l.l1~tl'1lWn'W~1k1~"''''n'l1~~'1l'''V12-J~nMru:; 

2-J'W t"'tJn1~LmtJU LVltJUtiUn1~L~'tltJ ~:;~~1~LU L~'tltJ~ f012-J tiULU L~'tltJ~~'tl LU L~'tltJ~ f01l.lU'tll.l ~ ~ 
" ~'l'll'tl~:nkl-l1k1't~~n~1 
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14 

... ... ..... 
4. Fl11~~'tI~'tI'U'tI'EI.:J"'11'i:::'i1!1~.:J'tIUI (Abrasive slurry) 

, " , 
Lc;)u-y1'l'hJLL~'lCJ~iC;)'"l~~ml1~1t-if~1t.\tt.\ltl'jj'tl~~1~~~~1UCJ~iC;)CJ~~U1 ;~~t.\ 

~'"l1~LL~'lCJ~iC;)u~~1~11ClCJ~witJ~1~~t.\t~ L-rlt.\ Ethylene glycol, Alcohol, Kerosene, 

Glycerin Ltlt.\~t.\ LYi~1 ~~1 t t.\mru~1'~ ~~U1~1Yi1 Ltlt.\~t.\~1t.\hl ~1~11Cl LC;)t.\~1t~~1 ~L VI~1~ 
'"l~Cl nU1~1 t-ifLLVlt.\ .. 

fOI'l1~L;J~;Jt.\'jj'tl~~1~~~~1UCJ~iC;)'"l~LL~c;)~t""L~t.\i1~m~1ru'jj'tl~CJ~iC;)LViutJritJ 

m~1ru'jj'tl~~1~~U1ttlCJ~~ Vl1-'tlm~1ru'jj'tl~CJ"iC;)LViutJritJm~1ru'jj'tl~~1~~~~1m'll-J ~~~~ 
" , 

FI'l1~L~l-J;Jt.\~~'jj'tl~~1~~~~1U'"l~~~CJ~t""~CJ~iC;)~1t.\'lt.\l-J1ntt.\'jjru~ic;)~'l;t.\~1t.\;~~~Yi1t~-if 

L'l~1 t t.\n1~tlftJtlN ~'lU'tlU LL(;]~t.\~'"l1~ LL~'l fOI'l1l-J L ;Jl-J;Jt.\~~'jj'tl~ ~1 ~~~~1U~~~~ CJ~ t m'tl n1 ~~ . .. 
"' "' '" '" ~"., ..;.... , ,x a X .t ~tl 0 

CJ~ 'jj c;)~ 1'"ltJ [;I'l nt.\.L'tl~ n~ 1 mut.\n'tlw.J~'jj C;)V1l-J'jjt.\1 c;) ~ VI qj'jjt.\nl-J 1 n 'jjt.\[;I1l-J ".II~~ ~ ~ V11~1 U 

~ruJl1Yi ~'l'jj'tl~~t.\~1t.\ LC;)U L'tl n1~~ CJ~i C;)~14'tJ ~'l rit.\L'tl~ n~1U Ltlt.\n'tlt.\CJ~i c;)U~;t.\'tl~ ritJfOI'l1l-J 

.. ";0 .,.,,, 
Vlt.\c;)'jj'tl~~1~V1t.\1~1CJ~~ntJCJ~'jjc;)c;)'lU 

", " 
t t.\n1 ~i c;) ~'l;t.\~1t.\LLN n c;)Vit~t ""ritJ CJ~i c;)~~Yi1 t "" CJ~-n c;) nt.\ttlt t.\:nt.\~1t.\l-J1 n 

U'tlU[;I1l-J'jjt.\1c;)'jj'tl~LLN LL(;]Lrl'tl~~1n~1n1~iC;)~'lLLtJtJ Abrasive polishing ~~'tl1fii'u'tJtlmruic;) 

~~~ fOI'l1l-J'fl'tlt.\~~ n~1~t.\~1t.\ ~~Yi1 t "" LLN~t~ L.u1ttlttlYi1 t ""CJ~i C;)~l-J ~~ ttlt t.\'tJtl n ~rui c;) ri'tlt.\ 
" , 

L Yin~~~t!t.\t t.\n1~ t~ LLN L ;J1ttllh t~U'tlU Lnt.\ttl'"l~Yi 1 t "" CJ~-n c;)~ ~~~ ttlt t.\'tJtl n1rui c;)Vi~ fOI'l1l-J 
" , 

'fl'tlt.\~~VI~ c;)Yi1 t~,j Ln c;) n1 ~i c;) ~'l:nt.\~ 1t.\ ~~ fOI'l ~ t~ LLN t t.\~~ ~tJViYi1 t "" CJ~i c;)~ l-J ~~ ttlt t.\ 
I • I " 

~tl n ~rui c;) LL~'lU~~ ~'lt.\Vi~t.\'tl'tl n~1 L ~'tlVi'"l~t t)'i c;):nt.\~ 1t.\~'l U 

6. Fl11~'ei'El'U-U~ (Deformation) 'tI'EI.:J'Eltln1tU-n UI • • ," , 
Lc;)U-y1'lttl~tlmruiC;)~'l:nt.\~1t.\~'lu~fi Abrasive polishing ~~Yi1~1~1n1'~~Vi 

" " , 
~fOI'l1l-J'fl'tlt.\~l-J L-rlt.\ LLtlNtt.\~'tlt.\ LYi~~L~Vit.\ ~1~nVl~1C;) 'jjt.\LLn~ Ltlt.\~t.\ -y1~tlL;j'tl~l-J1~1n~fi 

" , 
Abrasive polishing ~~~'tl~m fii'u CJ~i c;) Ltlt.\~'ln~1~ t t.\n1~i c;) ~h;t.\~1t.\;~ t t.\fOI'l1l-J Ltlt.\'"l1~ LL~'l 

CJ~ic;) LL(;]~~Lij c;) t,j~V11~~~~~'jjt.\1 C;)VlffiltlVlN LY]' rit.\t~ ~~~~ CJ~ t ""~tl n~rui c;) ~'tl~Yi1V1U1~t t.\ 
" , 

n1~tlftJ fOI'l1~ hl LY]' rit.\'jj'tl~ CJ~i c;) LL(;] ~~ Lij c;) t ""ih~t.\1tJt t.\n11i C;);t.\~1t.\i'l~ rit.\ Lc;)uVi'tJtl mru 

i c;)~~ fOI'l1l-J'fl'tlt.\~l-J ~~ ~ ~~ 1~1~Cltl ftJ~~t.\1tJ n11i c;) t~~ n~1'tJtl n ~ru~ ~ fOI'l1l-J'fl'tlt.\~l-J ~1 
LYin~~1~1l-J1~ClU'tl~t""CJ~iC;)~l-J~~ttltt.\~'l,rt.\L'tl~t~l-J1nn~1 
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" lV .aI.aI.1 ~lV 7. FI'l1)'/L'5''lLL'i~ 'elj;J'5'1n1'5'LFI~'ellJ""ll'iWa1Jn'5'nI"ll j;J • 
I ~ 

L~'tl-.1"1 n~1" ~U1:;~-.1 f'l~~ml'tl-.1 n11i ~ F,j')~hJ-.11"k1lbJ ~'tl-.1 n11" ~Yh 1 "''!l"kl1 (;) • 
~ I ~ 

;"kI-.11"k1LU~tJ"kI LL~ ~'tl-.1 n 11L~tJ-.1 LL~U1U1~~U m1~hj LYl1 n"kl'!l'tl-.1 ~'J~,J1"ll'tl-.1;"kI-.11"k11 "''tl~1"k1 

1:;~U L~tJ'Jn"kl (~(;) f'l'J 1~~tJ1U~,) ) LVi 11:;~~,r"klf'l,)1~ L~'J'!l'tl-.1~Un1rui ~~-.1~"kI'tl~ riu f'l,)1~ LL.;i-.1 

" ","..J 0 .,..::111 C¥ 0 till '" CI' .. tI 

'!It:l-.1=il"kl-.11"k1 L(;)tJ m=il"kl-.11"k1Yl"kl1~1"ll (;)~ f'l'J1~ LL'!l-.1 ~-.1":;Yl11 ~ [;It:l-.11''ll f'l'J1 ~ L1'J~1 n m~ "ll-.1 n 111 "ll 
I ~ 

f'l,)1 ~ L~,) 1"k1n 11i ~~-.1t:l1"'ll ') tJ 1 '" 1~tJ ~ L'J ~1Yi ~t:l-.11-n"kln 11U 1UU 1-.1 ~ ,);"kI-.11"k1 1 w.~ f'l om1 Vi 
OJ •• 

I .oj" ~" 
[;l1~Yl[;l'tl-.1n11~~~-.1 ~(;) 

1 "kI~1"k1'll'tl-.1~ [;l n n11Lf'l~t:l"kl~'!l!.l-.1~Un1rui (;) n11~'t.lU n 1rui (;)vi1 n11Lf'l~t:l"kl~ 
" I I"" 

t:lU 1-.1-D11 "f1t:l vi1 n11i ~~1'tl ~Yiu 1L,) ruL~~ LU"kI1~tJ~L,)~1~\l-.1" ~vi11 MtI-.11t1u1L'l ru,j'tI 1~1u 

n11U1UUl-.1 ~'l"tll~ ~ rull1Vi LVi 11 dhvi1 n11Lf'l~t:ltl~U n1rui ~ ~ 1t1u1L'J ru~~-.11U'tlu1-.1 
~ I I 

1') ~ L~'lm"vi11 "'UjL,) ru,j'"kIU-.1U1UUl-.1 ~'J 1~1~ f'l rull1Vi ~U n 1rui ~ rivi1 n11Lf'l~'tltlYi ~1t11UU-.1 

U1L')ru~tlL~tJfi'tltl 
~ I I 

~-.1,j'tln 11L~t:l n f'l'l1~ L~,) LL~~~ [;l11 n11Lf'l~t:ltlYi'llt:l-.1~Un 1rui ~~-.1 ~t:l-.1 ~1\l;:j~-.1 

f'l'J1~ L~~ 1 ~~ ~1 tI~1"k1'!l'tl-.1 ~ ruIl1Vi"ll'tl-.1~tI-.11t1~ ~'tl-.1 n11LL~ ~L,) ~ 1~ ~'tl-.11-nt tln11U1UUl-.1 

lV 

8. ~lJ1U"ll'el~n1'5'''llj;J 

1~tl1U"ll'tl-.1 n11i ~ LUtlU"4' tJ~ L~ tJ1-1ft:l-.1 L~tJ [;l N nu LLN~ ~-.11Ui ~~tI-.11t1~ 
I~ 

~1 LL\n.l-.11(;)1 "~L~tll~"1 n 1 tln1ruYi=iltl-.11t1i1~m~tru~LUtllUYlN1~1 chvi1 n11i (;)~') L~tJi (;) 
I I I' I 

" ... Q .t "'... ....... l.d a I 4CIiI 0 I I 

~')tJ 1~tl1U n 11'!l (;) f'l-.1Yl1~tl1U~"kI-.1Vi1t:l~ nut:lt:l n LLN'!l (;) f'l-.1Yl f'l1~tI-.1 ,,:; L ~"kI,)1Yl m LL ~tI-.1 [;l1-.11 
~ ~ I 

'!It:l-.1;"kI-.11t1'' d~r1.J LLNi ~ 1~ Lvi 1 ntl LVi 11 ~~1;tI-.11 tlYi i1~ n~ru~ LU"kIlUYlN 1~11 tlLL~~ ~ 

~1Lm\l-.1,,~i11~tl1U~~cr~~1-.1ntl~-.1vi11"'1:;tl1Un11i~~f'l-.1~"~vi1"l~riU1~"kI1u~~cr~~tI-.11t1 
LUtI~1 ~1-.1 ntl ~-.1vi11 '" L,) ~ 1 LL[;l n LLNi (;) F,j') 1 ~'tl~1 tiLL tI') ~ L UtiLL tI'Ji (;) ~'J~ LLYI ,,1-.11 tlLLIJi~ ~ 

~1LL~\l-.11~ LLN~i1 ~11~ Lvi 1 ritl~-.1 ~~ 1 ~f'lrull1Vi'!lt:l-.1~tI-.11t11~~ • 

~ I 

n11i ~ ~');tI-.11t1 L~tJ;:j~ MYl1-.1 n11i (;)Yi LUtl1~LUtJU,,~vi11 ~ L~tll1 MYl1-.1'l1t:l-.1 n11 
~ I ~ 

~(;) 1~i(;)L"tI[;l12J2J1 LVi11~~:;,j'tln11Yi,,~~ ~ViM~1-.1'!l'tl-.1 n11~ ~~12J1Hlvi11~~tJ n11i (;);tI-.11t1 

~ 'I" l' ... .!' ~ ~. 1'1'" .J."" col l' ....!' ~ "... ... 
~~tJ ~\U~tlYl1-.1n11'!l~"lltl-.11t1Luti ~u ~tI~ n~ru~~2J LVi'tlYl L~tlYl1-.1n11'!l ~'!l'tl-.1"ll"kl-.11t1"~ ~~[;l~ntl • 

I I ~ 

lU2J1~-.1"~~-.1 ~~ 1 ~~1l1Vi ~'J L~tJ1'J2Ji1Vi MYl1-.1 n11~(;)Yi~tI~-.1 



LL[;J'l".In 1 ~i (il tj 'l\l1t.!lh L~ tJ Vl1\l '1Itl\l n 1 ~i Vl tl'a mJ1 'l tJ~ n ~ru::;~ lJ'a1 '"l '"l::; • 
~ , ~ 

ti'a 'l,x Ln VliI qj~1 ~1lJlJ1 fi)'a i (il;tJ\l1tJ 1~·b,h';'l ~\l~ 1-'a~tJLtl~'a\l ~::;U::;L 'l~ 1'l tJm ri VllJ1 n LntJ1tl 

1 O. n1'in'i::"'I1!1~1u.~::iij;lLn1::"lJ'!l~~HI.u j;l"lJW::.u~ 

'l tJm~i (il tj'l~tJ\l1tJ'l,xt~ I"l rull1Yi n1~m::;'"l1U r;l'l LL~::;n1~U (il Ln1::;'1Itl.:l ~\li (il • 
"lI ru::;i (il Ltl tJiI'"l 4' U ~1 ~ qj'at11\l~~\l~12J ~ 1 ~CllJtl\l' 1lJ1~ L Yi n::; ~\l LL~ ~ 1iI'"l 4' U~tJ1'"l::;Q n 

~ , ~ 

tJ1UtJ~\llJ1 ~ LLrl1 ~tJLL[;J'l tJ"lI ru::;i Vl;tJ\l1tJtJ~1 n{)~112Jij ~\li (iltl~L tJU1L'l ruVli (il;tJ\l1tJ~1-tl 

n1::;'"l1u1tl'a~u1L'l ru~12J1~";1 m~i (ilL tJ"lI ru::;~tJ li12JtitlL,x Ln Vlm~i (iltj'l~tJ\l1tJ~tJ ~1-'a n1nl~ 
~.:li (illJ1tl~~'llJ rltJLL t.ltJLntJ1tl Ii titlL,x Ln (il m~4'u r;l'l rltJLtl\l"lltl\l ~\li VlL ,xn~1u LtltJntltJ~ii"lltJ1 (il 

, ~ 

'l ~ Clj ~1lJlJ1 ;\l'"l::; 'ttl"; 1 ~1U ~ rufl1Yi tj'l'1ltl\l;tJ\l1tJ 

8eom-Sahng Ryuh a, Sang Min Park b, Gordon R. Pennock c [6] 1~";1 

m~'atln LLUU~::;LLUU~::;UU m1Ltl~utJLI"l~tl\lijtlL ,xrlU1AtJUtJ~LLUU~ ~ L tJ~ LVlU l"l'lUl"llJ ~1tJ • • 
Ltl~LLn1lJl"l'lU~lJ LVlutl~::;n'au~'lu ~tJU'W~~~~1~n~~lJ 6 degree of freedom, S1'WLtl~U'W 
~tJn1ru~~LtJ~, l"l'alJYi'lL~tlf, LL~::;~tlmrul"l'lU~lJ~tJUtJ~ L(ilU'"l::;-W1rl1 NC ~1~lJ1'"l1nm~ 
~~ ~~tJ~tJ\l1tJlJ1 L' 1 Ltl~LLmlJtJ~::;lJ'l~ ~ ~ LL~'l Ltl~UtJLtltJ L~tJVl1\l m~LI"l~tltJ~"lItl\l~tJUtJ~~ 
'"l::;L;'1 tJm HI"l~tltJ~1tJi (il ~'l~tJ\l1tJ ~\l~\l ~~ ~fi)tl tl~::;~6 VlitJ~tltJ~'"l::; ~tl\llJ1~ 11\l L~'WVl1\l 

n1~LI"l~tltJ~"lI'a\l~tJUtJ~~~.:l'"l1n~'t~tJ\l1'WlJ1'"l1nm~~~~ 'Wtln'"l1n~tJLtJ~LLn~lJ6\l~1lJ1~Cl 
l"l'lU ~lJ m~LI"l~'atJ~"lI'a\l~tJUtJ~ l"l'lU ~1tl rlU n 1 ~mu ~lJ S1tJLtl~ UtJ~tl n ~rumu ~lJ~ ~ L tJmi'l,x 

";1.:l1 tJilJ~ tJ fi rl u1AtJ UtJ~ ~\l"; 1L,x I"l rull1 Yi tj 'l~tJ\l1'W ~ Ln Vl~tJ~~ 'W~ 1lJ lJ 1 L ~tl\l '"l1 n~ 1 . . . 
~ , ~ 

LtJ~LLmlJ~1lJ1 ~ClI"l'lU I"llJ1AtJutJ~1,xi (il;'W\l1tJL tJ~ n~ru::;Vl'atJ mru~ 1~1Ui (ilii~ PI r;l\l~1 n rlU • • • ., 
tj'l rlU tj'l'1ltl.:l:ntJ\l1tJ~~tl (il L 'l~1 

J.J. Marquez, J.M. Perez*, J. Rios, A. Vizan [7] 1~";1m~'a'amLUU~::;UU 
~ , 

mri (iltj'l:ntJ\l1tJL,x LtltJ~::;UU~~ LtJmi L(ilutl~::;"n ~Ltl11AtJutJ~tl ~~1~n~~lJ L'1lJ1";1~ihVli (il '1 • • 

tj'l~'W\l1tJ ~.:l L~ tJVl1\l n1 ~LI"l~'atJ~"lI'a\l1AtJutJ~'"l ::;1~'"l1 n n 1~,.j 1 CAD hhr'1ltl\l~tJ.:l1tJlJ1 • 
I I I II 

tl~::;lJ'l~ ~~ LYltlL,xt~ L~tJVl1.:l LL~::;ltlLLuum~i (ilil~'l (il L~'l LL~::;I"l~'aUI"l~lJVl~ Vl tJ'a n'"l1 m!tJii m~ 
~ , 

~(ilr;l.:l~tJn~ru1'(ilLLN (Force sensor) HVl~1LL~ti\l";1\l1tJ'jJtl\l~tJUtJ~ (End effecter) LL~'l";1 
f I I Sf' 

m~mU~lJL tJL1tl\l'1ltl\l LLN ~'lU L Yl'a~ (iliI qj~1L tJn~nlVl CAD 1 ~';"lItl\l;tJ\l1tJ, ~1 LL~ti\l'1ltl\l 
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irpJm'rui", LL~::~::l.!1tJ'1l'tl~ n'l~i I'l i1 fOl'l1~ fOl~1 ~ LfOl~'tll.!nl.!~::wh~'1l'tl~1il1~ntJ~t1J~LLnnJ 

'tl'tl n LL tJtJ ~~ ~::tJtJ n 1 ~i "'~ ~1 ~ 1 ~n L 1l~ tl l.!l1J LLtJtJ n 1 ~fOl 'ltJ ~~1.~ LL tJtJ'fl ~ t l.!,r~ ~~ ~~ L" 
., , , 

~1 1oDr.htlL l.!~'ll.!~Uj'tlLmtltJL~tltJntJ~::tJtJ n1~i ",~tT~ fOl~ t1f'tl~ n1~~ fOl'ltJ f'J~ (Programmer) ~1 

., 
fOl'ltJf'J~~ntT~~~1~1~n~11.~ 

Yongsong Xie, Bhushan [8] 1.~~1n1~~n~1~~n~::."tJ'fll.!Lti'tl~~11il1n"lll.!1'" 

"lI'tl~~~il'l (Abrasive particle), fOl'l1~'tl'tll.!~~ (Deformation) "lI'tl~'tl1Jmru~Hfi'" (Polishing 
, ., 

pad), LL~::LLNnl'l~n",~~1.1J (Contact pressure) tJl.!;nl.!~1l.!'1lru::i", t"'tl~1n1~il'l~'ltl~fi 
., 

abrasive polishing ntJ=nl.!~1l.!1J~::LJ1'" Ni-Zn ferrite (11 .1 % NiO. 22.3% ZnO LL~:: 66.6% 

Fe20 3) LL~:: Pure copper (~1nn~1 99.95%) ~~i",1J~::LJ1'" AI20 3 LL~:: Diamond ~~1il1n 

"''''~'tl~~tJ~1 
.... ..JQ a ",... .. .J ... J' .. CI 

~~"lI~"'~'1ll.!1"'L~nlil::~~~~1~~::tl::nl.!~n (Depth of cut) "'Ln"''1ll.!~'1ll.!1'''L~n 

~1~ ~1 L "~1 ~1 ~n1JftJll\~ e4'l1l.!~:: ~tJ~ ~:: L~ tl I'l fl.!1.~"'tl1.~~1 n1~'" "'~'tl~~ 
"lIl.!1'" 0.12, 0.33, 1.2, 3.0 LL~:: 9.0 l.~tfOl~L~~~ 

'tllln~rui 1'l~i1 fOl'l1~'tl'tll.!~~~~ Lri'tlU1~1 H' ~ntJ ~~i 1'l~i1 fOl'l1~ LL;~~~~::~~ ~~ 1" 

~1 ~1 ~n n "'~l.!~ 1l.!L m~ ~::l.!1tJ L~~'tl nl.!1.~~ n~11-n~1J n ~rui ",~i1 fOl'l1~'tl'tll.!~~ 

U'tltl n~1 L l.!~::~tJ fOl'l1~ ~::L~tl "'''lI'tl~~~i "'''lIl.!1 '" L~tl'l nl.! L ~~1::~1~1Jmrui ",~i1 
fOl'l1 ~'tl'tll.!~~ ~~Iil ::~~~11" ~~i ",'ltJ [;]'l ~~ 11J1l.![;]'l ,rl.!L'tl~ LL~ ::~1 ~1~n fn~1 . " .. 

Load 
t 

LL~~ n "'~ L~11~1 "ntJ~lln~rui I'ltJ'tl~n ~::1il1tl (;]'tl1.1JtT~ ~~i '" (;]1~1 ~'ltl ~~~::L ~l.!1~ 
t c:. J'.... a..! .- ~ ~ J' '" .. 
'l1tl~ 1~LLN n "'~1 n'1ll.!~~'1ll'lntl~nl.!'1fl.!~1':.J~1ntl~'1ll.!~1~ ~~ ~~ L ~fOl'l1~~mtJ ~'l 

J' ., 
~1 n"lll.!~1~~1 "''ltl 
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., 
Sunil Jha, V.K. Jain [9] 1~vhn11YlVlfl'tl"LL~::~1~'tl,,~fin11iVl~'):n\l,n\lLj;lU 

• ..... _... tJ ..""., \, .oJ % ,Q' .oJ " J' .?1 ., 
"kI1')1) AFM LL~ ::')1) M RF 1::tJ n (;1 L "111 VI')un"kl ~VI~Ylr'l ::'tl1I"lU ~"kI1lJ LLlJ L ~fl nYl~ 11""11 "kI Lu"kl(;l') 

.,., J 
f'1') u FJlJ'1. ~ ~Ni VI'a~ ~ VI riu ~'):n"kl"1"k1 til 1 mr\l~"~ j;l f'1') 1lJ ~"kI'1. ~ ri U"II 'a" L ~~') Yl eJ ~ lJ1::~~ 1" 

carbonyl iron particle (CIP) ~"~1lJ11Cl':lVlriu~\l1lJLL~m~n1~riueJ"ij;l~,,1~LiI\I~1m~ .. lL~~n 

'1.~Lf'1~'a\l~1tJ.,r,)~~~\I"1\1 Lj;lU~"~lJlJ~l1\1'1.~ CIP ~'tllJ1'aueJ"iVlL~lJ'tl'1."kI1 unit cubic cell 

L yj n::tl::~"kILLN~ n VI '1. ~ eJ"i VI n j;l ~ VI riu ~,)~"kI"1"k1~" n fl1 U LiI"kILLNtil1 n ~"kI1lJ LL~ L~~ n LLYl"kl~til:: 
J'.,.. "" ~"., 
"II"kInu f'1,)1lJ~\lVI"II'a""II'a" L ~fl,) 'l!"~1lJ11Cl f'1,)u FJlJ"II \11 VI "II 'a" LLN n VI ~j;l~::j;l') n (;11lJ~~ n n11"11'a" 

LLNLL~L~~n1vHh 

., 
T.Kuriyagawa, M. Saeki, K. Syoj i [10] 1~Vhn11iVl~'):n"kl"1"k1'1.~iif'1')1lJ 

I ," " . 

~mu ~') ~1 LVlUVi 1 n11~ 11"~\l1lJ1 ~~1~'alJ 1'aUU 1L,) ruViVi 1 n11i j;l ~'):n\l" 1"k1 LVIU '1. ~i')'a~ Vi 

1'aU1U1L')ruiVlLL~::i,)~u'tl~~~tJn1nriVl L~~~til::'1~ Electrorheological fluid LnVl 

~"kI1lJ1 ~~1111U '1."kI~ ') L'a"~"til ::"ll')u'1. ~ ~1lJ11Cl4' VI L'1U" eJ"i Vl1tJ (;11lJ LL "kI,)"II'a" ~"kI1lJ1 ~~1 LL~:: 
., ,~ ...... ~ •• I.~ ..,j ~ ''1.'' .... ... tJ .. ., J tJ .. ., 

m::til1U (;1,)'am"~lJ1 L~lJ'tl lJ LLNU j;lYl1" ~ Tfn1 Lyj'a ~lJ ~eJ""IIj;l~\I~ mru"ll j;l"ll ru::Yl~ n1ru"ll '" 
., .oJ ., 

~lJ\lLL~::ri'a '1. ~ Ln "';"kI"1\1Ylii f'1,)1lJ~mu~')tJ1::lJ1 ru 4.4 \11 L \lLlJ (;11 LL(;]n11Yl ~~'a"n1~Vi1 n11 • 
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"'" 'll'YI'YI 3 

~ ~ 

LUn'1~'VI(fl~'tl~ulil:::":hn'1~'VI(fl~'tl~riu;\cW1tJ (L"'~n mild steel : Hardness 

111 HB) ~iJ~mit1.l:::d:lu'VINn~:::U'tln"1JU1(flL~U~1Uf'\Ut1n~'N 25 n~~L~~~ 'VI(fl~'tl~riu 
" , , , 

.. 4 .:I.... ~ ....- CII d.ai'l !I ~ 
LI"l~'tl~n~~LLUUn~'tl~~U~~'ll'tl-:l Win Ho Technology Industrial CO.,Ud ~(fln~-:l'VI ~"1JLlJU"1J'tl-:l 

~ ~ 

Sandvik ~ nMt1.I:::n'1~L -ih;U-:l1ULUULLUU n~-:ltJ'tln ~'l;r1-:l 'l(fltlL Un'1~'V1 (fl~'tl~ulil:::":h n'1 ~~nM1 
~ , ~ 

~-:l tJ ~ n ~:::'VIU ~'tl Wl1 ~ '" tI 1U ~'l"1J'tl-:l;U-:l1 U VI Ln (fl1il1 n ~ ~ n n 1 ~"'~ U"1J 'tl~;U~1 U (Spindle 
~ , 

Speed) LL~:::~~nn1~il'tlu;U~1U (Feed R8te) 'l(fltllil:::l11n1~~nM1V1~~nn1~"'~U"1J'tl~ 
II I I I I 

__ ,q C1i14~.... cl4 .. 

"1JU~1U'V1 530, 880, 1,350 LL~::: 2,000 ~'tlU/U1'V1 'l!-:lLlJU'tl~~1n1~"'~U~~~(fl'VILI"l~'tl-:ln~~ . .. . 
~ , 

~1~1Hll111~ riu ~~~1n1~il'tlU;U-:l1UVI 0.1, 0.21, 0.3 LL~::: 0.42 n~~h~~~/~'tlU 'l(fltl 

ri1"'U(flL~trlil4'tI~lJ11"l~~~ul~LLri ~:::tI:::il'tlu~n (Depth of Cut) 1 n~~L~~~, ~~~(fl 

(Approach Angle) 95°'l(fltltrlil4'tI~1~1 ~L~tI'l;r'tl~riUn'1~'VI(fl~'tl-:lLL~(fl-:llt)1UJl1""~ 3.1 LL~::: 
.J I 0 ~.J 

mn-:l'VI 3.1 LL~LUn1~'VI(fl~'tl~Iil:::'VI1n1~'VI(fl~'tl~'l!1'l(flmtJ~tlU nose radius (0.4 LL~::: ·0.8 

n~~L~~~) L~'tluutTu~-:lLLU'l'l~~"1J'tl~tJ~n'1~'VI(fl~'tl-:l'l(fltll~tJ~n'1~'V1(fl~'tl~~-:lJl1""~ 3.2 LL~::: 3.3 

1----"------, I Depth of Cut 

+ 

Feed Rate 

r 

e I Nose Radius I 



I I t I " 

",11'NYi 3.1 ~t1.JL1'flU't"1ln11V1"'~'fl~LYl'fl~n~u'-1r.rtJYiiltJ~~'flEj');U':nU'-11ni)fin1m~~ 
~ 

025mm "1lU1"'"1l 'fl~"1lU~1U 

~ 

Hardness "1l'fl~;U~1U 111 HB 
.., .. 

D'flnEj');J'N ~m~tru::n1m~~ 

~ "'11 n11t-1~U"1l'fl~~U~1U 530, 880, 1 ,350 LL~:: 2,000 rpm 

'~"'11n11U'flU~U~1U 0.1, 0.21 , 0.3 LL~:: 0.42 mmlr 

1::tJ::U'flU~n 1 mm 

.., 
95° lJlJ"'I') • 

nose radius* 0.4 LL~:: 0.8 mm 

.. a _ .. .... 

t-1lJ1mt-1'" nose radius 0.4 mm f'l'flL~UlJI')n~~ 1t-1~ CNMG 12 04 04 • 
. .. a.... .c .... 

nose radius 0.8 mm f'l'flL~UlJ",n~~1t-1~ CNMG 12 04 08 

CNMG 12 04 04* 

s 

o ~----~----~----P---~~--~ 

o 0.1 0.2 0.3 0.4 0.5 

Feed rate (mm'r) 

n) ~ nose radius 0.4 i1~~LlJ"'1 

-+-2000 rpm 

-11- 1350 rpm 

..... SSOrpm 

"""530 rpm 

1l1Yl~ 3.2 f'l,)1lJilJ~ufi1::t-1~1~ feed rate nu surface roughness 
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8 

2 

o 

CNMG 120408* 
10 

S ~------------------~~------

6 ~----------~~~-

4 ~------~~-----

2 *---~:::::=-~ 

o ~----~----~--~~--~----~ 

o 0.1 0.2 0.3 0.4 0.5 

Feed rate (mmlr) 
I 

... • ... A 

"lI) VI nose radius 0.8 lJ~H'lLlJ(;11 

~2000rpm 

~13S0rpm 

..... SSO rpm 

""- S30rpm 

Jl1~~ 3.2 ((;]'tl) f'l,)1lJilJ~\Ifi1:::,.d1-:J feed rate nu surface roughness 

CNMG 120404* 

o 500 1000 1500 2000 2500 

spindle speed (rpm) 
I ... ... ... 

n) VI nose rad:us 0.4 lJ~ ~ LlJ(;11 

-+-0.1 mm/r 

--- 0.21 mm/r 

• 0.3 mm/r. 

""' 0.42 mm/r 

Jl1~~ 3.3 m1lJilJ~\Ifi1:::~~1-:J spindle speed nu surface roughness 
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10 

8 

6 

4 

2 

o 

o 

CNMG 120408* 

500 1000 1500 2000 2500 
spindle speed (rpm) 

..J ...... 
"11) VI nose radius 0.8 ~~~IJ.J(;1~ 

-+-0.1 mm/r 

---0.21 mm/r 

..... 0.3mm/r 

-e- 0.42 mmlr 

Jl'l~~ 3.3 (r;i~) f'l'l'l~~~~tJfi~:;~~'l~ spindle speed nu surface roughness 

" " VI",~~~nL"'tJ"r1~ 2 LLUULL(;1nr;i'l~ntJLYltJ~ nose 
, 

4 .,. , 

radius 'li~~f'l'l 0.4 

(;11~~'l~U 

II II I I 

~(;1~'lm~~~tJ"1I'fl~=ntJ~'ltJ~~ LL~:;~(;1nm~i1~tJ;tJ~'ltJ~'l L"'tJ Lf'l~~~ n~~~'l~'l~tl~ '" Fl'l'l~~tJ'lU . " 
~'l~~~'l~",1~~~ 1.1481~Lf'l~L~~W LL~:;~'lnn1~VI"'~'fl~~:;L~tJl~~'lil-if~~~U'l~~Jl'l'ldJfOh . " 

, " " 
LL(;1n r;i'l~~'ln LLtJ'l L ,J~~~"r1~nm~ Ln "'~'l~'ln 

" " ~'l LL mJ~VI "'~'flU;tJ~'ltJ ~:;tJ :;"h~~'l n ~'l LL~t.i~4'UU "';tJ~'ltJil fOh~'l n ~~ C.J~ r;i'tln1~ 
II I I II 

LLn~~"1l'fl~=ntJ~'ltJ(;1'l~~TVh t tXFl'l'l~~tJ'lU ~'lVi ~1 LL~t.i~VI "'~'flutn~Y14'uu "';tJ~'ltJil fOl1 

~'l n~'lf01'l1~~mU ~'l~ ~1 LL~t.i~ ln~'tl'fl n hJ L tJ~Jl'l'l:;n1m~~ L~m ntJ 

f'l'l1~~'fl"1ltl~il"'n~~;~Ln"'~tJl~L~~ilm~VI"'~~U~'ltJ1tJ~~'ltJ1f01¥~U'fl~~~e.J~LtXf'l,)1~ 
~tJ1U~'l~~1~1~tl~11~ilfOl1~~~tJ(;1'l~~1 

L"'tJil ~'l'flU'l~"1l'fl~itJ~1tJ~ ~ nVl "'~'flU L tJ~Jl'l'l:;r;i'l~1 ~~Jl'l~~ 3.4 

22 



23 

"1n%m1~1.~n~1'll.J1;)1~t1i\l":;L\1\l1.~~1n1:;1J'l\ln1m~~hJfl1lJ1nlf1Jl1t~ 
" I II II" 

tj'l=n\l~1\l1,xij f1'l1 ~mJ11J1 \l1:;~1JYl;\l~'l\lYl1~m1LL YiYl U t1i'fl~ m11.~ ~~"L1\l1 \l~1\l~4'uil~~1.~ 

";1m1~nM"lLYlf1~f1m111f1Jl1t~tj'l~\l~1\l~ij~m~tru:;dj\lll1YlN1~11,xi1f'i1m1~'-'U11Jtj'l1\l 
1:;~1J\l1L\lL~~1 L~m11":;";1m1111:;tJn(;]u1~fim1 polishing ~1Hfi'l~n1J~\lU\l(;] L~'tl~.,:; 

., 
~1~11t1f1'l1J~~ ~'l~l1mnr~1'-'f1J; ~ (polishing tool) 1,x~ 1~11m ;)11.11; c;)=n\l~1\l1.~ \lll1LL1J1J 

LLf'l:;~filYl1~ ~h~11.~ 

3.2 n1'iVlfl'a'£l~tJr1.JtJt~~'l~'U~1Ufl'l!J~fi Abrasive polishing 
., ., 

m1Ylenf'l'fl~il,,:;,,;'m11Yl~f'l'tl~n1J=n\l~I\l (m~n mild steel : Hardness 111 

HB) ~i1~miru:;dj\lf1i~YlNnf'l~'\llenL~\lcJl\l~\lUnf'll~ 25 ijf'l~L~~1 ~~4'en~ldj\lll1YlN1en1 
, , ~..t.1 ...... 'i' 1" ~ 'i' ..t 

'flU1~~1U} '1I~'\lllJ~I"In'lfi turning ~~U 'Lf11'tl~ CNC (MAZATROL 640t NEXUS) ~enU'\l 

.J ... 1 "'.-::IiI .. ~.. 0 .., 

J11YiYlflJ11'l:; spindle speed 2,000 1'fl1J/\lIYl '1I~~nf'l~ carbide insert "1n\l\l"~\lI~I"lJen 
., ." 

tj'l=n\l~1\l~'lu~fi abrasive machining L~U1.~Ul=n\l~I\l~IUc;) 1,x'tl~ n1JYi LL~'l";1n11i en 

tj'l~\l~I\l Lc;)U";1 m 1L:nU\lL111LLm~ nl'-'\len L~\lYll~~ t1i'tl~ m 11,x n1J~\lu\l(;] (MITSUBISH I • 
MOVEMASTEREX RV-M1, 5 Degrees of fmedom) LLf'l:;~~ILLWW~11f'l1mL"lJ\l''fl~~\lU\l(;] 

., 
(end effector) 1.~";1m1~~~~ polishing tool LtI\lLLl1N;~L~\lcJl\l~\lUnf'l1~ 6.5 ijf'l~L~~1 

~~'\l;~";1~1"ln Nylon Ul'l 1 0 ijf'l~L~~1 L'tll1.~'LtI\l~l1mnr;~~'l~\l~I\lL~U":;";lm1;~ 
~'lUf1'lI~L~'l1'tl1J 2,000 1'tl1J/\lIYi LtI\lL'lf'lI\lI\l20 \lIYi ~~LLfl(M1\lJ11Yi~ 3.5 LLf'l:;~111~~ 

3.2 



, , " q 4.., .- ClIo ",_.-;I 

fl1YiYl 3.5 Lf'l~!l~"1l~eJ'l"l!\J~1\J~'ltJ'lfi abrasive polishing 

" " ~1~1~Yl 3.2 ~ttJL~!l\JL"1lm~Yl~~!l~iJftHJt~~'l:n\J~1\J~'ltJ% Abrasive polishing 

.: 
"1l\J1~"1l!l~'l!\J~1\J S0 25 mm 

.: 
Hardness "1l!l~'l!\J~1\J 111 HB 
.., ~ dI 

~m~tru:;"1l!l~'l!\J~1\J f'lNYlNn~lJ 

L~\J~1\J~\Jun~1~LLiJNi~ 06.5 mm 

f'l'l1lJtJ1'l"1l\JLLiJN I 10 mm 

ttl ~~1 m~~~Wll!l~LLiJNi ~ 2,000 rpm 
.., 

"1l\J1~eJ~"1l~ 5 J!m 

Hardness "1l!l~eJ~i~ 1,900 HB 

L'l~1Ylt;n\Jm~i~ 20 minutes 

" " t\Ji\J~!l\J"1l!l~m~i~:n\J~1\J~:;hJn~:;"f11L~tJ~N~:;~~1~~iJn~nr~1~fui~riu 
" :n\J~1\J LLj;J~:;ilrN~1~fui~ (abrasive particle, Mesh size #14,000, Micron range 5 

LlJLf'l~LlJ~~ : Hardness 1 ,900 HB)~~!l~t\JliJ'll!l~ ~1~~:;~1tJ!l:;~n\J1 (eJ~!l:;~n\J1eJ~lJriu 
" , 

,j1) Lil\J~'l ~\Jn~1~t \Jm~i ~ L~tJm~,j1LLiJNi~lJ1~lJ~~t\J~1~~:;~1tJ~n~~LiJ 5 n~~ LlJ ~~ • 
Sf I • I II I I 

~1 mr\J~~,j1 LiJi ~ ;~~:;~~ eJ~ t ,x~~Yl LtJ\J~'li ~:n\J~ "I \JYl LL Vf~1~~!l eJ~!l:;~n\J1;~il'll\J1 ~ t \J 
I II I II 

~:;~ULlJLf'l~LlJ~~ ;~~i~i~:n\J~1\JLL~'lL~eJ~~~LL~~~t\Jfl1YiYl 3.6 ("1l) ~1mr\J~~,j1lJ1tj~~1 

f'11 f'l'l1lJ~tJ1U~'l L~mf'li!l~tj ~ f'l'l1lJ~tJ1U~'l (Surfcom 1,4000, ACCRETECH-TOKYO 

SEIMITSU: straightness accuracy 50 \J1L\JLlJ~~) L~tJ"f11m~~1n,r'l stylus liJu\J~\J~1\J 
LtJ\J~:;tJ:;Yl1~ 1 n~~LlJ~~ ~~1LL'\.nl~j;J1~1 3 ~1Lm'\.l~L~m,J\Jt,x~1~~1n'~~\JUn~1~t\J~~tJ:; 

24 



, I II I I I 

Yl LL(;)n ~1..:1 n1J~,aL~ (;l..:lL 1Jfl1Y1Yl 3.7 "l1mr1J~..:IU1 r.J ~Yl'1.~'bJ'VI1 r)1 L'U~U ~..:I"l ::'1.~r.J ~ n1~ 

LmUULYlUur)1Fl,)1~'VIU1U~,)"1J'a..:l~1J..:I11J~'1.~"l1nm~~1JlU~')u~fi turning nu~fi polishing 

~..:ILL~~..:IL1Jfl1Y1~ 3.8 r)1Fl,)1~'VIU1U~')~'1.~"l1n~fi Polishing "ldJr)1~1n~1~fi turning 
" , 

U~::~1ru 14.5 Lyh L~U~,)~1J..:I1'UYl'1.~"l1n~fi turning t)c;)r)1 Ra '1.~Lyhnu 9071J1L1JL~[;]~ 
" , 

~')'U~'):n1J..:I11JYl'1.~"l1n~fi polishing t)c;)r)1 Ra '1.~Lyhnu 63 1J1 L1J~[;]~[11] 

A4 
')1) abrasive polishing 

Point 1 

Point 2 Point 3 

Top view 
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( J.1m) 
r-~;~~~~~~~~~~~~~~~~~ 

10.0Jr-·~:-+~. ~~.~~.~~.~~.-+-T.-+~t~~.~~.-; 
I I t I # I , , . I , I . --.-- ............ --.• _ .. --. -- .... 4--· ... :, ......... ., ...................... -- -- .... .. a. ,~'.t I , 1 \ 

5.0 ~~.-+~.~~~~.-4~.-4~.-+~' -+~t~_.~~.-; 

O. 0 I-ljf--IH-4!+-lNVW\ru~~.-.Ml4M-"N'\4'*1f1o~i-+nIF~~NWl," 

-5. 0 t----i;.-,..-r-+--t--i--f--+-+-i---t-i---t-+--+-""""'-+--'i----+-i--I 
, .I • I I I .. • • ( 

t • • j I • ~ • I i .. _,,-- .... ~ ....... --r ........ ,.- - --"1-- ' .... ., ..... . .... .- ..... --,. .. - _ ... , .... ''''-''--
to r ~' I I • I I I • 

-10.0~~·~ __ ·~_t~-4.~--._+~._+~'_+~'~-.~~._1 

0.00 0.15 0.30 0.45 0.60 0.75 (mm) 

(~)~~--~~~--~~--~-r--~~ 
1.0~~-r.~~~~~~~~-+-r~~~--I . ...... -- --~--- --~-- -- .-- --~-- -- ~ .. - ---~-- --.-- --+-- --~-- -

t I', I 
0.5r-~,~.+-~:-+-7.-+~.-+~:-+~:-+~:-+~.~~:~~.--t 

• I ~ I I I • I f I .... t .... .. .. ~.. .. .. .. -:- .. .. ... .. ~ .. .. .. .. ~ ..... .. ... ~ ..... .. .. -:- .. .. .. - ~ ..... ... .. f .... .. .. "'! ...... o I ~- t I ~' t , I I A. ' 
.O~~~¥~~: ~~,-~~~~t~~t·~~r~·; ~~~-~~.~-.~~.-~~~~~~.~J~;~~ 

--t-- .--"--- .. -:-- - --~ .... .... ;.-- ..... ,-- ---:--- "~'r-- --~- - .---:---
t I • I , I t 

-O.5 r-r·-+-+·_+-+·_+-+·_+-+·-+-+·-+~~~~~-;~·--I 
, I , I , I , t • t 

• I I I I I , I • I --.,- ... __ ., ______ 'M __ -- r-- - "'r-- --, .. - ---t--- --r-- --.-- --'l---
• , I I I I , t , • 

-1.0~-·-+--·-+--'-+--·-+--' -+--·-+--·~--·~--·~--·~ 

0.00 0.15 0.30 0.45 0.60 0.75 (mm) 

... .J~"...... . 
'II) 1"l,)'ll-J\m'ltJ~')Vl ~rn'il'lmfi polishing 

n'l~~ 3.8 LmtJLY1tltJFl'lI"l,)'ll-J\m'lu~')~1~'il'ln~fi turning ntJ pol ish ing 

" 
5 ij 1"l,)'llJ~~L~tl rn~-:j (H igh precision) LL~~ij 1"l,)'llJ~'llJ'l~Cl1kln'l~fn~'l ~~kl'ltJ'II'el-:j n'l ~i rn L ~~-:j 

11 • I • 

'il'l n ntJ ~ ')on kl-:j 'lkl'el~ (;l ~ 'el VI L ') ~ 'l l-J 'll"l') tJ ~l-J n'l nl"l ~ 'elkl Y1~ 1'el'el 'l 'il'il~"fi 'l n 'l nJ ftJ tll-:j ~ ') r.r tJ 
II I I I I I 

onkl-:j'lkl L ~ij n'l nl"l~'elklY1L klltl LLtJtJ ~'l-:j11~ LL VlklL ~'el Ltlkln 'l ~~ rn L~klVl 'l-:j n 'l ~LI"l~'flklY1'11'fl-:j~kltlklr;l 

~,)klL kl~'lkln'l~~ ~kl'll"l,)'ll-J ~ ~ L~tl rn L ~l-J 'l n~kl~ 'llJ'l~Cl"fi'll~rntl Ltl~ tlWllkl'l rn'll'fl-:j ~-:ji rn L ~ij 

'IIkl'lrn L~ n~-:j L~'flll'lltl~ 1"l,)'ll-J~tJ'ltJ ~')~iJ Fl'l ~'l~-:j ltl~ n [10] . r.r rn~'l'fltln~nr~'l~ftJi rnikl-:j'lkl~ 
~ . 

, , " 
~'IIkl'l rn L~ n~-:j ~'llJ'l~Cl n mntJ ~-:ji rn 1~~ LL~ ~ij I"l,)'ll-JU rn~~kl~-:j L ~'elY1'il~~'llJ'l~ClL;r'l ~-:jonkl-:j'lkl 

1~'tl n1 ~'l LL ~ti-:jl-J'l L .jfn'il~~'ll-J'l ~Cl~ ~ kl'l ~fin 'l ~tl ftJtll-l ~ tun 'l ~ ~'Jikl-:j 'lkl~~kl lWS n ~-:j'il ~ Ltlkl 

J' .... .Q"'~ 
L l.\'el~'l~~ n'll'el-:j-:j 'll.\,)'il tlkl 
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... 
UV1'VI 4 

"'l1nn15'~n~1~L~~~ Abrasive polishing (tJY1~ 2.3) "'l:::L~~1~~1"11~1(;l"1l'il~ 
, " " 

~~i(;lVlL~n~1~1~qjn~1f'1,)1lJ~tJ1tJtj,)"1I'tl~;~~1~m"'l~~~~1,xn15'n~~,);~~1~Ltl~hJ~th~hl 

ihh:::~Y1fiI11Yi't1~Lij~~lJ1"'l1n~fin15' Abrasive polishing Ltl~n15'i(;lLLtJtJ 3 body abrasion 
" , " 

't1~1.J5':::n'tltJ~')tJ LL1.JNi~ ~~i(;l LL~:::;~~1~ ~~~~i(;l"'l:::1lJC1nU~~~'tltJritJLL1.JNi(;l~1'tl;~~1~ 
OJ OJ 

"ri11 ,xn5'ru~ ~~i (;lil"1l~1 (;l 'W L~lJ1:::~lJritJ f'1,)1lJ~!J1tJ ~') ~~i~m"'l1(;]~1'tl LL'u~tJ ~,)~~~1~LL Y1~~ 
" , 

"'l:::n~~,);~~1~ ~~LL~(;l~1~1YiVl4 . 1 

Polish ing direction 

~- Abrasive particle 

Workpiece surface 

" " 
111YiVl 4.1 ;~1 (;le.J~i ~Vl L~lJ1:::~lJLL~:::1lJ L~lJ1:::~lJritJf'1')1lJ~tJ1tJ~,)"1I'tl~;~~1~ 

~ ~ I ~ 

~~i (;l ~'tl n"'l1 ntr~ti~Y1 ~~~~~1~1~,)~f'1f~Vl L~lJ1:::~lJ1 ~n15'i (;l ~,);~~1~1 ~LL(;]~:::~1 LL~\l~ 
..., ../'1 ~ ov ... ~ ·"/1 ~ -1'1 " 'ov 'I' 1- 1 

LYi'tl"'l:::~(;l5':::tJ:::L,)~1Y1 ~'l! ~~n15'"11~e.J')'l!~~1~LL~:::~1~~Y1 ~ ~u ~'l!5',)lJntJn15'Y1~~~~ ~~tJY1(;1~1 u 
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,~ ~ 

n~~Y1ttrj;]11n1nUlU'1I~~;U'nlJ 235 ffiU/U1Vl, ttrj;]11n11tl'e)\J;\J~1U 0.2 ij~£hlJj;]1/1~U H~~ 
~ ~ 

n~~ carbide insert '1I'e)~ Sandvik im~tru~n11L.;r1;\J~1\JLiI\JLLuun~~tJ1C;)~~1 r.l1mr\J~~ 
~ ~ ~ 

U1lJ1-D c;)tj':l;\J~1\J~')u~fi Abrasive Polishing Lc;)U't~U1;\J~1\JlJ 1U c;) 1 \\,'e)~ riUVI LL~')vh n11-D c;) 
~ , 

tj,);\J~1\J Lc;)uvh n11L;u\JLtJ1LLn1lJ n1~\J~ L~\JVl1~Vl t1f'e)~ n111 \\' riu~uuu~ (M ITSUBISH I • 
MOVEMASTEREX RV-M1, 5 Degrees of Freedom) LL~~~~1LL~\i~u~1mL'1I\J'1I'e)~~\Ju\J~ • 

~ 

(End Effector) 't~Vhn11~~vi'~ Polishing Tool LiI\JL~tJN-DC;)L~\JeJ1\J~\Jun~1~ 6.5 ij~~LlJj;]1 
, ~ ~ 

en~'1I\J-D~";1lJ1~1n Nylon U'I,) 1 0 ij~~LlJj;]1 LmHLiI\J~tJn1nr-Dc;)tj,);\J~1\J Lc;)u1\J-D\Jj;]'e)\J'1I'e)~ 
~ ~, 

n11-D ~;\J~1\J~~hJn1~";1 LC;)U j;]N1~~~1~~tJn1nric;)riu;\J~1U LL(;]~~~ ~~~1~fU-D c;)en~'e)~1 \J 

ltJ'1I~~~11~~~1U SiC LL~~~11~~~1u~~ij\J1LiI\Jvi',)~\Jn~1~1\Jn11-D~LC;)Un11U1LLtJN-DC;)lJ1 
~ 

'lJ~~1\J~11~~~1u~n~~'ttJ 5 ij~~LlJm ~1mr\J~~U1'ttJ-Dc;)~')um1lJL~,)1'e)U 2,000 1'e)U/\J1Vl 

.: 
012mm '1I\J1 ~'1I'e)~'lIU~1\J 

.: 
111 HB Hardness '1I'e)~'lIU~1U 

., .: 
~m~tru~'1I'e)~'lIU~1U 1~\J1U 

L~UeJ1U~UU n~1~LLUN-D c;) 06.5 mm 

fil')1lJU'I,)'1IULLUN 10 mm 

ti j;]11 n1rn~U'1I'e)~LLtJN-D c;) 2,000 rpm 

... 
'1I\J1~~~'1IC;) 35 LL~~ 60 J..lm 

., 
1,900 HB Hardness '1I'e)~eJ~'1IC;) 

~1U,)\Jfilf~~1~\Jn11-Dc;)(;]'e)~U~1\J :-, dI .... 

1 filN tN 12 filN 

II I I I 

tj,);\J~1\J LYl'e)~~~ ~ L,)~1Vl~~1.n \Jn1n ~'11~~ n11V1 c;)~'e)~i1~4'u~\J(;]~1'ttJ LC;)U~~VI C;)~~~U1 eJ~ 

-D~SiC '1I\J1C;) 60 'tlJLfil1LlJj;]1 LL~~ 35 'tlJLfil1LlJj;]1 i~~1Ji1Lm\i~L~u')411 LL~')tjc;)m1lJ~U'llJtj') 
..J't1' :::. 't s-., ..J 
VI I1lVJn12 filN ~eJ~~~1)1YiVl 4.2 



Abrasive size (60lJm) .320 

0.6 -r-----------------------

0.5 +----------------------

• 
0.4 +--------.---------------

E • ! 0.3 +-______________ L-. ______ ~. • 
a: 
0.2+-----------------------

0.1 +-----------------------
o +---~---~---r_--_.---,_--_. 

o 2 4 6 8 10 12 

Number of polishing (times) 

Abrasive size (35IJm) .600 

0.5 -r-------------------

0.4 +----.------------------ . E 0.3 -+----------+-----:;.~------
.2: • • 
~ 0.2 +--------------------

0.1 

o +----.---.---.---~---.----, 
o 2 4 6 8 10 12 

Number of polishing (times) 

I "I " 

Jl1YiVi 4. 2 Fl'l12_Ji2_J~\lfi~:;~~1'l~1\1'l\lFl1'lVii '" ~'l:n\l'l1Wiu Fl'l12_J~tJ1U~'l 

~ ~ 

"'l1 n e.J~ n1~'Vl '" ~'fl'l LU'fl'l ~\I"'l:;L ~\ll~~ 1 e.J'l-n "'11'l 2 "11\11 "'~12_J1~tl~ '" Fl'l 12_J 

" " " " " ~tJ1U~'l:n\l'l1\11~~t\lm~i~ei1~1LL~t.l'lL~2_J11'l~2_J'" 4 - 6 Fl1'l~'l\lwi'l"'l1mr\lFl':J12_J~tJ1U~'l 
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., 
1~~~ L Yl~1:;'tl:;ulJ~~i ~ ~~ hJCNi ~~ :;Ln ~n1~LL'tl~tJ~1'el Ln ~ L)J L)JlJ(;) ~ rol')tJlil1 n LLNf ~)J1li11. ~ 

" I" II I 

t.J~i ~~~lJYl~ n 11.1 j;11)J rol,)1)J~tI1tJ ~,)"ll~~;lJ~ 1lJ~L VllJYl~:;nlJL "''el;lJ~1lJ~~ LL~ ~~ 1. tU'l1YlYl 4.3 

Abrasive 
Particle 

workpiece surface 

Applied 
Force 

Ir 
Abrasive 
Particle 

workpiece surface 

Applied 
Force 

IT ran.late ~ Cut I I Rotate ~ Can not cut I 

., ., 
... 0 .... .- CJ 

n1~Vl~~~~lJ~:;Vl1n1~Vl~~'el~ntJ'jjlJ~1lJ (L~~n mild steel : Hardness 111 

HB) ~$1~n~ru:;LtllJVlNn~:;tJ~n~,J1~~LffitJL~lJ~1lJ~lJtJn~1~ 12 ij~~ L)Jj;1~ ~~~lJlt.l)J1~1n 
...... ... ~ 1."'''' ... ..t ... ~ .- ~ 
,)fin1m~~ ~~U 'jjLrol~~~n~~LLtJtJn~'elj;1~lJ)Jj;1"ll'el~ Win Ho Technology Industrial CO.,Ud ~~U 
,., ., 

n~~Yl~j;1r1n1~~~lJ"ll~~:nlJ~1lJ 235 ~'eltJ/lJ1Yl, ~j;1r1n1nJ~lJ;lJ~1lJ 0.2 ij~~L)Jj;1~/~'eltJ 1.-if$1~ 
., ., 

n~~ carbide insert "ll~~ Sandvik ~n~ru:;n1~L';h:nlJ~1lJLtllJLLtJtJn~~t.l1~~,J11il1nUlJ~~ 
., ." 

tl1)J1i~ ~'):nlJ~1lJ~,)U1fi Abrasive Polishing L~ul~tl1:nlJ~1lJ)J1U ~ 1. ~'el~ ntJYl LL~')li1 n1~i ~ 
., , 

~'):nlJ~1lJ L~uli1 n11L~UlJ Lt.l~LLm)J ri1~lJ~ L~lJVl1~~ ~'el~ n1~1. ~ntJ'\.ilJUlJ(;) (MITSUBISHI • 
MOVEMASTEREX RV-M1, 5 Degrees of Freedom) LL~:;~~1LL~ti~t.l~1mL'tllJ"ll'el~'\.ilJUlJ(;) • ., 
(End Effector) 1~~1n1~~~~~ Polishing Tool LtllJLLt.lNi~L~lJ~1lJ~lJtJn~1~ 6.5 ij~~L)Jj;1~ 

~~"lllJi~li1)J1~1n Nylon U1,) 1 0 ij~~L)Jj;1~ LmHLtllJ~t.ln~nri~~,)~lJ~1lJ L~U1.lJi'lJj;1'ellJ 
., ." 

'tl~~n1~i ~:nlJ~1lJlil:;'W m:;vh L~Uj;1N~:;~~1~~t.ln~nri ~ ntJ:nlJ~1lJ LL~Iil:;$1 t.J~ ~1~ftJi ~on~~~ 

1lJlt.l"ll~~~1~~:;~1U SiC LL~:;~1~~:;~1u~~ijlJ1LtllJ~,)~lJn~1~1lJn1~f~L~Un1~tl1LLt.lNf~ 
., 

)J1r.j)J~~1lJ~1~~:;~1u~n~~1t.l 5 ij~~L)Jj;1~ 1il1nUlJ~~tl11t.li~~,)urol,)1)JL1,)~'eltJ 2,000 ~'eltJ/ 
, ., 

.q .dI 0 1.c:It. ~ .... 

lJ1Vl LYl~Vl1n1~Vl~~~~~1rol,)1)JL~)J1:;~)J~:;~,)1~rol,)1)J~U1tJt.J')'jjlJ~1lJ~~:;'jjlJ1~"ll'el~t.J~"ll~ 

L~u1.-ift.J~i~ SiC LtJ'elf #120, LtJ'elf #320, LtJ~f #600 LL~:;t.J~f~'el~ijlJ1 5 ~rol~'ellJ LL~:; 1 
" 
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, ", 
L~f'\rttl\\ ~'1~~'191n,j1~'1i(;lLtuhilhJr)(;l~')tlLf'\1ttl'l Scanning Electron Microscope 9~Lt1\\ 

~1~'1i(;lLUttlf #120, #320. #600 ij'1l\\1(;l1.h~~1ru 1 00 L~M'tl\\. 60 L~f'\r'tl\\ . 35L~Mttl\\ 
o .... ..... ..J .J "..... .....J I 

(Jl1~fl1(;lU(;l'lLL~(;l'lL\\I1TVfVl 4.4 LLfl~111Yll'l 4 .5 91nlU9~L~\\,)1~'1'11~9~~L~fltl~f'\~L\\LL(Jlfl::; 
" .. .J ,.: 0 ".J ... J 4.Q~ 
(;l1'W 'l!'1 L ~fltl~ LLfl~f'\~ L ~fl1'W9~l'l1~'W 1l'l L~~ttl'W~ ~l'l f'\ttlm'ilttl\\~,)'l!'W'I1'Wttlttl n Lc;mL 'Wn1 ~ 
"" I I 

l'l(;lflttl'lil9~i (;lU'W~')~,j1~'W'I1'W(Jl1~ L~'Wl'l1'1 ~'1111YlYl 4 .6 LLfl~ij L1ttl'WL'1IL 'Wn1~L(Jl~t1~n1~ 

l'l~flttl'l~'1LL~(;l'lL'W(Jl1r1'1~ 4.2 
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~) SiC "1JU1~ 100 LlIlmuJ~1 

Jl1~~ 4.5ltJ'ht.l~~i~ SiC 'l.n~(;h~1~1nLf'i1'il~ Scanning Electron Microscope 
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.«1 
+-' 
(/) 

Ci 
>-

-- 7mm ........ 
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/\ 

L 7m m 

\Y 
X Distance (mm) 

.J.l' <v ... ~ 
1l1YiVl 4.6 L~tJVl1,:m1~"ll~CJ'l'lItJ'l1tJ 

" 0-

~1~1'l~ 4 .2 ~tU~'fltJl"lln1~Vl(;)~twi~~'l:atJ'l1tJLL1J1JiStJ'l~1~1JCJ'li~ 
~ 

012mm "lltJ1C;)"ll'fl'l'lltJ'l1tJ 

: 
Hardness 'YJ'fl'l:atJ'l1tJ 111 HB 

., ~ 
'&lnM'ru~"1J'fl'l'lltJ-31tJ ~~tJ11J 

L~tJ~1tJ~tJun~1-3 LLUNi ~ 06.5 mm 

fl'l1~m'l"1JtJLLUN 10 mm 

~~~1n1),VI~tJ"1JltN LLUNi ~ 2,000 rpm 

., 
"1JtJ1 ~ CJ'l"ll ~ 1, 5, 35, 60, LL~~ 100 Jlm 

., 
1,900 HB Hardness "1J'fl-3 CJ-3"1J c;) 

L'l'&l1~L-iiltJn1~i~(;j'fl~tJ'l1tJ 2 minutes 

0-

1 tJn1~Vl ~~'fl'ltl'"l~vh n 1~LllitJ1J L ~tJ1J m1~Vlm1J ~'l~:;VI~1'l';jfiHf CJ-3i ~"1JtJ1 ~ 

5 Jlm i ~~'l~tJ'l1~~L~'"l1n n1m~'l"t1tJ~ ri1J';jfi~U')~tJ-31tJ~L~'"l1 nn1~n~'l~1i ~ lri m~"lltJ1 ~ 
CJ-3i(;)~~1LLVltl'lL~tJ'lritJt~tJ1'CJ-3i~ SiC "1JtJ1C;) 1 00 L~tl"'l~L~(;l~ Li:JtJ~tJ~1JLLm~1~~'ltJCJ~ic;) 

0-

SiC "lltJ11fl 60 L~tfl~~(;l~ , LL~~ 35 L~tML~~~ ~,)~~1~1Jri'fltJ '"l1mrtJ~-3U1~1i(;)~'ltJCJ'lilfl 
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, II • I 

LU1tnJ LV1mJnUfl'J1lJ'VImU~'J Lh.J~U'lI'fl-l;U-l1UL ui ~~'nJ'"l~-l ~-l LL~ ~-l L '\U11~V1 4.7 ;-l L Un11 
.., " ......, 

I ..... 0 ..... _ 0 .::.. ....... 0 .... I 

Vl~~'fl-l LLIJ1~:;flN'"l:;Vl1n11Vl~~'fl-l mJ"lIU-l1U'"l1U'JU 3 "lIU '"l1 nUU'"l-lU1lJ1'J ~'VI1 fl1 fl'J1lJ'VImU 

~'JL~tILfl'1'fl-lr)~m1lJ'VImU~'J Surftest SJ-201, Mitutoyo: straightness accuracy 10 U1LU 
, ~ 

LlJ (;l1 (~n U ~:; L~U ~ L ~ lJ L~ lJL Ufl1 flI:-JU'J n) L~m; 1 n 11~ 1 n ~'J stylus hJUU;U-l1U LtlU 
, ~ , 

1:;U:;Vl1-l O. 75 n~~ LlJ (;l1 ;-l'"l:;L~t.J~n11Lm~.1U LYlUUrh f'I'J1lJ'VIU1U~'J"lI'fl-l;U-l1uV1L~r;nn 

, "" " ..J n1:;U'JUn111J11-l1 ~-lLL~~-l ~U(;l111-lVl 4.3 

5 Microns 

1 Micronsl 

~ 0 

60 MIcrons 

100 Microns 

00:7/7~ ///:w5r~44rtice7~/7;;W~ 
fl1~~ 4. 7 LmUULV1uut.J-l,r~'l1U1 ~~1-l1nUfl'J1lJ'VImU~'J~lJ~U 

ih~u~ n1~u1~n1rUfuut~~1 Ra* 

(Jlm) 

1 
.. 

n~-.1 0.94 

2 .. 
n~-.1 + AIP3 5 J...lm 0.65 

3 n~-.1 + SiC 100 Jlm 0.50 

4 
.. 

n~-.1 + SiC 100 Jlm + SiC 60 Jlm 0.36 

5 n~-.1 + SiC 100 J...lm + SiC 60 J...lm + SiC 35 J...lm 0.14 

6 n~-.1 + SiC 100 Jlm + SiC 60 Jlm + SiC 35 Jlm + AIP3 5 J...lm 0.08 

7 n~-.1 + SiC 100 J...lm + SiC 60 J...lm + SiC 35 Jlm + AIP3 5 Jlm+ AIP3 1 J...lm 0.05 
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~ I "" I 

tj';l;"wl'IJVll~~') nm m~-:I,r'-l~ ~ijli-:l Vi PlVI,)-:I~'fl-:l1'fltJ ~ "', rl,),)2-J LU'-Irl~'-I LLfl~ 
_~ ""J' ......J ..... 

rl,),)2-J~tJ')tJtJ') 'lI-:1LU'-ILrlN~1,)-:I~'-I~,)'-I~fl-:l Surface Texture "'-:lLL~"'-:l1'Wl,)~VI 4 .9 ~fl-:l~')n 

';hm1i",tj')~')tJtJ-:lf",~'-I,)'" 512-JLrl1L2-J(;W rl,),)2-J~mtJtj,)fl"'fl-:lLU'-I 0.6512-JLrl1L2-J1111 ~-:lLL~"'-:I 
.J .J a I ..... _ CI ... 0 " .J... J' 

1wn~VI 4.10 ~')nJ)')~VI 4.7 ~~L~'-I')')tJ-:I~"'2-J~'-I,)"'Lfln2-J')n~-:lVI')1~ depth of cut VlLn"'~'-I 
., , , 

~ ru~i ",tj,);'-l-:I,)'-Iij~'-I,) '" L~nl11,)2-Jl1,) 1 m2J~,)2-J,)1C1fl '" Vi PlVI,)-:I~'fl-:l1'fltJ ~ '" ritJ rl,),)2-J LU'-Irl~'-I VI 

Ln "'~'-Il~'-IL,)fl')~n')~'-I'" tl1~n'fltJ ritJ~tlmnri '" LU'-ILLtlN 1 '-Ifl'fl'-l~ij m,)2-Ju "'~~'-I~-:lvh 1 m2J 
, ., , 

~,)2-J,)1C1~h-:l LLN n ",1 l\'ritJ tJ-:li", LYi'fl n "'fl-:l ltl1 '-Itj,);'-I-:I,)'-Il~ L~1,)~LLNVl1~1 l\'ritJ LLtlNi "'~~ ltl 
0'1'" ... ..J 11 II............ .J.. .J 

VI') ~~~'-ILLtlNtJ"'ltlLLVI'-IVI~~~-:ll11fl tl1~ntJtJ-:I'1I~l "'-:lLL~"'-:l1'Wl,)~VI 4.8 'lI-:1~')nJ)')~VI 4 .9 LLfl~ 

J)')~~ 4 .1 0 LL~ "'-:I 1 l\' L ~'-I~,)~-:I rifl'-li", LLfl ~~i-:li '" ~')tJ tJ-:li '" ~,)-:I ri'-lL~tJ-:I LLFl rl,),)2-J~-:I~fl-:ltJ'fl '" 
" 

rl,)12-J~mtJ ~') ~,)'-I~,)'-I,)'-Irl~'-I~'fl-:l m,)2-J~tJ,)tJ ~,)U-:l rl-:l L~2-J L ~ 1'1~'1I'-I ') '" tJ-:li ",~12J L ~2-J,)~~ 2-J 

tl1~nfltJritJLLNn ",~12J L~tJ-:I~fl 
., , 

VI,)-:I~,)'-Itj,);'-I-:I,)'-IYll~~')nmm~-:lLLfl~f",lfi~')tJtJ-:lf", SiC ~'-I,)'" 1 00 
., 

12-JLrl1L2-Jm , 60 12-JLrl1L2-J1111 , LLfl~ 3512-JLrl1L2-J1111 1Jl,)2-J~')~tJ,r'-ll~rl,),)2-J~mtJtj') 0 .50 

12-JLrl1L2-J(;W, 0 .3612-JLrl1L2-J1Jl1, LLfl~ 0.1412-JLrl1L2-J1111 m2-J~,)~tJ ~-:lLL~"'-:l1'-1J)')~~ 4.11, 4 .12, 

<I 1'" .... .l"I ..I "'1" LLfl~ 4 .13 ~~m'-l "'')')m,)2-J~-:I~fl-:ltJfl'''m,)2-J~mtJtJ,)fl'''fl-:l2-J,)nLLfl~m,)2-JLlJ'-Irlfl'-l tJ-:I "'~n 

n'-l~'-I~')tJlt1~2-J",~~~~ij~,)'-I,)'-Irl~'-Irl,),)2-J~tJ')tJ~,)~'-I,)"'L~n~"'~'-I2-J')~~')~~ti-:I~,)-:l1 

2-J,) n2-J,)tJLL VI '-I L tifl-:l~,) n tJ-:li ",ij~'-I,) '" 1 m-u ~,)2-J,)1C1~1,)-:I depth of cut ~ij Fl,)2-J')nl1,) 1l\' 

..I 1'" CiiI .... " ... ",.J .ca. CI .J ~') 2-J ') 1C1 fl '" rl,),) 2-J LU'-Irl fl'-l '" LLfl ~1 '-I~ ru~ L"'tJ') rl'-l m.!-:I ~ 1'1-:1 rl fl '-Irl,) ') 2-J ~tJ ') tJ tJ ')~ '-I')'" Lfl nVl 

~') Lmti-:l ~,)-:l1tJ'-Irl,),)2-J LU'-Irl~'-IIJl,)2-J2-J,) ~-:I~~-:I~,) ni '" ~')tJ tJ-:li "'~'-I,) '" 1 12-J Lrl 1 L2-J 1Jl1 ~tJ~') Fl,) 

rl,),)2-J~mtJtj,)~,)2-J,)1C1fl"'fl-:llcW-:I 50 '-I1L'-IL2-J1Jl1 ~-:lLL~"'-:l1'Wl,)~~ 4 .15 [12] 
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"~L1.I~tJ'W~1.I n 1rui ~ LiI'W~tl n1rui ~~ ~ 1lJ11t1 ~ ~1'l LL1'l n ~~ ru~i ~ 1~ LL~ ~~ LI'l11~lf~1 

" 
1'l'l1lJ ilJ~'Wfi1~~~1'l LLN n ~~ ru~i ~ LL~~1'l'l1lJ~mU ~'l;'W'l1'W 

r(;lmJ~?f~fl • 
~ ... <V • I .. .J ~ " -

n11Y1 ~~'tl'l'WlJ'l (fI t1u1~~'l1'l L 'Vi'tll"l n~11'l'l1lJ ~ 1lJ11t1 ~ 'Wn11~ ~ 1'l'l1lJ~mU ~'l , 

~'li1"r.rtJ~ Ll'ln~lf~'tl LLN~HL 'Wn11i ~ LL~~1'l'l1lJ~mU ~'l LllJ ~'WL 'Wn11i ~~'l~'W'l1'W t~tJ H' 

~1.In1rui~LiI'Wnt)'Win~~1~Y1NM~Ut)n 

" " n11Y1~~t)'lth~vhn11Y1~~t)'lnu:n'W'l1'W(L~~n mild steel : Hardness 111 
.J. ... _ _ I #' CIIo"::'..4 J' <Q.4CiI 

HB) Y1lJ~n~ru~LiI'W~'lL1tJU~'W1~L~'W~1'W~'WtJn~1'l 25 lJ~~LlJ(fI1 'l!'l~'Wl1.llJ1"1mfi turning 

t"ltlHLI'l1t)'l CNC (Mazak INTEGREX 4) t~tJ;'WJl1'Vi~~Jl1'l~ Spindle speed 150 LlJ(fI1/ 

" 
'W1V1, feed rate 0.15 ij~~LlJ(fI1/1t)U, depth of cut 0.5 ij~~LlJ(fI1H'iJ~n~'l HSS "1mr'W~'l 

" ", 
1J1lJ1i ~~'l=n'W'l1~~'ltJ~fi abrasive polishing t~tJ1J1;'W'l1'WlJ1U~ L ,xt)~ nuVl LL~'ll11 n11i ~ 

" , 
~'l;'W'l1'W t~tJ n11L;tJ'W t1.lmMlJ ri1~'W~ L~'WY11'lVi ~t)'l n11 L,x nu~'WtJ'W~ (FANUC Robot M-, 

, " 
16i B20) LL~~V1~1LL~~'l1.l~1mL~'W~t)'l~'WtJ'W~ (end effector) 1~l11n11&i~~'l polish ing tool 

Lil'Wnt)'Wi n~~1 ~Y1N n1~ut)n ~'WL~'W~h'W~'WtJn~1'l 13 n~ ~ LlJ (fI1 Lt)1 B LiI'W~1.I n 1rui ~ 
" ~'l;'W'l1'WL 'Vi 11 ~nt)'W~ n~~1 ~,,~iJ r1'l1lJ~t)'W~lJ~t)tJ n~1~'WLL1.IN 1 'W~t)'Wl11 L ,x~1lJ11t1~'l LLN 

" , 
11.1u'l ~'li ~ 1~ ~m1'lnt)'Wi n~~1 ~V11J1lJ1 H Ln ~"1nn1 ~~ ~ L~'WLtJ~1'W'l'Wl-J1 n L.Ji'1~'ltJ n'WL ,xLiI'W 

t.I .. .J t/.t:II cr" .J ~..:I .... SI tV 

nt)'WLL~ ~~'l'1l ~Y1 1"lllJ~'W1 ~ L~ nlJ1 n nt)'W~ n~~1 ~Y1 L.JfL 'Wn1 ~Y1 ~~t)'l'W"'ltJ'l'lhtJL 'W~1'Wn1m n 

Lnu ~'li ~ l~L,xn ~~"1tJt)t) n" 1 nu1'L'l rui~~'WL ~'tl'llJ 1"1 n LLN L ~~tJ'l ~'ltJ t~tJ" ~n'tl'Wi~":;~ n 

iU~'ltJlJt)L(fI'tlf 12 V DC &i~LntJfY1~~'ll11L,xr1'l1l-JL~'l~'tlUL~~'tl 200 ~'tlu/'W1V1 ~'ln1~Y1~~'tlU 
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~ , 
n1nn~\Jr;J'll-Jl-J'l L~l-J'tI t(;ltJ~~~ n1~~ (;l~'HiI\J~ ~ LL~ (;l~1 \JltJ 5.1 LL~ :;ih1't1\JL' n1~Lr;J~tJl-Jn1~ 

.,....... "... . . . 
'(;It.J')"l!\J~'l\J(;l')mfi Abrasive polishing 

" ~ 

r;J'l~'l~Vl 5.1 ~,tJ~'tI\JL'n1~Yl(;l~'tI~tJf1JtJt~~CWl'l~FJ,)~\J~'l\J~')mLNn(;l,ru:;i(;l 
.: 

025mm ,\J'l (;lnl~"l!\J~'l\J 

.: 
Hardness ''tI~"l!\J~'l\J 111 HB 

.... .: 
~ n~ru:;"J!'tI~"l!\J~'l\J ~:;\J'l1J 

L~\J~'l\J~\JU n~'l~LLtJNi (;l 013mm 

~r;J~'ln1~~l.J\J"J!'fNLLtJNic;, 200 rpm 

.... 
'\J'l(;lt.J~'(;l 35, 60, LL~:; 100 J..lm 

.... 
1900 HB Hardness "J!'tI~t.J~'(;l 

...... " rl,)'ll-J~tJ'l1J t.J') L~l-J r;J\J 0.63, 0.83 LL~:; 1.00 J..lm 
.... 0 

LLNYlYl'lm~V1(;l~'tI1J 20, 30, 40, 50 N LL~:;LaJ'tI'lfii'mLNi(;l 

L,)~'l~HL\Jn'l~i(;l!Jl'tl~lJ~'llJ 5 minutes 



., , , 
t\Jn11V1(;1~'tl.:Jtl~~V1(;1~'tltJYlrl'l1~"HJ1tJn'lLhJ~lJ 1 't~Lrl1L~(;J1, 0.85 

't~Lrl1L~tJl1, 0.63 't~trl1L~(;J1 ~.:JitJl~U1~1t-nVl(;1~'tltJ~'tl SiC #120 (100 't~Lrl1L~(;J1), 

#320(60 't~Lrl1L~tJl1), #600(35 't~Lrl1L~tJl1) LLNn(;1~V1tJl~'tltJ~'tl 20 ~'l~lJ, 30 ~'l~lJ, 40 ~'l 
., , 

~\J, 50 ~'l ~\J ~ 1mr\J~.:JU1~1~ (;1~1 ri1 rl'l1~~U1tJ~h LtJlmrl1'tl.:J~ tJl rl'l1~·M.I1tJ n'l Surftest 

SJ-201, Mitutoyo : straightness accuracy 1 0 \J1L\JL~(;J1 (~11t1~~L~t1(;1L~~L~~L\J 
., , 

1l1rl~\J'ln) t(;1t1Yhm1~1ni'l stylus h.JtJ\J:n\J.:J1lJLijlJ1~U~V11.:J 0.75 ~~~L~tJl1 :n.:J~~'t~~~ 
., , , 

m 1LmutJ L Yl t1tJ ri 1 rl'l1~~t11tJ n'l'1l'tl.:J:n\J.:J1\JYl't~~1 n n 1~tJ'l\Jm 1l'l1.:J1 ~.:J LL~ tJl.:J LlJ(;J1 11.:JYi 
, , ... ... 

5.2, 1l1YiVl 5.2 LL~~ 1l1YiVl 5.3 

, 
Ra w~t1f\J 

... 
fl'l1~~tJ1tJth~1nm1i(;1~'lmLN'1I\J1(;1l'l1.:J1 (jJm) '1I\J1(;1~.:J'1I~ 

LLNn~ LLNn~ 

I 
LLNntJl LLNntJl hl'tl1~t1 

(jJm) (lJm) 20 N 30 N 40 N 50 N LLNntJl 

100 0.60 0.47 0.48 0.61 0.56 

0.85 60 0.46 0.48 0.43 0.45 0.60 

35 0.63 0.51 0.59 0.58 0.71 

100 0.42 0.41 0.43 0.46 0.54 

0.63 60 0.45 0.47 0.47 0.48 0.42 

35 0.35 0.35 0.29 0.30 0.51 

100 0.23 0.21 0.26 0.21 0.38 

0.42 60 0.24 0.22 0.20 0.21 0.32 

35 0.12 012 0.12 0.14 0.19 

" 
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0.7 

0.6 - 0.5 
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:::1. 0.4 - 0.3 
tV 

0::: 0.2 

0.1 

0 

o 

Particle 100 11m 
... ... 
~ ~ 
- ~ .- .. 
&. 

.... ---... 

10 20 30 40 50 

Polishing force (N) 
n) tJ~il11 'jJtJ1 111 100 h / lf'lTLlJ (;W 

. 48 

-+- Ra start (0.85 11m) 

___ Ra start (0.63 11m) 

...-Ra start (0.42 11m) 

Particle 60 Ilm 

-

-

10 20 30 40 50 

Polishing force (N) 
'jJ ) tJ~ il11'jJtJ1111 60 Ll-lLf'lTLlJ(;1T 

Particle 35 Ilm 
..... 
"'-- ..... 

- -- ---- ---- -
-'c 

.... 

10 20 30 40 50 

Polishing force (N) 
f'I ) tJ~ il11'jJtJ1 111 35 Ll-lLf'lTLlJ(;1 T 

-+- Ra start (0.85 11m) 
___ Ra start (0.63 11m) 

...-Ra start (0.42 11m) 

-+-Ra start (0.85 11m) 
___ Ra start (0.63 11m) 

...-Ra start (0.42 11m) 

[11~~ 5.2 tJ~LllimJ LYlmJm1lJt.UJ11J~'l~1~~1nLLNil11'jJtJ1I11Vh~1 
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0.8 
Ra start 0.85 Jlm 

0.7 - 0.6 

E 0.5 

::1. 0.4 -ns 0.3 

-.. :-............. "" - --- -....... ..... 20N 
-II-No force 

a::: 0.2 

0.1 

0 

o 20 40 60 80 100 120 

Particle size (Jlm) 

Ra start 0.63 Jlm 
0.8 

0.7 - 0.6 

E 0.5 

::1. 0.4 -ns 0.3 

..... 20N 

-II-No force 
- .--II -..... ..... ----..,-

a::: 0.2 

0. 1 

0 

o 20 40 60 80 100 120 

Particle size (Jlm) 

"ll) rl,)1).J,"mu~')~).Jr1f'W 0.6314-JLfln4-JlP1~ 

Ra start 0.42 Jlm 
0.8 

0.7 - 0.6 

E 0.5 

::1. 0.4 -ns 0.3 

a::: 0.2 

0.1 

..... 20N 
-II-No force -

""""'---:.A-. t 
~ 

0 

o 20 40 60 80 100 120 

Particle size (Jlm) 

rl) rl,)1).J,"mu~')~).Jr1f'W 0.42 't).Jtrl~L).J(;l~ 

fl1Yi~ 5.3 tJ~LmtJULVltJUrl,)1).J,"mu~')~~wh:jLLNn~ 20 U,)P;'W riu hjilLLNn~ 



, ,., 
1ij1nf)1Yi~ 5.2 Iij~L~uUlt)1m1~\UJ1t1~'J~1~1ij1nn1~i"'~'J:nu·nu~'JmLN 

n"''1Iu1~lJh~nu t~tJ~L.nt.J~i"'LL~~m1~\UJ1t1~'J~~!1fuL~mnUIij~iJ~1LL(;ln(;h~nuhlLnu 15 

% (~1n~~~fl'J1~~tJ1t1~'JLi~!1fu 0 . 851~tfl~L~(;l~ '1Iu1"'t.J~i", 1 00 1~tfl~L~(;l~) LL~~~fl'J1~ 

~tJ1t1~'JLi~!1fu 0.85 1~tfl~L~(;l1 t.J~i"'~~1~1~"~~fl'J1~~tJ1t1~'J1~~1n~~~f.1'tl'1lU1~ 60 • 
1~tfl~L~(;l~ ~hU~fl'J1~~tJ1t1~'JLi~!1fu 0.63 1~tfl~L~(;l~ LL~~ 0.421~tfl~L~(;l~ t.J~i"'~ 

... ~ " .,J... 'I ~ 
~1~1~"~~m1~~tJ1t1t.J'J ~"'~1nV1~"'fl'tl'1lU1'" 35 ~~ ~fl~L~(;l~ 

II " I I 

~~il~1L~~~LLNn~'1IU1~lJi1~nuL""m1~~tJ1t1~'J~hJLL(;lnlJi1~nULYin~n'tlU 
., " 

in~~1~iJfl'J1~'ei'tlU~~~1nnt)1:nu~1u~1nLLN~L~L~~L;r11u~~"';1L""t.J~i~1ij~~~1uLun'tlu 
, ., , 

i n~~1 '" LL V1U~Iij~.Iij~tN 1uL U:nU~1U fl'J1~tJ1'J t.J~i "'~'JU~tt.J rl L~tJ~11ij1 n ~'J~,J1'11'tl~ n'tlU 
., , , 

in~~1~~~LL~~fl'J1~~tJ1t1~'J:nu~1u~1~1ij1nn1ri",~~hJLL(;lnlJi1~nu~~LL~~~LUl11Yi~ 5.4 

Low Force High t-orce 

-J,J,!J, 

1ij1nf)1Yi~ 5.3 Iij~L~Ut)1fl'J1~~tJ1t1~'J~1~1ij1nn1~i~~'J~1~1ij1nn1ri",~iJ 

LLNn", (n'tlUin~~1~) lij~iJ~1~1nt)1fl'J1~~tJ1t1~'J~1~1ij1nn1~i ~LLtltlhJiJ LLNn", (LLUN 
, ., 

1u~'tlu) t~tJlij~iJ~1~1nt)1U~~~1ru 16.8% LL~~~H\~Ut)1n1~i~~'J:nU~1U~1Luu!1f'tl~m~tJ 

LLNi ~ LL~~L~'tl~1ij1 n~umNi "'~ Luun'tlui n~~1~ti~~1~1~" n n Lritlt.J~i ~1~~nt)1LLuN 
1u~'tlu "';1L"""IhtJtl'tl~nun1m~~L~u'1l'tl~t.J~i"'LL~~Ln"'n1ri~~'J'tlth~iJu~~~V1fif)1Yi 
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.... 
'U'VI'VI 6 

.J .J U I AI AQ 

1il1nm~'Vl~~'tl~t\.!U'Vl'Vl 4 LL~:;U'Vl'Vl 5 Iil:;L~\'!'l1LU\.!m~'Vl~~'tl~LYi'tl~1'lfi~~ 

f'l'l1lJW.J1U~'lLL~:;f'l'l1lJ LU\'!f'l~\'!~ Lii {;l;\'!U\'!~'l~\'!~1\'! LL~U~ 'bJ~1lJ1~{l~ {;ll1 fiI'Vl1~'jJ'tl~ ~'tltJ ~ {;l 
, " , 

1~~Yi'tlLYi~1:;t\'!LL~~:;m~'Vl~~'tl~V1rJ1\.!lJ11il:;"'1n1~-i ~ ~'l;\'!~1\.!t \.!l1 fiI'Vl1~ L~tJ'l n\.!hJ C;:'tltJ "'1 

" " 
t ,xLii {;ln1~ii\'!~'l:n\'!~1\'!LL\'!'l L~m~~ tJ~ t ,x~CWl1Yi~'l;\'!~1\.!U~hJ~ 

" n1~'Vl{;l~'tl~UIil:;"'1n1~~n~1f'l'l1lJ~1lJ1~{lt\.!n1~~~f'l'l1lJ~tJ1U~'l~'ltJn1~ 

" f'l CWl1Yi ~'l;\'!~1\'!~'ltJ~1 ~U"1I'tl~'1l\'!1 {;l tJ~-i {;l LL~ :;~'ltJ LLN n {;l'jJ ru:;i ~ • 

" " m~'Vl{;l~'tl~UIil:;"'1n1~'Vl{;lfl'tl~nu:n\'!~1\'!(L~~n mild steel : Hardness 111 

" 
\'!1V1 , feed rate 0.08 ij~~LlJ(;1~/~'tlU, depth of cut 0.5 ij~~LlJ(;1~t-ifij~n~~ HSS 1il1mr\.!~~ 

" ", 
U1lJ1-i{;l~;\'!~1\'!'l ~'ltJ~fi abrasive pol ishing t{;ltJU1;\'!~1\.!lJ1U ~ t ,x'tl~nuVI LL~'lvhm~-i ~ 

" , 
~'l;\'!~1\'! t~tJ m~L; tJ\.! tU~LLn~lJn1~\'!{;l L~\'!'Vl1~V1 t1f'tl~ n1~ t ,xnu~\.!tJ\.!~ (FANUC Robot M-. . 

, " 
16i 820) LL~:;V1~1LL~t.i~u~1mL'1l\'!'1l'tl~~\.!tJ\.!(;] (end effector) 1~"'1n1~~~~~ polishing tool 

LU\'!LLUN-i~ L~\.!rJ1\.!fiI\.!tf n~1~ 6.5 ij~~ LlJ(;1~ ~~'jJ\.!i ~"'1lJ11il1 n Nylon tJ1'l 1 0 ij~~ L2J (;1~ .. 
" 

L'tl1 H LU\'!~U n ~ci-i ~ ~'l;\'!~ 1\'! t~tJlil:;'" 1 n1 ~-i ~ ~'l tJ f'l'l1lJ L~'l ~'tlU 2 ,000 ~'tlu/\.! 1 VI LU\.! 

L'l~1\'!1\'! 5 \'!1V1 ~~LL~~~t\.!~u 6.1 .. 
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J .J ...... .: II ..... .. , 

Jl1YiYl 6.1 LI'l1tl':)"lI{;l~'l'j(~':)1~j;l'lU'lfi Abrasive polishing 

~ ~ 

1~i~l?ltl~"1ltl':)n11i{;l~~':)1~,,:::hh;1L{;lUI?lN1:::~~1.:)(rpJn1nr~1~fui{;lnu 
~ 

:n~':)1~LL(;\,,:::il~':)~1~fui{;l (abrasive particle. Mesh size #600, Micron range 35 
, ~, 

L)JLI'l1L)J1?l1) ~':)tl~1~lU~11~:::~1U (~.:) SiC ~~)Jnu~12T~) dj~~'lI'i~n~1.:)1~n11i{;lL{;lUn11 
I II I "I 

~1~11~:::~1U)J1Y111 ,x'r1'lU1L 'l ru~'l~,J1:n~':)1~~':)":::~':) ~~ 1,x ~'li (;):n~':)1~V1 LL ..1,,1.:) ~tl~':) SiC 
~ ~ 

L{;lu1~n11Y1(;)~tl.:)il":::~1n11Lmud1UU~~"lItl':)n11i{;lCj'l~~':)1~1:::~~1.:)ij;l~'l 1 LL~'l, i{;l~'l 2 
, ~ 

LL~'l LL~::: i{;l~'l 3 LL~'l ~':)LL~{;l.:)1~Jl1YiVl 6.2 L{;luVJn':)fi,,:::il~1tJ'l~l'lf.:)1tJn11i(;)LVhntJ 

LYlU':)LL(;\1~n1ri(;)~.'l 2 LLtJ'l LL~::: 3 LL~'l":::~mL1.J,:)LU1,xLL(;\~:::LL~'lLvl11ntJ Lj;lU~tU11U~:::L~U{;l 
, ~ , 

"1ltl':)n11Y1 (;l~tl':)~':) 1?l111':)V1 6.1 "1mrtJ~':)~1)J1t)j;l~1fil11'l'l1)J~U1U~'l L{;lULI'l'1tl.:)t) {;l1'l'l1)J 

~mu~'l Surftest SJ-201, Mitutoyo : straightness accuracy 10 tJ1LtJL)J1?l1 (~11U~:::LijUj;l 
, ~ 

L~)JL~)J1~11'l~tJ'ln) L{;lU~1n11~1ntr'l stylus hJUtJ:ntJ':)1tJLtJ~1:::U:::Y11':) 0.75 21~~L)J1?l1 ~1 
~ 

n11t)(;)1'l'l1)J~U1U~'l 3 LLtJ'l~t) LLtJ'l ~':)'U1nnuVl PlYl1':)"lItl':)1tlU ~ (;l, LL tJ'li)J ~~nUViPlYl1':)"lItl':) 
, ~ 

1t)U ~ (;l LL~::: LL tJ'l L~U':)V1tl~1:::~~1':) LLtJ'l ~':)'U1 n nu LLtJ'li)J ~ ~ nuVl PlYI1,:) "1lt).:) 1t)U ~ (;) ~.:) LL~ ~N 1 tJ 

Jl1~~ 6.3 ~,:)":::L~~~n11LmuuLVluufil11'l'l1)J~mu~'l"lltl':)~tJ':)1tJ~L~~1nm:::u'ltJn11(;\1.:)1 
... .:J .J oCII ... ... J ~ 
{;l':)LL~ {;l.:)1 tJI?l111':)Y1 6.2 LL~:::Jl1YiYl 6.4 LL~:::)J ;I11~ m1)J~U1U ~'l (;).:) LL~ (;).:)1 ~Jl1~Y1 6.5 (1.:) 

.J 
Jl1~Y1 6.8 
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Top view 

~ 

/'" ........ 
t'-.. 

I \ 
I 1 

"-~ ",,/ 
r-

,m llnll ,m 211lt'l 

, ~ 

(;1111~Yi 6.1 ~ttJ Test Condition n1rn~~'tl~uflJU~~~'):a'-!'11'-!L~m~'-!"r11'1'1J'tl'ln11-]~ 
.: 

075mm '1J'-!1 ~'1J'tl'l'l!'-!'11'-! 

.: 
Hardness '1J'tl'l"l!'-!'11'-! 111 HB 

... ... 
~m~tru~'1J'tl'l'l!'-!'11'-! ~~'-!1lJ 

L~'-!cJ1'-!fiI'-!un~1'1LLUN-]~ .. 06.5 mm 

rl,)1~U1,) n'tl'-!LLUN 10 mm 

~(;111n11'\-1~,-!'1J'tl'lLLUN-]~ 2,000 rpm • ... 
'1J'-!1~tJ'I'1J ~ 35 J..lm 

Hardness '1J'tl'l tJ'I-] ~ 1,900 HB 

L~'-!"r11'1n1n~ 1 LL'-!,) , 2 LL'-!,) LL~~ 3 LL'-!,) 

L,)~1ilt-n'-!mn~(;j'tl~'-!'11'-! 5 minutes 



..-... 

§. ...... 
to 

0::: 

...... 
Ra (\Jm) m'~U'J'\Jn1~"1I(;ltJ'J 

, 
.... 4 
'J(;l~LU'JYl 1 t)(;lLLU'JYl 2 t)(;lLLU'JYl 3 

.. " 0.48 0.43 0.44 L~tJ(;JU 

.. " ., .. 
LnJ(;JU + "1I(;ltJ'J 1 LLU'J 0.37 0.30 0.33 

~tJ~U -+- ,j(;l~'J 2 LLU'J 0.28 0.23 0.24 

~~~U + i(;l~'J 3 LLU'J 0.20 0.19 0.20 

Comparison of surface roughness 
0.6 

O.S 

0.4 

0.3 

0.2 

0.1 

0 

0 1 

• 

2 3 

At direction 

4 

-+-Start 

---1 Path 

....... 2 Paths 

-*-3 Paths 
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-1 .5 .l.-___ ---' ____ ---'-____ ...:.' ____ ....;.---'-___ ---'-. ____ ....:-____ .:...-_...1 

0.00 0.10 0.20 0.30 0 .40 0 .50 0.60 0.70 

[mml 
, , 

n) (o),)1l_1\UJ1UCj,)L1l_1~tJ t)"'LLtJ')~ 1 

Measured Profile 
2.5 T-----.....,....----'T"'""------,,------,------r-----...,.-----,..,---, 
2.0 

1.5 

1.0 

0.5 

0.0 +_--tl---'-~l!--+fr----j~-+---+ft-----ft-i'+·+---:Itf+----1H~-+---Jl'-tl--t+-'---+-..J....~ 

-OE _______ L__ + 
1 • 

-1 .0 
I ; ---·---· .. -I--------.. --!---+l· .... ,,4-· 
! 1 . 1.6 .l.-____ '--___ ......!.---lI---'-__ ....!.LI ___ -!l...:....... ____ L-. ___ ......!. ____ ...:...._-.I 

0.00 0.10 0.20 0.30 0.40 0.60 0.60 0.10 

Imm) 
, , 

'11) (o)')1l_1~mU~')L1l_1~tJ t)"'LLtJ')~ 2 

Measured Profile 
2.5 

2.0 

1.6 

1.0 

0.6 

. , . ! ! ! ! 
·--·--·---·t····--·-·--·-----+-------·-··-t·-··---··-------t------··----·----··-t·------------t--------------r--.-.. --

i ! I iii ! -----------T----·-------r------·---·---l--------------T-------------T·---·----·-----!---·-·---·--T----
I i I ! 1 i I ---------:-.. -.... --... - .. --.. 1----------: .. -~------.. :--.. -.. - .. -·--_. : -------........ ----.:.---.... ¥.~---!-.--
I : ! , ! ! I 

---t-.--. --.-.-j. .;;:l----.-.-.---.---t ..... ---.--.-.. --J---- -----1-
!! : 1 i 

0.0 

-0.5 

-1 .0 

-1.6 -'--___ ---''--___ ......!. ____ -'-____ ...L.. ____ L-. ___ --' ____ --'-_---' 

0.00 0.10 0.20 0.30 0.40 0.60 0.60 0.70 
[mm) 

, , 
(0)) (o)')1l_1~U1UCj')L1l_1tlftJ t)"'LLtJ')~ 3 

..J .. ..,: " 
1l1~V1 6.5 (o)')1l_1~U1Ur.J')L1l_1[?]tJ 
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Measured Prof II e 
25 .---------~--------~--------~--------~--------~--------~------------__, £ : I 

2.0 •..•• -•••..•• -r···-···- --.- --;- ... -.-.-.-.-- -- -- -- -- -. -- -- t· -- -- -- -- -- -- - .- -- -- -- -- ----;-------- -.- -- --:---- ---· . · . · . 1.5 _.~ •• ~.~~. ____ '- .. 0 _____ • _____ -f- __ ..... _ ... 00 ..... .. ........................... ,I, .... _ ...... ........ .... __ ........................... '- ... _ ~ ................................. .. . . . , 
1.0 - -- -- -- -- -- -~ -- -- -- -- -. -- --;-- -- --- ---- --. 

05 

-05 . . . 
-1D --------------}---------- --- -... --~----- ---------~- ----- --------~ . . , . 
-1 .5 ..... --------.:......--------.:......--------.:...' --------~--------~' ________ -.:... ________ -.:... __ .....;..J 

0.00 0 .10 0.20 0.30 0.40 O.SO 0.60 0.70 

[mrn] 
, 

n) f1I'l1).J~tJ1U~'l~i_:J~'nJn1ri~ 1 LLU'l1'~LLU'lVl1 

Measured Profile 
2.6 

~ 2.0 

1.6 

1.0 

0.5 

0.0 

-0.6 

-1.0 

-1 .6 

0.00 0.10 020 0.30 0.40 0.60 060 0.70 

(mm] 

Measured Profile 
2.5 

~ 2.0 

1.6 

i i! iIi ---.---.-----.. 1--.--.--.---. .:.-----.------+----------__ _ l. ________ ._+ __ . _____ .. __ ._ .. _L _____ .... _~__1--.-
I ! f ! i ! ! 

·-----··--·-I·---··-·-··-·-l·-------·-·-i---··-·-·+-···-·-----~-------··f-···---·-···-+-···-· 
1.0 

j : i f j : ; 
···-·· .. ······· .. ·1··· .. ·· .. ···_·-.. -t· .. · .. · .. · .. ··-··-··-r·· .. ·..... ··-·-t· .. ···-···· .. ·····r·--······ · .. · .... r-·····-·----·--i·--·-

0.5 ---.~.-------.----: -- -- - ---.i.-.----------i - ---~-.-.------: ~ ... 
. !:: 

0.0 

-0.5 

-1 .0 

-1 .5 .l... ________ ..l-________ ..l-________ ..l-_________ c-________ ...!-________ ...!-________ ...!-__ --l 

0.00 0.10 020 0.30 0.40 0.60 0.60 0.70 
(mml 

, 
f1I) f1I'l1).J~mu~'l~i_:J~1t.!n11i~ 1 LLU'l1'~LLU'lVl 3 

, 
l11ViVl 6.6 f1I'l1).J~mu~'l~i_:J~1Um1ic;) 1 LLU'l 
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llle&sured Prof l ie 

s: 25 

2.0 
, 

~- -_. -_ ... -- -- -:- -- -- -- -_ ...... _ .. -:- -- -_ .. --. -- -_ ... , .... -- -} -- -- -- -- -_. ---:- -- -- -- -- -- -_. · , , . · . . . 
1.5 

_____ .... _._. __ .. I.. 0 __ .. ______ .......... ____________ ...... ___ • _Oo ____ .. , ____ .. ________ .. ____ .... __ . _____ ... ______ 0 _ _____ -' .. _____ _ 

• I I • , , 
1.0 I, • " -- -_ .. _ .. _Oo" .. _, .... ______ - ____ - ... _______ .. ____ .... ___ .. __ .. _._ .... _, _____________ .. ____ .... __ .. ____ -r- -- -- __ -- .......... -1-" .. _-

I I t I I · . ., · . . 
O.S 

0.0 

-O.S , . , . , 
t •• '" 

-1.0 ........................ -~ ......................... -:- .................. -.. .. -~ .. .... .... .... .. .. ............ ~ .............. ........... -~ .................... _ .... -;- .......... .. 
• ,. • I I . , . 

-15 ~----------------------------------------------' ---------'~--------' --~ 
0.00 0.10 0.20 0.30 0 .40 O.SO 0.60 0.70 

[1Ml] 

Measured Profile 
2.6 

s: 2.0 

1.6 

1.0 

0.6 

0.0 

-0.6 

-1 .0 

-1 .6 

0.00 0.10 0.20 0.30 0.40 O.SO 0.60 0.70 
[mm] 

Measured Profile 
2.5 

£ 2.0 
· Iii ! I i 

---.-.-.---.-f-----------j--.----.---L------------.-+-._. _________ .l. ____ . _____ ._._I_._. _____________ L _____ _ 
i ! ! : i ! ! 
· I I : . I I 

1.5 

1.0 

----------~---------;---------i----------------_t_---------!-----------r----------;--.----

: i i ! iIi 
-------------~-----------r--------l--------------T-------------r------------r------------r------

0.5 --+-- ---.---__ i-__________ ~------.----- -1------------ - ~---- -~---- -------1----
1 ! iii i 1 

0.0 

-0.6 

-1.0 

-1 .6 ..L-______ '--______ ---'-________ .....:.... _______ -'-_____ "--______ ---' _______ -'-__ ~ 

0.00 O.H) 0.20 0.30 0.40 O.SO 0.60 0.70 

(mmJ 
, 

f'l) f'l'l1l-JtU.l1U~'l'\.Ur~~1Un1ri~ 2 LLU'l 1'~LLU'lVi 3 
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llee.su red Prof i Ie 

:[ 
2_S 

2_0 

, , . . , . .. 
- -...................... -} _ .......................... -:- .... .... .... ..... .... .. .... .. _ ............ - - - ..... - i .... .... .... ........ .. ....... .. .......................... :- .......................... -:- .......... .. 

• I • l I 

1_S 
:: : :: -- .. -.... --_ .. _--_ .... _- .... -...... --- --'-- ---- ...... --- -.... -...... __ ...... _- -_ ..... _ .. -- .... -- .... --- -.. ---_ .... ------'- --- .......................... .. ........ . j. . •. , . . 

1_0 : . :: 
.. -- -- -- _ .... _- - -,.. -_ .. ---_ ........ _ ..... -.-.- -- - .... - ...... --- -- - - -- -- _ .. -<y -- - - -- --_ .. --_ .. - - -- -- -- -- -- --,.- --_ .. - -_ .. .. -- --.-- -- -_ .. 

• I I , I 
f I I I . 

• I " O_S 

0.0 

-O_S , . , , . 
-1.0 

• I , • I _. __ ... _ ...... ____ \. ........... _. __ • __ , __ .. ____ ___ • ___ ~ .... _______ ...... _ I. . ___ .. _ . .. ______ '- ___ .. __ • _ .. ____ .. I. _ • __ .. ___ .. ____ .. 'p .. ___ • 
, • • I • I • 
I • I I' .. , 

-1 .5 D----~~---___.:. _____ .~ ___ ___.:.. ____ ....:.... ____ ....:.... ____ ..:.... _ __I 

oro 0_10 0 .20 0 .30 0_40 0_50 0_60 0_70 

[mm] 
, 

n) rl')1~~tJ11JCJ')"Ur~cJ1'Wn11i'(;l 3 LL'W,) .r(;lLL'W')Yl1 

Measured Profile 
2.5 I 

:[ 
2.0 

1.5 

1_0 

0.5 

, I , ! . . , 

-=~~=~~=::J~=~:~::~=:~~J~~~~~~:~~~~~r~~~~-==~~f~~~~~:~=::~[::~:~~==:=:C:===:~~:T-~== 
iii iii I 

_~~ __ ~~_~._._~L __ 4 __ ~_._i ___ ~ _______ . .J ___ _____ ._.l ____ ----.--:------------1------------ ....... -----
I ! I I ! I I ------------1·-·-·------------:---- -----+--- -------·--t-----------------;-----------------t---------------,-------
· ! I j ! j i 

0_0 

-0_5 

-1.0 

-1 _5 

, i 
• I , ____________ l ______ . ______ + _____ . __________ l _______ . ______ ...L_------------f-------------.l...---·--- -

I i f I ! i i ----------j------------i---------------j------------------t-----------t-------------t------------t------
• I • , I ' . 
! i i ! I ! ! 

0_00 0_10 0.20 0_30 0_40 0.50 0.60 0.70 

[mm] 

Measured Profile 
2.5 

:[ 
2.0 

1_5 

· . ! , iii ------------!--------------I-----------------+---------·--------t----------------r-------------------:·-------------------i-------
i I Iii I i --------r--·--------T------------r-------------i----·------:--------------1----------:-----

1.0 

0_5 

Iii ! ! i ! . ----------------,-------------1---------------)"--------------,----------------:-------------------r--------------------,-------
I i ' iii ! 

----t- ---r--.----~-.. ---. ------- -+-.---- ---+------------~-------------- ; 
• I j I: · 

0_0 
! 

-0_5 

-1_0 

--f-----------------f-----
I ! ! : i ! i 

--------1--------l----------------.. -------i-----------"1'--._--------~-·------------·--t-----
I : i : . : : 

-1 .6 -'-____ i'--___ --'-: ____ -'I'--___ --'-i ____ -'!'--___ --'-, ____ --'!'------' 

0.00 0_10 020 0_30 0_40 0.50 0_60 0.70 

[mm\ 



~ , 
"(1 n ~~ n11Vl ~~tl-l'il:;L~U~1 n11i ~~'l:nU-l1UL(;)U d~luLL U'lYl LLr;} n 1'l1-l riU'il:; 
~, , 

~-l ~~ 't t\'f")'l1~~U1U~'l"1J'il-l:nU-l1U~i-l-n (;)il rh ~1n~1i)fin11i ~ ~'l LUULLU'l L~U'l L~tl-l'il1 n~1 
~ , 

n11-n (;) ~'l LL U'l L~U 'l'il dh 't t\'~'l"1J tl-l'il:;~ 1 't t\'~ 'l:nU-l1 UYll~ ~'ilUf")'l 1~~U1U ~'l (scallop) 

L~~'iltl~'t ULL U'l LL U'l f")-l ~~ PlVl1-l L~m LLIJi n11-n ~~~1U LL U'l'il :;vh 't t\'LLU') n11i (;) LLIJi~:;LLU'l 11..J ~!'l 

~1U~tlUf"),)1~~U1U ~'l~ Ln !'l'il1n LLU,)~U ~-l'il:;~-l ~~ 't ~U-l1uil f"),)1~~U1U ~'l~1~'il1n n11<5' ~ 

'tULLI'l~:;LLU')ilrh 'tn~ L~U-lriU~-l LL~!'l-l 't Ufl1Yi~ 6.9 
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" " 
'"11 n mnJfutlt.:l tj,);U.:l1U~')tJ LLN n C;}'Jl ru~; c;} LL~~mrtlfutll.:l fOl rul11Yi tj,);U.:l1U~,)tJ LLN n c;} 

" 
'Jl ru~; c;} ~1 't ~~1~.nrCltlfutlt.:l fOl rul11Yi tj,);U.:l1U't ~i1 f1,)1~~tJ1U tj') 't Ur~~UU1 'L UL~ r;]r1~~.:l 

LL~C;}.:l't\.!fl1Yi~ 6.10 

" " n) riflU;c;}tj,);U.:l1U (Ra 1.121~'Lflr~r;]r) "11) ~~.:l;c;}tj,);U.:l1U (Ra 0.05~'Lflr~r;]r) 

, " 
111YiYl6.1 0 i:-J~LmtJULYltJUfl')1~~tJ1Utj,)'JltN;U.:l1U 
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·tl'tl~ ~~i ~ hhnn Ii UtltJ ~~ cr ~ L \H~'l dij~ ~ f'1'l ~~ -A'lL \\ f'1'l H' ~ 'ltJ'l \In 'l1Vl '" ~tl~ ~~ 1J1'l ~ 
OJ OJ OJ 

• • 
L Yi1'l ::'il::,r\.lti'1~1~'l1mj'l ~~i ~ L \H'hiln~u~'l 'lft ,\,uJL~~ n~ ::LtI\.ln'l1~ ~ f'1'l Hf~'ltJ'l \.In'l1 

Vl~~tl~ LL~::ujtlU1hJth::tJnIJ11.j{rium1~~1J1~1~~::~1~11C1~"'f'1'l'l.j{~1tJ'l\.ln1::U'l\.lm1~~1J11~ 



, ~ 

.." 
'l..I'VI'VI 7 

LLN Lt.1~m'1l'tl~ LL1.h~ 1'-1'11 ru:;i' (;l~'l;'-I~'l'-l~~ tJfl1,x Ln (11 n'l~i' (11 L(;luhliJ tJ~i' (11'11 ru:;i' (;lvi~'tl'tl'l'"l'"l:;iJ 
, ~ 

1 '-Im~'l ruVlU'tlufl~";'ll ,xn'l~n'-l~'l;'-I~'l'-lLtI'-I'bJ'tlth~hliJu~:;~Y1fil1'lYi ~~ LL~ (;l~1 '-Ilu .7.1 
~ ~ I ~ 

'-I'tl n'"l'l mr'-lu~";'ll ,x~'-ILU~'tl~ tJ~i' (11:n~iJ~fl fO)'l ~~ Lu1 '-li''-Ij;l'tl'-l'1l'tl~ n'l~i' (;l 

Brush Brush 

Before After 

, ~ 

I1'lYiVl 7. 1 n'l~i' (11 ~'l;'-I~'l'-lLLuuhjiJ n'l~ti mnutJ~i' (11 

~ ~ 

n'l~Y1 (11fl'tl~il~~ L~'tl'tl n LLUU~fin'l~i' (;l ~'l;'-I~'l'-lLLUUiJ n'l~ti n LnU ~wi (11U1L'lru 

~i' (;l LLfl:;iJn'l~H' tJ~i' (;l~~'-IL~U'-l L(;lUiJ Lih~~'lU L ~'tl1,x Ln (;l n'l~i (11'tlth~iJu~:;~Y1fil1'lYi LLfl:;fl (11 • 
~ 

n'l~~'-ILU~'tl~ tJ~i' (;l 



CD lndustriN Robot 

o PoJishin; Tool 

o WorkplHt 

(DTank o SutliOIl Pipt 

.J . 
Jl1YiYl 7.2 Conceptual design . 

... 
tC;)U~1Url:;L~UlJl"1l'tl\l~,)\JrkNii~\ltl 

... 
1. Industrial robot t\Jn1~YlC;)rl'tl\ltlL~L~'tlnt-n~\JU\JI?1'tJ~~T\,m~~).J FANUC Robot M-

16iB 20 ~\lLL~C;)\ltW11Yi~ 7.3 ~\lii 6 Degrees of freedom ~1).J1~C1fuLLNL~~\I~C;) 
• I II I 

20 ntrlnf).J LtI\J~,)rl,)U~).J polishing tool LYl'tlt,x~1).J1~C1iC;)~,);\J\l1\JVliiltlYlNtc;)1 
, ... , 

L~ LLrl:;~1).J1~C1~f1\1LLNnc;)t\Jn1~ilJlL~'tltJ1\1LYlU\lYi'tl "1lru:;Vl~lJl~\I polishing tool. ~\I 
... 

;:h11l-n!n).J1n(6.5 ntrlnf).J) L~ 

'" 
- .. ' .-. .. ~, 

: ~- ~ 

Jl1Yi~ 7.3 'lA\JU\J1?1 FANUC Robot M-16iB 20 • 

63 



64 

~ , ~ 

2. Polishing tool lWm1Y1'M~~~il1~i1m1~h~'fJUnHWfC;)Y1~~~~v1'ilH~1~fu~c;) 
, , ~ 

~11~:;~1UtJ~f ~ LYi~l11L ~i1tJ~f~I~\~~~1:;~~1~ LLUN LL~:;:nU~1U(;1~'il c;) L'J~1 LC;)UL-n' 

n~Uin~~1~L~Ur.hu~ucl'n~1~ 20 i1~~L).J(;11 ~~fU~')U).J'ilL(;1'elfl ... JYhm:;LL~j;]N 12 
~ , 

L,)~"f1 f'l,)1).JLn1~U 200 ffiU/\.nYl Ltlu~'Jf~Cj'J;U~1U ~~LL~c;)~LU.rl1''r'~Y17.4 

'I ,: 'I" " ..101.., 
3. Workpiece ~Un11Y1~~~~U'"l:; ~'J!L~~n mild steel (hardness 111 HB) Y1).J~n~~:; 

~ 

Cj')~uu L~uthu~ucl'n~1~ 75 i1~~L).J(;11 LtlU1'j;]~Y1C;)~~u Lc;)UL-nthnm4'u;u,nuuc;) 

L~'el~LU~1LL~ti~~~n~1~"1l~~t1~f~ ~~LL~~~L'W1l1"r'i~ 7.5 
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~ . 
4. Tank 1t.mlrYl"'~tl~1l1ojfc1~ stainless 'Nn~tlL~U~huflluun~l~ 48 L"l!'W~LtI(;lr ~~ 13 

~ ~ 

L"l!'W~ Ltl (;lr til LtlUflI"l!'W:;~I~ftJrtl~ftJ~.wi "'~ m:;L~U'"l1 n mri ",:BU~IUL ~tl,j'fl~n'W 
~ I 

~1~Ln"'mr~C1JL~Ur.J~i"'1'W,ru:;i"';'W~I'W ~~LL~"N1UflI~Yl 7.6 

I ~ 

JlI~Yl 7.6 c1~ stainless LL~:;l.hnmr.rtJ:n'W~I'W 

..:~ '" 0 Q ..,.J.cJ 0 

5. Suction pipe 1 'WmrYl "'~tl~U ~"'Yllmr'fltl mLtJtJr:;tJtJ~l-J'WL'lU'Wr.J~"1I '" L~tlYl'"l:;'W1 r.J~ 

i "'~ nr:;L~'W'"I1 n nlri "'~'l~'W~IUtlI1-if1~lJL",u1ojf11t1 LtlU~'l '" '" '"11 mr'W~1 L~U~ 
~ 

~ I 

'tlumrui"'~nr1f~~~LL~",~1UJlI~Yl7 . 7 

.. 
n)i1t1 



" " 
1 um~Vl (;\~'tl.:ltl'"l::Vl (;\~'tl.:li (;\~'l:nU.:l1U~'ltl'lfi Abrasive polishing L(;\tI'tl1 ~tI 

LLUNLU~'tlULiJu~un~nrm~i(;\ ~Ni(;\~l-if~'tl SiC 'U1~ 35 L).JLf'I~L).JIJ1~ ~m1).J~tl1~~'l 
L~).J~U 0.60 LL~:: 0.44 L).JLf'I~L).J~~ ~1m~1'~luLLlii~::m~Vl(;\~'tl.:l 3 ~1LL~tl.:ll-ifL'l~11um~ 

I Sf I I -~ ...... ., ..,.. ., 
Vl(;\~'tl.:l 5 U1Vl 'lI.:lm~Vl(;\~'tl.:lU).JL.:l'tlU~'m~Vl(;\~'tl.:l(;\.:l~1~1.:lVl 7.1 LL~:::~~m~Vl(;\~'tl.:l(;\.:l~1~1.:l 

J.. J J 
Vl 7.2 Cl.:l 1J1111.:lVl 7.4 LL~:::J11YiVl 7.8 

.: 
075mm 'U1 ~'iI'tl.:l'llU.:l1U 

.: 
Hardness ''tl.:l'llU.:l1U 111 HB 

... .: 
~n~ru::''tl.:l'll\l.:l1U ~::U1tJ 

L~u~hu~utfn ~1.:l LLUNi (;\ 020mm 

f'I'l1).Jtl1'l'ULLUN 10 mm 

~ ~~1 m~~~U'iltN LLUNi (;\ 200 rpm 

... 
35, 60 LL~:: 100 J..lm 'ilU1(;\~.:l'(;\ 

Hardness ,'tl.:l~.:li~ 1,900 HB 

-- " 0.44, 0.67 LL~:: 0.79 J..lm f'I'l1).J~tl1tJ ~'l L~).J ~U 

L'l~1Yll-iil.umri(;\lii'tl~u.:l1U 5 minutes 

, " 
~1~1.:lYl 7.2 ~~LmtltJLYltltJm~i(;\:nU.:l1ULLtJtJUn~LL~:::LLtJtJ~~U'lU~.:li(;\ 1 00 L).JLf'I~LlJlJ1~ 

f'I'l1).J~tI1tJ~'l (LlJLf'ln).JIJ1~) 

, 
~)J~U rii1LL~tl~ til1LL~ti~ ~1LL~ti~ L'il~tI ~1LL~tl.:l ~1Lmtl.:l ~1LL~tl.:l 

~1 ~2 ~3 ~1 ~2 ~3 

0.79 0.54 0.57 0.58 0.56 0.53 0.53 0.53 0.53 

0.67 0.51 0.54 0.54 0.53 0.53 0.56 0.51 0.53 

0.44 0.39 0.37 0.38 0.38 0.32 0.34 0.33 0.33 
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, ~ 

~1n~Vi 7.3 tJfHmtJtJLVitJtJn11'ic;,;U~1ULLtJtJtJn~LL~~LLtJtJ'.n.Ju'lutJ~i~ 60 l~tf'l~UJ~~ • 

, 
(1)JlIfu vi1LL\'Iti~ ~1LL".ti~ ~1LL\'Iti~ L~~tJ ~1LL~\.l~ ~1LL~\.l~ ~1Lm\.l~ 

~2 ~3 ~1 ~2 ~3 

0.79 0.60 0.59 0.60 0.60 0.61 0.63 0.63 0.62 

0.67 0.40 0.42 0.41 0.41 0.41 0.44 0.40 0.42 

0.44 0.38 0.36 0.35 0.36 0.36 0.38 0.35 0.36 

~1n~~ 7.4 tJ~LmtJtJLVitJtJn11'ic;,~U~1ULLtJtJtJn~LL~~LLtJtJ~~U'lutJ~ic;, 351~tf'l~L~~~ 
f'I 'l 1~~tJ1tJ~'l (l~tf'l ~UJ~~) 

~~~U ~1LL~\.l~ ~1LL~\.l~ ~1LL~\.l~ L~~tJ ~1LL~\.l~ ~1LL~\.l~ ~1Lm\.l~ L~~tJ 

~1 ~2 ~3 ~1 ~2 ~3 

0.79 0.71 0.73 0.65 0.70 0.62 0.64 

0.67 0.60 0.59 0.60 0.6(, 0.42 0.41 

0.44 0.32 0.30 0.29 0.30 0.25 0.30 

~;J1m ~~ m1~LL~ ~~ f'I'l1~~tJ1tJ ~'l"JItl~;U~1Utl~t WI1 f'ltJU'l n 

Ra start 0.79 Jlm 
0.8 

0.7 

::---..... -0.6 

0.60 

0.41 

0.27 

0.62 

0.41 

0.27 

- 0.5 E r--------------------~~----- -+- Notconserve 
::s.. 0.4 - .... Conserve 
ns 0.3 a:: 

0.2 

0.1 

0 
Particle size(Jlm) 

0 20 40 60 80 100 120 

, 
n) f'I'l1~~tJ1tJ~'l L1~~U 0.79 Jlm 

J11Yi~ 7.8 LmtJtJLVitJtJf'I'l1~~tJ1tJ~'l~~~~1~n1~i~LLtJtJnnLntJtJ~i~LL~~hlnnLntJtJ~ic;, 
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0.8 

0.7 

0.6 - 0.5 E 
:1. 0.4 -fa 0.3 0::: 

0.2 

0.1 

0 

o 20 

0.8 

0.7 

0.6 - 0.5 
E 
:1. 0.4 -fa 

0::: 0.3 

0.2 

0.1 

0 

o 20 

Ra start 0.67 Jlm 

...... 

~ ..... 
" -----

40 60 80 100 120 

, 
'11) rl'l1~~m1.Jtj'lL~~I1i'\J 0 .67 J..lm 

Ra start 0.44 Jlm 

.-- --.... 

40 60 80 100 120 

, 
rl) rl'l1~~m1.Jtj'J~~I1i'\J 0.44 J..lm 

..... Not conserve 

.... Conserve 

Particle size(Jlm) 

..... Not conserve 

.... Conserve 

Particle size(Jlm) 

J11Yi~ 7 .8 (I?i'tl) LmU1.JLYlU1.Jrl'l1~~m1.Jtj'lr:;~~1~ mn ~ LL1.J1.Jn mfhJ ~Ni (;)LL~:;hjnmn1.JtJ~ 

i~ 

cJ CI. .... oJ .- cali." ron nJ11YiYl 7 .8 "'l :;L~\J'l1 'l \JYl n'1J\J1 ~tJ~'1I ~YlYl ~~'tl1.Jrl'l1~~U11.J tJ'lYl ~"'l1 n • 
, , " 

mn~ L(;)uij tJ~i(;)~~\J'l\J"'l:;ij ~1 ~1n~1rl'l1~~U11.J ~'lYli.~"'l1 n mri (;) LL1.J1.JU n ~h1~ rl'l1~~m1.J • 
I " " I 

tj'l~~I1i'\J 0.79 i.~LrlrL~rlr, 0.67 ~Lrlr~~r LL~:;0.44 i.~LrlrL~~1 "r1~tlLil'tl~"'l1n'l\J'1Iru:;i(;)tJ~ 

i(;)"'l:;nr:;L~\J'tl'tln"'l 1 n:B\J~1\JL~~'tl l11 'llXm~1rutJ~i ~~~(;)'tl~ n1.J~unrnri ~~ (;)~~ L~'tlU1 
~~ tJ ~ 'llX rl'l1~~1 ~1 rn 'l \Jn1r~ (;) rl'l1 ~~U11.J ri'l~ ~ ~~ '1J ru:;~ n1ri (;) LL1.J1.J~~\J'l\Jij mr~(;) 

~1r~:;~1U tJ~i (;)~1~ ~1 LLWJ~i (;) L~ ~'tl l11 'l ~ij tJ~i ~~ 1 ~\Jr:;~~1~'1J\JLLUN n1.JF4'J~,J1'1J'tl~ 
" , 
;\J~1\J~~'tl~r:;u:;L'J~1 'l\Jmri ~~~ LL~(;)~'l\JJ11YiYl 7.9 ~~ tJ~ 'l ~rl'J1~~1~1rn 'l\Jmr~ (;)rl'l1~ 
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# __ ------Abrasive particle 

Suction pipe 



...a 
'U'VI'V! 8 

m~~"'1"I'J1~~mU~'J'tIltN~U'nUmJU Abrasive polishing ;UriUUfOlr.rtl~~1t1 
tlth-3'tlu1~LLn 'tIU1"''tI'el~eJ~i", ,'l""tl~eJ~i", ltJVlN'tItl~eJ~i", 1"I'J1~L;r~;rU'tI'el~~1~~:;~1t1eJ~ 

i", LLNn",~'t~'hXriueJ~i ""ru:;i", 1"I'J1~~'elU~~'tI'el~~tJn~rui'" 1"I'J1~ L~'J LL~:;'tl(;W1m~ 

LI"I~'elU~'tl~~tJmrui'" ~:;u1u'tI'el~m~i", L~UVl1~m~i", mm~:;fOl1t1~'JLL~:;U"'Lm:;'tl~eJ~ 
I "I I 

i ""ru:;i", ~~'tU~1U';)r.rtlUU~r.rtlVltl1~1~~U1 ~tl 'l'U1 ""'el~eJ~i", LLNn"'Vl't~'t~riueJ~i", 
., 

,ru:;i", L~UVl1~m~i", mm~:;~1t1~'J'tItl~eJ~i""ru:;i", L"'tl1~;r'el~ttJj;h~1~~U 

" " 'tIU1"'eJ~i"'LL~:;H'~1~umri"'VlL~~1:;~~LY4tl't~~1~1Hl~"'1"I'J1~~tl1U~'J'tl~;U~1u1~'eltJ1~ 
, ., 

iitJ ~:;~Vlfif)1Yl 'L"'tlfOl :;1~~1 n m ~~ '" m 1~ LilUl")~U''el~;U~ 1Un'el ULL~ :;j;Jtl ~'JtI n 1 ~~ '" 1"I'l1~ 

~tl1U~'J 'L"'tI~I"I'J1~~tl1U~'J~1nn~1 0.851~'Ll"ln~j;)~ eJ~i"'~L~~1:;~~~'el'U1'" 1 00 

1 ~ ..J ... 1~ ... ..J .... 1~ ..J 
~~I"I~L~j;)~, VlI"I'J1~~tl1UeJ'J 0.63 ~~l"In~j;)~ eJ~''''VlL~~1:;~~I"I'el'U1''' 60 ~~I"I~L~j;)~, Vl 

1"I'J1~~mu~'J 0.44 1~LI"I~L~j;)~ eJ~i"'~L~~1:;~~~'el'tlU1'" 351~LI"I~L~j;)~, ~m1~~mu~'J 

0 . 21~LML~j;)~ eJ~i"'~L~~1:;~~~tl'tlU1'" 51~LI"I~L~j;)~ LL~:;~1"I'J1~~tl1U~'J~1n~1 0.12 

1~LI"I~~j;)~ eJ~i"'~L~~1:;~~~tl'U1'" 1 ~LI"I~L2Ij;)~ 

I I" I I 

n1~Vl "'~tl~ L1tl~ LLN n "'Vl't~'t ~riU;U~1U' ru:;i "'~~ LL~ ",~'t ~ L~U~1 LLN n "'VI 
., , 

LLj;) n j;J1~ riu hJii eJ ~ j;J'ell")'J1~~tl1 U ~'J'tItl~;U~ 1U ~'JUI"I'J 1~~tl1U ~'JVl1~fOl1 n eJ~i '" 't U'tIU 1'" 
. , " 

L~mriuLLuuiiLLNn"'fOl:;iir11~hn~1m~i"'~'J;U~1UL"'tlhj'el1fiimLNn",tJ1:;~1ru 16.8% ('t;r 

LLtJN1U~'elULtlu~tJmrui"') 

" I I " 

vh H1~1"I'J1~~mu ~'J;U~1UVlii rh ~1m~~1 t"'tI m~i '" ~'J;U~1U 3 LLU'JfOl:;~ '" l")'J1~~tl1U ~'J 
" ., 

1~~nr)1m1i"'~'J;U~1U 1 LLU'J LL~:; 2 LLU'J 35% LL~:; 16.67% j;)1~~1~U U'elnfOl1mrUm~i", 

3 LLU'JU~~1~11Cl~U~PlVl1~1tltl~",1~~nr)1n11i",~'J 1 LLU'J LL~:; 2 LLU'Jvh't~1"I'J1~~tl1U 
" , , 

~'J;u~1uiiI"i1'tn~L~tI~riu'tumruVl~"'1"1'J1~~m1J~'J'tUl1P1VlLLj;)nj;J1~riu 
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" I I 

LL~~ti'l=nt.l,nt.l'tl~ (;\~'tl"" L'l~1 ~~r.J~ t ,xf1l'l1~~U1uti'lVlL~ij ~1 n~1 n1 ~i "" ti'l LLuuhJn n uiu r.J~i "" 

15.10% 

II t I • 

t t.I~ 1t.1i)4'tJil"i~L ~t.lL~~1U~ijt1"i4' tJ~t.lVI ~ 1 ~1~t1 U 1 ~ 1 ~ m~t1 LL~~~ ~t.l1 ~'tl 

LL~'lU1~1tJ~~!Jnr;lL;r1nut1"i4'mL~~i)fin1~~L~~n~LL~~~~t.l1~1LL~'ltt.l~1t.li)4'tJ;1L~'tl·li'l~t,x 

" " I 

~1~1 ~mht.lri1 f1l'l1~~tJ1Uti'l=nt.l~1t.1t t.lL~"II,r tJ ~1 ~ '1! 1 t.l1 Lt.lL~ (;\~L~ t.I'tl n"i1 mrt.lLf1l1'tl~ 
" I " 

~1 ~11t1r3' "" L~ L~Vi 1 ~=nt.l~ 1t.1 V1iji m~tru~1tJYl N LLUt.l11U LVhUt.lYi 1 t "'''bJ~ 1 ~ 11t1U 1 L tJr3' "" ri 1 
" 

I I" I I 

"IIt.l1""V1LL(;\n~1~nt.l'tlth~hJ~,j1L~~'tl ~nl1~U~Ltlt.lr.J~i""V1LL(;\n~1~"llU""nt.l (SiCLL~~AI203) ~~ij 

ri1f1l'l1~LL;~~LL(;\n~1~nuYi1t~f1l'l1~i~~t.lfi~1'tlr.J~iVifi~L~f1l~1""Lf1l~'tlt.lL~ 

" " I 

3. n11f1l'lU~~LLNtt.l~1t.1i)4'tJilt;rsfin11f1l'lU~~1~tJ~n""'r.JtJnnwi",,=nt.lt~f1l~V1 

LL~'l~1t.1ri1 LLN~'tl'fln~1"i1n Force sensor LYltJ~LVh,rt.l Yi1 t,xLLN~ Ln ""~t.lt t.I"lIru~f ""'fl1"iijri1 

I ... . 
Force sensor Yl~1~1~t1Yl1 feedback 
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Specification 2D Roughness Specification 

Mocel SURFCOM 14000 

measuring Z-axis (vertical) 800 IJm/0.02 IJm/0.0004 IJm (6.4 1Jm/0.0001 IJm") 

range/resolution X-axis (horizontal) 100 mm/0.1IJm or 32,000 points (max. data points) 

Straighness accuracy (O.OS + 1.SU1,OOO)lJm L: Measuring length (mm) 

Analysis items Conformance Complies with JIS-2001, JIS-1994, JIS-1982, ISO-1997, ISO-1984, 

DIN-1990, ASME-199S, CNOMO 

Parameter Ra, Rq, Ry, Rp, Rv, Rc, Rz, Rmax, Rt, Rz.J,R3z, Sm,S,R !la , R !lq, 

RAa,R Aq 

TILT A, Ir, Pc, Rsk, Rku, Rk, Rpk, Rvk, Mr1, Mr2, VO, K, tp, Rmr, 

tp2, Rmr2, R eSc 

AVH, Hmax, Hmin, AREA, NCRX, R, Rx, AR, NR, CPM, SR, SAR 

Evaluation curves section profile curve, roughness curve,filtered waviness 

curve,filtered center line waviness curve, rolling circle waviness 

curve,rolling circle center line waviness curve,DIN4776 special 

curve, roughness motif curve, waviness motif curve,envelop 

waviness 

Characteristics Bearing area curve,amplitude distribution graph(ADF) curve, power 

graphs graph 

Tilt correction linear correction,round surface correction, first half correction,both 

end correction,latter half correction,both end correction,spline 

curve correction(linear,round surface,and both end correction 

possible at aribitrary) 

Magnification Vertical (Z-axis) SO, 100,200, SOO, 11":, 2K, SK, 10K, 20K, SOK, 100K,200K, 

"SOOK:arbitrary, auto 

Horizontal (X-axis) 0.1,1,2, S, 10,20, SO, 100,200, SOO, 1K, 2K, SK, 10K, 20K, 

aribitrary, auto 

Filter types Standard filter (2RC), phase compensation filter (2RC), phase 

compensation filter (Gaussian) 

Measuring speed 0.03, 0.06, 0.1S, 0.3, 0.6, 1.S, 3, 6 mm/s 

Detector Tip radius: 2IJm, Material: diamond, Measuring force: 0.7S mN 

Special functions Measuring AI AI function provides easy procedures, enabling beginners to make 

measurements. 

Waveform Waveform curve for maximum of 10 data items can be 

superimposition superimposed (ideal for wear evaluation) 

Automatic Simplified auto mode and teaching mode enable fully automation 

operation operation 

Power source Single phase AC 100V±10%, SO/60 Hz, 300VA 

Installation dimensions 1700 (WO "7S0 (H) mm 

Weight Approx. 12S kg (20 model) 
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LA~thl1(;tA111J~HJ1uih Surftest SJ-201 , Mitutoyo 

urft t 
PORTABLE SURFACE ROUGHNESS TESTER 
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--_ ... __ ._- .•.. --- -_. __ ... _------------_.---,-----
SJ-201P SPECIFICA nON 

[Order No. 1 178-920 I 178··923 178-930 178-933 
~Type mm I i'ldl/mm mm i'ldl/mm 
Drive Unit 

IXlve speed Meastrhg : O,2Smm/s (0,l"/s),0,5mm/s (0,2"/s) Rell.rnhg :0,8mm/s (0,3"/s) 

EvawtJon 1enQ1h l2.5mm/.49" 
Mass 1909 (0.42bs) 

Detector Provided 178-390 178-395 
Detecti1g method Differential i1ciK:tance 
Meastrhq ranQ8 350~/13780~n~200~m~7880~nto+150~m/+5900~n) 

. MatBrial of styk.Js Diamond 
Radius of skid arvatLre 4Dmm (1,57") 

Mass l8g (O,Q4bs) 
Styk.Js tip radius SIlmC200lJ i"l) ~m(8O,Ji"l) 

Meast.r hg force 4mN O.7SmN 
Display ooit 

Assessed profile PrII11Cl"Y profile (P),ROlJ'jness profile (R), DIN4776 profile 
: Roucttless parametBr Ra Rq,Rz RY,Rp,Rt,R3z Rk,Rpk,Rvk Pc ITT Sm S M"1 M"2 A1 A2 Vo(can be aJStomized) 
, RCJUCtress starK:la-d JIS DIN ISO,ANSI 

SaI'TllIi1g~1h (I.) O.2Smm 0,8mm 2,5mm(O.l",0.3" t "} O,2Smm 0,8mm 2.5mm(0.1" 0,3",1") 

; f\Vrri:Jer of sarrol hq spans xl x3 x5 xL ·2 

i Digital filter 2CR-7S% (without phase compensation), PC-7S%,PC-50% (GaussJon) 

cut-off ).c O,2Smm 0,8mm 2,5mm(0.1" 0,3" 1") O,2Smm 0,8mm 2.5mm(O.l" 0.3", 1 ") 

IerQth 
.--

2 ,SIlm,Bum (lCQJh-~i"l) 2.SIlm,Bum (lCQJh-~i"l) As 
ResoUtJon,-Range Auto/UCJ..It::IJ.li O,l on the meast.rement range Auto " O,l on the meast.rement range 

O.4um/35Oum 0, 4t.J m/35Ou m (16.4ui"l/14CXXJu i"l) 

O.4JmI1CQJm O,lj.Jm/lCQJm (4.1j.Ji"l/4OCQJi"l) 

-- O,05!Jm/5O.Jm O.05!Jm/5O.Jm (2. ~i"l/2CKXllJi"l) 

O.04Jm/l~m 0,01j.Jm/1~m (O . SIli"l/~i"l) 

~.tq Ra,Rq O.01lJm - l(qtm O,04Jm - 1CQJm (0.4 - 4!XnJi"l) 

~ Rz RY,Rp,Rt O ,~m-~m O.~m-~m 

>--
R3z,Rk,Rpk,Rvk (O,Bui"l - 14~i"l) 

Pc 2.5 - so:xJcm 2.5 - so:xJcm (6.35-147oofnch) 

1- ITT 1-100% 1-100% 

SmS 2-4~m 2 - 40CQJm 
t 

.. _. ,._._- M"1,M"2 0-100% 

A1A2 0- 15/DJ •... _----
Vo ° -10.00 (mm3/cm2) 

GO/OO-GO jXlgment Upper aro lower limit vakJes can be specified 
Power Sl.Q)1y Via AC adaptBr,bJIk:l-i"l recharqeable battery 

Rechargeable battBry Charghg time: 12l-nrs (!=or sao meast.rements) 

Auto-sieep (Il.rn irg oID. After 30 secords wittuJt C(JE3ration 

Data output Via Rs-232C i"ltBrface lJ1it, SPC output, PC output,Pri"ltBr output 

Mass 29Jg (0,64 bs.) 
I I 

'-, --*1 ,- .~- - - .... --. 
_ . ~_ derote ~ AC me voltage add he fol~_hg suffIXes (e ~~!78-9~, __ 

A for l2OV,~.!!! 11OV, 0 for 230V, E for 240Vt No suffIX Is for 100v ._ , __ ._ . __ . _ ..... - .. _- --- .. ~ .. -,. __ .. _--- . -._-
Evawtion ~1h can be specified arbitrarily i"l the r~ I ! 2 ---_.,-, -
from 0.3mm -(.01")-to 12.5mm (g.49"). I I ------,-
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lle&sured Prof i Ie 
4.0 

~ 
3.0 

· . , . 
-- --- -. -. -----~-- ---- --.-. -- -:--- ---- -- .. ---i-·- .--.---. ·_·1· .. · --.. -.. ·_·f ••••••.•• -. '-'r'-"'-'-- _ .. - -: ... ----

I • I I • I 

• I, I , I 

2.0 
, , , I I I f .. ____ .... _ .......... _ .... _ .... __ .......... _ .......... ___________ , __ .. _____ .. _... .. .. __ .. _ .. _.... 'M _~ .. .. ~ _ ... ~. _. a. a_"' __ • ~ _______ _ .1 __ __ • __ 

I I , I I • • 

• I " I 

1.0 
: I : 

0.0 

-1 .0 
, . 

" • I • , 

-2.0 --- ---.. _ .. ---.. -r -----------. --:-- .. ---.. -_ ... ---~ --_ .... -------.. -~ ... -. ----------~ -----.. -. ------r -----.. -. -. -. -!- - - .. -.... : . : ; : : ; 
-3.0 ............... -_ ... --:---- ................ ...... -r ................. · ..... "' .... ~ .......................... ~ .......................... ~ .... -.... _ ............... ~ ........................ .... t'" ....... .. 
.. 4.0 -'--------------------'-' ---------------------------------------.----------'--~ 

0 .00 0 .10 0.20 0.30 0.40 0.50 0.60 0.70 

[rrrn] 

J ..: " 
Jl1YiYl "11 .2 Ra LnJ~tJ 0.63 J.!m 

Ile&stJred f'rof i Ie 

~ 
4.0 

3.0 

· , · . , I I I , I , -- -- -- -- -- ___ a:. ______________ : _________ -_____ : ___ . __________ f- ----. -- -- -- -- r- -- -- -- -- -- a_ -: ___ . a. -- -- -- -- -:- -- ----
I I , • I , • 

: : : : : : : 
2.0 ........ - ................ ~ ............. -- .... _ .. ..&.. ............. - .................... - -_ .. -_ ............ _ ............. - ...... ~ ........................ _ .. '- ............. _ ................ - _.-

t • t • t • • 

1.0 
: : : I : ' : 

0.0 

-1 .0 
, I 1 \ 

...... ___ .......................... _ _ ........... _._ ..... _ .......... 4 _ _ .......... _ ...................................................... ............................ __ .......... , ............ .. 

: ::!:: . 
I It' f I I 

-2.0 -_ ... __ .... -- -- ..... :,. .......... _ ...... __ .. .,:_.- -_._ ..... -.... ~ ....... -................. "t--_ .... - -- -- -.... ~ ............................ -~ -.......... .. .. -- _ .. -,.: ............ .. 
: : : : : : 

• • • • t • I 

-3 .0 ........................ _ -:- _ .. _ .................. ., .... :- .. -.............. _ ....... ~ ........... - .- .. __ ... ~ .............. _ ..... __ ~ _ ..... ~ ....... _ ..... -!'"""" .. _ ............ - -: ........... .. 
It . I , 

I I ,. , 

-4.0 
I • ., , 

0 .00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[rrrn] 

, , 
.... ... " 

Jl1YiYl "11 .3 Ra L1l.J~tJ 0.42 J.!m 



80 

llleasured Prof i I II 

:[ 
4.0 

3.0 - -- _M .. _ -. -- -- -:- -- .. - .... _. -- -- --:- .. -- -- -- -- -- -- .. - .. -- -- .... -- -- -t- .... ~ - .... -..... -_ .. -- -.. -- -.. -- -- --:-- -- -- --.. --- -- -:-"!. -- .. -

I I • " 

2.0 
I. I " __ ...... _. _____ ........... _ .... _ ............. _ ...... oO __ ... _ .. _ .. __ ........ _M_ .. __ . ___ .. .6 ... _____ .. ____________________ to. __________ _ _ _ _ 1 ______ _ 

I, , " 
I I • " 

1 .0 

0.0 

-1 .0 , . ., . 
-2 .0 

I ~ , , • , • 
.. .... .. ........... -.. -r" - .............. _ .. - - -,- - - _ .. - .. _ .......... - , ........ - .................. T _ .......... - .......... - .. r .... - .......... ........ - -r"" .. - .................. -.- .......... -

I • I I • l 

• , I • • · . -3.0 
. __ .. _M_ ... _ .... __ '- ___ .. _________ .' ___ .... ______ .. __ ~ ____ .... __ .. ___ .... , _____ _ ...... _ ....... \. _ .. _ .... __ .. __ .. __ ................ __ ...................... .. 

I • , I • • I 
, • I • , I 
I •• •• 

~.o L-________ '~ ______ ~. ________ ~.~ ______ ~ ________ ~. ________ ~' ________ ~ __ ~ 

0.00 0.10 0.20 0.30 0 .40 0.50 0 .60 0.70 

[/Ml) 

lllee.sured Prof J J e 

:[ 
4.0 

3.0 - - - - - - - - - - - - - -~ - - - - - - - - - - - - - -:- - - - - - - - - - - - - -, - - - - - -. - •••••• j •••••••••••••• r' ............. !- -" - ••• _ •••••• : ••••••• · . . . . 
I I I , I 

2.0 
• • •• I 

_ ... oO _ .. wOO .. _ ........ ... -. .. ...- .. ~ _ •• ~ _~ __ ~ .. _ .. _ .............. • ,1 ... __ .. ___ .. oO. ___ , ___ • __ oO ...... oOoO .. _ .. _oO"oO ___ • __ "oO ..... oO _ .. ___ .. ______ ..... _. __ _ 

I • , I I • ~ 

, I ' 'f. · ., .. . 
1 .0 

. .. ~ 
_ .. _ .................. -_ ................... oOoO _ ...... Oo p ___ .... oOoO _oO _oO.oO.~ __ ., , . . . . 

0 ,0 

-1 .0 
, . 

-2.0 
f , • • • • , 

• .- ...... - ....... -_ ... ,.- - .... - .... - .. -- - "'j- ........ _ .............. _ .. ., .. _ .. _ .................. ,. ,,- _...... .. .. .... • .. -, _ .......................... ,. .... _ .. _ ............. ,. ...... _ .... _-

f. • ,. . .. .. , , , 
-3.0 

- - - - ___ .. _____ . :- .. _ _ _ .. _ . __ MoO ___ : _ .... MoO ___ •• __ ... ~ .... ____ • ___ ...... _ ~ _ .oO .. _ __ oO" ..... _ ~ _ ... ___ • __ • __ .. _:_ .. __ oO"oO _ •• _ .. _ .. -:- _____ _ 

I • I I I 

I " I I 

-4 ,0 -'----------'----------' ---------'-------------------'----------' -------------' 
0 .00 0 .10 0.20 0 .30 0.40 0 .50 0 .60 0.70 

[/Ml) 
, , ... ... " .., 

1l1YiYl ,,5 Ra L1l-Jj;]\.l 0,85 J-lm ~~'~'\.l1~ 100 J-lm LLNn~ 30 N 

llee.sured Prof i J e 

:[ 
4.0 

3.0 "' ......................... :- .. _ .... oO ... _ ...... -" .. :- ....... ~ ............ .. i .. _ ... _oO- -~-~-~ .. t .... --- .. - -_ .. -_ .. -r ---_oO _ .. ¥ .... _. ·oOr"",,-~ _. _ ...... -- .. ; ... -_ ... .. 
" ,. 
• I •• , " 

2.0 -- .... --- .. ~- - .. -_ ....... ¥ _oO __ ..... _ .... , _ __ .................................... _ ................. .... ........ ... ....... _ ............................ " ..... _ ........................................ _ ... .. 
• , I • , • • , , , . , . 
~ , . . . . 

1 .0 
. . 

0.0 

-1.0 
, , 
" . 

-2.0 ........ -_.o ............ ~ _ .... _~.oO ..... ____ ! ... __ .... _ ... _.- .... ~ .. . .. __ .. _ .. _ ... ___ } .. ____ .. oO .. _ ... ___ oO; .. _~ ..................... :,. ........................... oO! ___ ~ . .. .. 
, . . . , . . 
f If' • I I 
I • • • • • • 

-3.0 _ .. - -- -- -- -.. -- -!--_. --_ .... -_oO ...... -: .. __ .. _ .... ___ __ _ .. ~_ .. __ .... - ___ • ___ !. _____________ ~_."oO. - ________ ;-_ .. ____ oO _______ : .. _____ _ 

I • ,. I , , -4.0 .1.-________________ ---'-_________ • __________________ -'-' ________ -'-________ -'--__ ...J 

0.00 0.10 0.20 0.30 0 .40 0 .50 0 .60 0 .70 

[/Ml) 



:[ 

~ 

:[ 

81 

lleasured Prof i Ie 
4.0 r-----~-----------------------~---~-___. 

· , 3.0 .......... .... -- _ .... - -} .. _ ...................... -!- .. -, .... .. .... .... ...... .. .................. "" .. .. ;. .................. .. _ .. -.. .. .............. .. .... ----:- .. .. -- -- -- -- -. -;- .. -----· . . -- --_ .. -- __ ,_ .. -- ..... · . 2.0 ----- ------ .. .. -;- --- - ---- .. -----:----- ... ----_ .. --- --- --------- ;-- --- _________ . ____________ .IL.. 

, , 
1.0 

, . 

-1 .0 

-2.0 .................. _ .. -;. .......................... -.. :.. ................. -- ...... .:- ...... -- .... _ .... _ .... ~ .................. --"";.""" -- ...... -- -.... ·r ........ · .......... _ .... .. : .......... .. 
• , • I • • , 

: : : : I : : 

-3.0 ------- ----- - -:- - - ---- ----- ---:- -- --- --------:- ---- ------- --:- -- -- ---- - ----; - -- -- ----- - ---~ - - __ - __ -. ____ -;_ : ___ -_ 

: : 
~ .O ~---~----~----~----~----~---~----~-~ 

0 .00 0.10 0.20 0.30 0.40 0.50 0 .60 0 .70 

4.0 

3.0 

2.0 

1.0 

0.0 

-1 .0 

-2.0 

-3.0 

-4.0 

4.0 

3.0 

2.0 

1 .0 

0.0 

-1.0 

-2.0 

-3.0 

[mm] 

I , 
CII ~ II ... 

JlTYfYl "11 .7 Ra L~).Jj;)tJ 0.85 f...Lm tJ~"1I~"1ItJ1~ 1 00 f...Lm LLNn~ 50 N 

lleasured Prof i Ie 
• I I • I • , 
! : i : : ! ! --------------l------------j---------------,---·--------+---------------1-------------t--------------[-------
iii i ! : i 

----------------------------------t-------------·--- -t----------.------+----------------- --~--.-- --------------;----------------------<----

I ! ! 1 1 I I 
~-----------T-------- -----1--- ----Or ---r------

, " I 

, I ---- --------- +--- ._ .- -.---_._j_. 
" I ! i I I I ! ! ---------1----------,.------+---------------+-----------______ :... ______________ ..1. __________________ 4-______ _ 
i ' , , : i i 

-·----·------..:.1----------------1-----------1-·----·---·---·+------------~----------+---·---·---·-I------
! I ! ! ! I I 

0.00 0.10 0.20 0.30 0.40 

Iklo.su red Prof i I e 

0.60 0.60 

. , · , . 

0.70 

• f • • , , • 

. [mml 

__ ~ ______ _____ :- ---- ----------:_- ... ------- .. ___ '! ___ .... _ .. .. ______ :~ __ MoO _________ : _ __ .. _ ... ___ ____ : ___________ .. ___ : ___ - .. -_ 

I I I I " 
, I I, I .. - ______ - __ _ __ ~ ______ - ___ ... __ ~ ____ - _______ .... ______________ •• _M _____ .. _____ ,, _____ M ______ ........ _ .. _________ .. -1_ .. ____ _ 

, • • • , I • 
I I I I I I • 
I I. I I . , , 

... - ... - -.. ... ---,. .. -- -.... --.. ... - -- -,. -- .. .. -........... ---~,- .. _ .. _ .. -. . , , , , 

, , 
• I , • • , • --- ---- .. - -- "-- r - - --- --_ .. --- _.,--" - --- -- .. - -- .. .,---- - - -- .. w .. __ .. ,- -"'-- .............. -, - - -- -- -_ .. .... - --r- _ ... "' .... _ .... - -- -,_ ...... .... "" 
I • •• I I 
I • I I • 

• • • , • I , 

-- -- --- ---_ .. --~ --- -- ---- ---- "'!- ----- - -- - ----~-- - --- --- -----~ .. ---- -- -_.- -- -~- - ..... -_.- --- -~ .. --- .. ---------;-. ---_ .. 
, • • I • I • · . . ., , 

-4 .0 .1..------r'------'-' -----'-----' -----'------'------.'----' 

0 .00 0 .10 0.20 0.30 0.40 0.50 0.60 0.70 

[mm] 

, , 
.AI .. " .... 

Jl1~YI "11.9 Ra L~).Jj;)tJ 0.85 f...Lm tJ~"1I~"1ItJ1~ 60 f...Lm LLNn~ 20 N 



:[ 

:[ 

:[ 

82 

lleasu red Prof I I e 
4.0 

3.0 .... " .................. --:- ........................... -:". _. _ ......... -... -.... ... ............... -_ ......... : .. "' .... -.................. .. ......................... -:'" "' ...... ,. ................. ":- ........ _ .. 
• I ,I 

2.0 
I' I 'I ... __ ................ ___ ~ .. __ .... '" __ ............ -too.......................... ... ................... __ .... j, .......... _................ .. .................. __ ............................. ___ .... I ............ .. _. ~ '" . . , , , 

1.0 

0.0 

-1 .0 
, , 

-2.0 I • • I I I • -- -_ .................... : .................... _ ...... : ............................ : .... _ ............ _ .... _ ... ! .. -- -_ .................. ,. ...................... -- .. .or .................. -_ .... -:- .... _ .... .. 
, . I I • • 

-3.0 ...... _ ............ -.... ... :------_ .. ---- ---:- ----- ----- .. --~ - ------ -- .. ----~--- .. -_ .... -- .... --~- .. -.. -- -_ .... -- --:-_ ... -- -_ ... -- ---:-----_ .. 
: : : : : : f 

-4 .0 -'------'-------'-'-----'-----'-----'-' -----.-----'----' 
0.00 0.10 0.20 0.30 0.40 0 .50 0 .60 0 .70 

4.0 

3.0 

2.0 

1 .0 

0.0 

-1.0 

-2.0 

-3.0 

-4 .0 

• [mml 

Ijeasu red Prof i I e 

........ _ ................. -: ................. -_ ........... :-- .... -_ .... -_ ........ ~ ............ -_ .......... -f- ......... · ~ - ~ -_ .... - ~ _,o .. ,o - _ .. _ .. _ .. .. - -;.. ...... -- - _ ........... -:- - _ ..... -
, , , , 
• I I I 

_ ~ ............. ,o .... ,o" ............. _ .. ,o ..... ,o' .... _ ............ _ .. _ .... J .. _ ...... _ .. _ ....................................... "' ................................................. ",o .... ' ............ . 

• I • • , • , 
I I I • • I • 
I • I I • I I 
, • I I • • • 

-_ .. ,o _,o .. ,o .. ,o .... _ ..... _ ....... _ ...... ,o .... __ ,._"" • ___ .. __ ...... ~_ ...... _a __ .... ___ .............. .. _ ........ _ .-r """" - __ ... --- .... r ... _ ..... __ .. ___ ........... _ .. 
f I I 'I I 

• I . ,I I .. .. 
, . 

I I I • , I I --- _ .... -_ .. - .. --roO ........ - ........ "-,-""" .. _-- .... -,o .... , .... ,o ...................... , - ................ -_ .. -- r"" - ............ - - .. .. -r- .... _ ................ ................. . 
I I • I. • 
I I • • I , 
I • • •• , 

~ ...... _ ....... ,o ~ A .. _} A" .. ,o ~ .............. ~ _:_ .. _ .. _ .......... _ ....... ~ .. _ ... _ .......... .. ..... ! .. _ ............... __ .... _ ~ .... _ .. '" ..... _ ...... ___ :- .... _ .................... _: __ ........ .. · , , . . , , · . . . . . , 
• I • • • • , 

0.00 0:10 0.20 0.30 0.40 0.50 0 .60 0 .70 

Imml 

· . CII ...ca. '" .... 
fl1YfVl '!l.11 Ra L1~(;1\J 0.85 Jlm ~~'!l~'!l\J1~ 60 Jlm LLNn~ 40 N 

Measured Prof i Ie 
4 .0 . 

" I I I • 

3.0 .. - ..... - ... ~ - .... - .. :- .... - - - - - .. - - ........ :- .. - .. - ,o .. - .. - ... . - .: - ....... ~ ........... - .. t -- ...... - .. - .. - ......... r -....... ................... :- - .............. -... _ .. -~ .... --.... .. 
• I I I 
, I I I 

2.0 
• f I I I I 

....................... _ .. ~ ............ "" ......... .. .1> .... ........... _ ............ 4 ................................................... _ ........ _ .......... _ .......... _ .. r.. .... _ .. _ .... _ .... _ ...... ' ............ .. 
• I , I I I • 
• I I , • • I 
• f , I I I , 

1.0 • • I , , I • 
_ --_ .... ,o ..... _ ...... _ ~ ... ..... .. ____ .... ___ ","_ .. .. .. _ .. .. .. .... _ .. . ., ____ .............. _ ._ .......... _ .. _ ,o __ ....... _" .............. _ ...... __ .. ,._ .......... ____ ......... . .. _ ....... _ 

I • • • I I , 
, I I I I , 
• 1 •• • 

0 .0 

-1.0 

· , , 
-2.0 ..................... - ...... ;. ............................... :- ........ "' .................. ; ... _ ............ - ....... f - .... - ...... - _ .. _ .. - .. ~ A ....... - .... - ...... - .. A;' ............. _ .... - ...... _;_ - • ~ ... . · . , . , . , 

I • • I •• 
• • • • I • • 

-3.0 ........ _ ................ ;- -........ -~ .... _ ........ -: ................... -...... ; .. _ ...... --...... _ .. _ .. ! .............. _ .. -........ ~ ....... -.............. -.. -: ...... _ .................. -; .. _ ...... -.. 
· . ,. " 

-4 .0 
I I ,I " 

0.00 0 .10 0.20 0.30 0.40 0.50 0.60 0.70 

[mml 
I • 

~ - ~ .... 
111~Yl '!l.12 Ra L1~(;1\J 0.85 Jlm ~~"1I~"1I\J1(1) 60 Jlm LLNn(1) 50 N 



~ 

~ 

~ 

83 

lileasured Prof I I e 
~ .O 

3.0 

2.0 

1.0 

0.0 
j ! : ! 

-1 .0 --!-----------~------------~----------- .------

-2.0 
! ' ! i 1 : i 

~~~-~ .. ~.-.~-.. ~~ l-··-·---~¥-~--··-·i·--·-····--···.J·-..... --..... ---.. .j...--••• - ••• -.-• ..;. •• --.------.------r------.--------!-------
iIi ; ! : ! 

-3.0 -----------!------------j-----------------t--------------+-------------f---------------~-----------+-------
iIi ! ! ! I 

~.O ~--------~--------~--------~--------~--------~--------~--------~--~ 
0.00 0.20 0.30 0.40 0.50 0.60 0 .70 

4.0 

3.0 

2.0 

1 .0 

0.0 

-1 .0 

-2.0 

-3.0 

· · 
illeasured Prof i Ie 

(mm) 

-- -_ .. - -- .... . - ... :-- _ .. -_ .... "'- " .. _ .. -!- .... -- -- -" ,,_ .. - ..... _ ..... --- -:- ....... .. .. . .. . 
t I ., I 

............................ L .. ...... .. ................ -'_.. .... .... .. .. .. .... .. .. .. ........ .. .. ...... .... .... JI .. .. ........................ " .......................... _to. .. .. ................ _ ............. .. 
I f I I . .. . . 

.. -_ .. ---.- -- -, -- -- -_ .. -_ ...... . 

• ., • I 
• I l • I , t ... -_ .. - -- -- --:-- -.. --.- -- -- -- -~ -_ .. - -- ·00-- -- - ~ .. - _. -- -. -- -_ .. - ~- -- -- .. 0 .. · .. ' "-r .- .. -..... _ .. ... -. -r"" .------- --- -:- _ .. _ .... 
: : ! J : : : 

--- -- -- -- --- .. -:-- ---- -.. -- -- -~ ~7- - ~ - - ---- -.--!- -- ---- -- - - - - - ! -- -- --- -~---- - :--- -- --- ---- ---:-- - .... ... - ---- - ---:- - -- -_ .. 
. -4 .0 .L... ________________________________________________________________________ -' 

0.00 0 .10 0.20 0.30 0.40 0.50 0.60 0.70 

(mm] 

~ ~ ~ ~ 
JYlYlVl '11 .14 Ra Lfl.J{;1t.! 0.85 f.lm c.J~"1IIn'1lt.!11n 35 f.lm LLNnln 20 N 

lileasured Prof II e 
4.0 .. 

• I • • I • I 

3.0 -- -- --.- - - - - - -~ -- -- -- -- -- -- - -!--- -- -- -- -- -- .. ~--- -- .. - _ .. -- -- -~ -- .. -- -~ - ..... -- -i- -- -- -- --- .. --- -:--- ---- -- ------:- .. - ----
, t t. •• 

• I ., , 
• • , •• I 

2.0 _ ........ _ ........ - - - -~ - - ...... _ ... - ...... - .. -!- .......................... ~ .. .., ................. - ....... ! ............................ ~ .............. '" ............ ~ .... ~ .................... ~ .......... ~ .. 

1 .0 
!: ' ! : 

0.0 

-1 .0 
I' ., 

-2.0 --- ---- -- -.. ---:- --- -- -- -- -- ---:- ----- -- -- ---- i- ---- .. -- -- -_.- r- -- -- -- -... -- -- ~_ .. --- _M - ......... : .... -- _ ...... . ........ M -:~ _ ... _ .. -

: : : : : : : 
-3.0 

______ _ ___ _ ~ _ .\' ___ ____ _ _ ___ _ .f ______ • _. _____ .J _____ • _ • ______ J _______ ___ _ _ __ L _ ...... _ __ ••• ___ .• l. _. __ .. oO .......... _ _ J •. __ • __ 
, • I t I • , 
I I • ,. • 

• I' I • · " , . -4 .0 

0.00 0.10 0..20 0.30 0.40 0 .50 0.60 0 .70 

(mm] 
I • ... ... '" ..... 

Jl1YlVl '11.15 Ra Lfl.J{;1t.! 0.85 f.lm c.J~"1IIn"1lt.!11n 35 f.lm LLNnln 30 N 



~ 

~ 

~ 

4.0 

3.0 

2.0 

1.0 

0.0 

-1.0 

-2.0 

-3 .0 

Measured Prof i Ie 
, 
, ...... ~ ______ ..... ~ __ ! _________ .. -_.00- _: ... ____________ .. i'" WoO- ______ ... ____ ~ _________ ............... w ... ____________ : ___ WoO- __ w ... ______ ! ___ . __ _ . . ., . .. 

I I • I 
....................................... wI>. ............................................................................. J... ..... ...... ..... ..... ..... .... .... .... ............ • ...... ..... ......... .. .................. ... ... ... wi ................................. _,_ ........... _ 

• , " I I 
,. • I . . . 

I •• • ... -.... --....... _ .... -~ .. -...................... -... ~ .. -_ .. _ .................. ~- .. _ .. _ ............. -.. ~- .. -............ -- -- "'-r- _. -- -- -........ ·.or- _ ....... -.. ---- -.. -r .... -.... . 
I I I I I I 

-. -- .. - .. - -- -- .... :--._- -_. - .. " ... - --;_ .... .... - -- .. _ ....... :-_ .. - - ...... -_ .. _ .. -:- ...... __ a ______ ;_._ .... __ .. ______ .: __ .. _ .. _____ • __ : __ .. _ .... 

• • I I I , 

84 

.4.0 .1.-___ ----' ____ ---'-. ----....;..-----.'------'-.-----'-. ----...:.' ---' 

0.00 0,10 0.20 0 .30 0.40 0.50 0.60 0.70 

(mm) 

, , 
_ 4 ~ ~ 

11 '1 YfVI "ll.16 Ra LnJ(;I~ 0.85 J.lm t.J~"ll(?l"ll~1(?l 35 J.lm LLNn(?l40 N 

lleasured Prof i Ie 
4.0 

• I I , 

3.0 .. -_ .. -.. --- .... ~ .. -: -_ .. _.- --." -- --r-- -- -_ .. ---- -- -i-- -... -... -- -- -- --:- -.. -- -- -- -.. --.. ~ -- -- -- -- -- -- --;-- -- -- ........ _- ... --;- .... --.... 
, I • I I 
I I I I 

2.0 _ ...... __ .......... _ .. _10. .. .. .. _ .... _ ................................ .. .... _ .... ~ .. .. ............................. _ .......... _ ............ ~ _ .............. _ ................... .. ...... __ .. __ .. wI_ ...... __ .. 
, , , Itt 

, " I f 
, I. I I 

1.0 

0.0 

-1.0 

-2 .0 
, . . , . . . --- .. -- -- _.... -,. ---- ...... --- _ .. --,-" ---- -- ..... _. -., -' _ .. _. ------ -- ,,- _ .. -- -- -- ---- -" -- _ .. ------ -_ .. -,-- -- -.. ----~ - .. -.... - ... -_.-· .. . 
I I I. • 

• • , • • I • 

-3.0 ,. .... _ .. _ .. _ .... __ .. _:- _ .. _ .. .. __ ........ .. __ ; __ .. _ .. _ ................ : .... _ ................ _ .... ! .... _ ............ _ ........ : ........ .. .. _ ............ _;- _ .. 9 .. _ .. 9 ... _____ ;_ .... __ .. _ 

• , • , I • • 

-4.0 -'-------.-----. -----.-----. -----.-----. -----.----' 
0.00 010 0.20 0.30 0.40 0.50 0.60 0.70 

(nvn) 

, , 
~ _ ~ v 

1l1YiVl "ll.17 Ra L1l-J(;I~ 0.85 J.lm t.J~'tI(?l"ll~1(?l 35 J.lm LLNn(?l 50 N 

Measu red Prof i I e 
4.0 

3.0 

2 .0 

1.0 

0.0 

-1 .0 
i + ... _-.-._. 

-2.0 

-3.0 

-4.0 

Ii! i! I ·_-_···_·····_+··_-_···········+················_·-1--.. _ ... __ ._.;.. .... _ ....... _ ... j._ ... - ....... _+ .. _ ... _ ... _._-i-······· 
! ~ i ! ! i i _.--... -.-.-..... -.--... -.-.-...... -.-.---.-.+-.--... --.-.+.-·---···-··+·-·-·----·-f-------··I-··-·-
i : Ii: : I 
I ! I I I . i 

0.00 0.10 0.20 0.30 o.~ 0.50 0.60 0.10 

[mm) 



85 

lle..sured Prof i Ie 

K 
4.0 

3.0 

. . , , . . . , , , . . 
.. -- -- - ...... -- .... -:- ................. --- .... -:- ........ -- .................... ---- .......... - .. t ................ - ............ ~ .... -_ .. -- .... -_ .... -:- .... -- -- .... - ........ -:- .......... .. 
:: :::. 

2.0 " "" -- -- -- -- -.. ---- ... -- -- -- -- -- -- --'-- -- -- -------- -- -- -- -- -- -- -- ~-.- ... --.. -.. -- --,,- -- -- -- -- -- --_o... _. __________ ~ _____ _ I. "l' . I. . .. . 
1 .0 

0.0 

-1 .0 

" ." 
-2.0 .. -- -- -_ .... -- -- -~ --- .. ----_ .... -- ~- .. --_ ................ --~ .. -.... -- ..... -- .... -! .. ........ _ .. -.. -- -.. -~ .. _ .. ---_ .. ----- -r"" ---- --- .. --_ .. : ........... .. · . , . , . . 
-3.0 

• • • • • I • ............................ r ........................... -:- ........................ -1- .......................... ~ ............................ r"" ...................... "r ........................... -r" ........ .. 
-4.0 · r.... 

0.00 0 .10 0.20 0 .30 0 .40 0 .50 0.60 0.70 

[mm] 

, , 
~ A ~ ~ 

111YiYl '11.19 Ra L1lJ(;lU 0.63 J...lm ~-:l'1l(;)'1IU1(;) 100 J...lm LLNn(;) 20 N 

llleesured Prof i Ie 

~ 
4.0 

3.0 . - _ .. - - - - _. _. -:- .. - - .. _. _. - _. -:- - - - - - - - - - - - - - i - - _. - - - - - - - - - - t - - - - - • - - - -. - • - r _ ••• _. -• _. _. -.;-. _ •• -_. _ ••• -• -: •••• ---
• I , , • , I 
• I J • I I .. 

2.0 
• • • • I • • _ ~_ ..... _________ ... ______________ • _______ _ ______ J ___ .. ____ .. _____ .a._ .... _____ • _____ ....... ___________ ~ ___________ ...... '- _____ _ 

I • • I • t j 

• • • • • I , 
I • • • • • I 

1 .0 
• • I I I , , 

-- -- -- ... --.- -- ..... -- .. - -- -- -- -- ............. _ ............. - , ..................... " -- ..... - .. - .. - -- --,..- .. _ .... -_ .... _ .. -- -t" _ .... - -- - ... - .. - .. -r"' .. - -.-
• I I • I • 
I ••• , · ,., 

0.0 

-1 .0 
• • , , I ...... -.. -.. -........ _- ... ----- .. --- ........ _ .... -.. -.. ----_ .. -.-- -- ---.---.-- .-- -- -------- -- .. ----- -.. -_ .... ---~ .... -- .......... -...... ,., .... _-_.-

• I • •• I 
• • I • • 
I I • • • .. 

-2.0 
• • , • , , I " - ... - ......... - _ .. "r .. - - ~ .. ~ " ... - •• - -.-'" • - .. - .... ,,- - ...... , .. - _. _. - ... - _ ...... r· ...... - ". ~ ... - - - ., ........ _ ......... - - .... r·" " ........ - .... _ ............... - .. .. 
, • I I ' • 
I I I ., , 

• , • I • 

-3.0 -- .. - ...... - _oO .. - ...... :a ..... _ ........ --.., ......... : ............. _ ..... -- .... ~ _oo .. - .... - _ .. - _ ...... tOo ...... - ...... _ .... _ .. -: - -_ ................... - .. ~ .......... oo .. _oo ........... :- .......... - .. 
, I • • • • I 
• I • , , • • -4.0 ..1..--___ • _____ • ____ -'. ____ -'. _____ . _____ . -----. ----' 

0.00 0 .1 0 0.20 0.30 0.40 0 .50 0 .60 0 .70 

[mm] 
" , 

q - ~ ~ 
111YiYl '11.20 Ra L1lJ(;]U 0.63 J...lm ~-:l'1l(;)'1IU1(;) 100 J...lm LLNn(;) 30 N 

Measured Prof II e 

K 
4.0 

3.0 

I • I I 
I 'I I 

I • " " 
.. - . -- -- _ .. - .. ,,- .. : .. -- -- .... -- ... - _ ...... :-_ ........... " .. oo ... --: - .. -- -. _ ........ - -- t- -...... oo" .. - -- - - -. -- .. - .. - .. ". - - _ .... r .... -- -- " .. _ .... -.. -~oo- - ..... --

I I , I I I • 
, • I I I I • 

2.0 
I I • I I , • --- -_ ...... _ .. -- ........ _ .. -- _ .. _ .. ----~ ........ _ ............. -.. _-_ ............ _- .... _ .... _ .................... _ .. '--- --_ .... -- --- --~ .. _ .. -....... -- -- -- ...... - ........ .. 
I , • , • I • 
, t • , I , , 

I , If. I , 

1 .0 
• I I I ,. 

_ ...... -_.- - .... .. .. - ............. ~ .. -_ ................ _ ............ - - ...... ". -- ..................... ~ .... -_ .... -- _ .......... 1'- .... _.- .. --- ----,...- -- -- -- .... -- ... - ..... ---
I 'I • I I 

• I I • I , 
I I • I I 

0.0 

-1.0 . 
-2.0 

· , . , . , , 
......... ................... -1' .... ..................... -,--" - - .... - ............ , ........ - .... -- """-'rOo - .. ,,_ .. _ .. _- ..... -.~ .. - ..... " ...... - ..... '",. ................. -" ...... -.---- .. - .. 

I I , • • I • 
I Itt I , 

• I • I I I • 

-3.0 _ .... -- _ .............. -~ -- -- --.- .... ~ ..... : ... - - .. - - - - - -. -~ ..... ~ - .......... oo ...... t ........ -- _ .... _ .. -: ........ ,,_ ..... _ .... ~~ -- -- .. ~ -- -- -- .. -:--oo- - .. . . ." 
I ,I' 
I • I • -4.0 L-______ ~ ________________ ~ ______________________________________ ~ 

0 .00 0 .10 0.20 0 .30 0.40 0 .50 0.60 0.70 

]mm] 

d ~ ~ ~ 
111YiYl'1l .21 Ra L1lJ(;lU 0.63 J...lm ~-:l'1l(;)'1IU1'" 100 J...lm LLNn(;) 40 N 



86 

lleasured Prof i Ie 

! 
4.0 

3.0 
, , 

•• ~. ---- - - -- --!-- -_. -- -. At' -- --:- -- -. --.- - - --- .. -- .. - -- - .. -_ .. -. f- -- -- -- .. - ... -~ -- .. -- ---- --- -. --:-- -_ .. -- -- -- -- --:--- ----o. I • I 

" I I. 

2.0 
., I " ... __ . .. _ _ _ _ _ ____ '- .. _ ...... _ .. ___ ...... t. __ • ____ .. _____ .. __________ .. __ iI. . ______ • _ .. ___________ • ___ • __ ..... __ • __________ • ______ _ 

• I • 'I 

1.0 

0.0 

-1.0 

, " 
-2 .0 • I I I , • \ - .. - .. - .... - _ ... _ .. -- ,-" - ........ _ ..... - .... ~ -'-"''' ...................... , ........ -- .. - ...... - . _ .. T" .. - ....... - .. _ ....... ~ .. (' - ..... - - ....... - ... - ... ,-" - - .... _ .. - - _ ... - -.-"''' _ ..... -

I • • , • • • 

• • • I I , I 
• • • • • f I 

-3.0 --- ----- _. -- --:-_ .. _ .. -.. --- -- --:- -. -- -- -- -- ---~- -- -- -_ .... -_ ... - ~- -- -. -_ .. --- -- -~- -- -- .... --. -- --;-- -_ .. -. -- --.- --:------. 
I I I • I , , , 

-4.0 
, , , 

0.00 0.10 0.20 0.30 0.40 0 .50 0.60 0.70 

(mm] 

~ ~ ~ ~ 
111'Yii'l '.22 Ra L1l.Jj;JU 0.63 J.lm t.J~'~'U1~ 100 J.lm LLNn~ 50 N 

llee.sured Prof i Ie 
4.0 

! 3 .0 

2.0 

1.0 

0.0 

-1 .0 

-2.0 

·3.0 

-4.0 

0 .00 0.10 0.20 0.30 C.4tO 0 .50 0.60 0.70 

[mml 

lleuured Prof i Ie 

! 
2.0 

1.5 

1 .0 

0.5 

0.0 

-0.5 

·1 .0 
" , 
I I I I I 

·1.5 ~ ... - .......... _-- -} ........ -- --_ .. _ .. :--_ .... _. -- _ ...... -~--- _ .... - _ . ... _. t oO -_ ... _ .......... - .. ~ .......... _ ....... _. I" -- -- ---- .. 

• I , I I I 
1 • • • I I 

-2.0 
· . . . , . 

0.00 0.10 0.20 0.30 0.4(J 0 .50 0 .60 0.70 

(mm] 

~ ~ ~ ~ 
111'Yii'l '.24 Ra L1l.Jj;JU 0.63 J.lm t.J~"iI~"iIU1~ 60 J.lm LLNn~ 20 N 



87 

llleuured Prof i Ie 

~ 
4 .0 

3.0 · . - _ ....... - .. ---- ........ ~ ... - ... -- -_ ...... -_ .. -;_ .... _ ... _-- -- -- -- ............... - ........... '!._ ... _ ....................... .. ... ............................... -:- ............................ -:- " ......... .. . . · . . . 
2.0 · . -_ .. ", _ .. -.... _-- --:-- -- -- ---- ..... -- -r -_ .. -- -- -- -_ .. - .. ---- .. "' .. -........ -; -- -- -- .. -.......... .. 

· . 
1 .0 -_.- -- -- -- -- --,.- -- .. ~ - .. -_ .... --- .. -- -- -- -- -- -- -r -_ .. 

0.0 

-1 .0 . . . 
-2 .0 

-3.0 

-- ._-_.- -- -- --r- -- _. -- _._. --t -.- --'- -- -- -- j- -- -_.- ... --- -i-' -- _. --- . -'; -"- -_._.- -- --;- -- -- -- -- -. _. ~ ---.--
w -- -- --- .... .. -- -r-- -_.oO -- ------:----- -- -- .. _-- -1-- -- -- -------- r- -_ ..... _-_ .... --- r- _ ... --- -- -- -.. -~ -- -_ ............. -- -~-- ....... .. 

-4 .0 
o • I I I 

0.00 0 .10 0.20 0 .30 0 .10 0.50 0 .60 0 .70 

[mm) 

~ ~ ~ ~ 
1l1YiYl ' .25 Ra L~l.Jr;1'W 0.63 J.!m CJ~'(Pl''W1(Pl 60 J.!m LLNn~ 30 N 

llleuured Prof i Ie 

~ 
4.0 

3.0 

, 
, I • I • I I 

............................ --:- ... _ ...... ·0' ''''''''' .............. -:- ........... - ................... ~ ............................ -1 ... .. ......................... r ............................... !- ............................... -:- ............. ... 
• • • I • I f 
, I • , , 

2.0 
I , • • , , 

....... ___ .. _______ I. _ .. _. __ ... __ .. __ """" ~~ ~~ ______ .... .. .I ...... ~ .. oO ~_ .......... , ....... _ .. ___ ~ _ .. __ I. .. __ .... _ ...... _____ ... _ .. ______ ...... _4"'''~ ___ .. 
I l t " 
I ~, I .. .. . 

1.0 

0.0 

-1.0 

· ... 
-2.0 

I , , • • I I 
- ---- - - -- ---- -,. - _ .................. -_ ..... -- -_ ........ -- .... -, .... -_ .. _ .. --- -- -- r--- - .. - _ .... - _ .. --r"" - .. - .. --- -- ...... ,.- ...... _ .. - - - - - - - -". - ........ -

If' • I I 

• , I • I • 
, • I • I I 

-3 .0 .. ---- -_ .. .. _ .. -- -~ - -_ .. -oO _oO - .. - ---:- -- -- -- -- -- -- -~ .. - .... -- -_ ..... oO - -t - _ ... oO - - _ .... -- --r-"- -- -- ... - -- -.. -~ -.. -.. -- -- ---- --:- .. - --_ .. · .. · . . 
-4.0 · .. 

0.00 0 .10 0.20 0 .30 0 .40 0.50 0 .60 0.70 

[mm) 

Measured Prof i Ie 

~ 
4.0 

3.0 

· . · . 
I • I I.. 

................... - ...... :- .. _ .. _ .. --- - -_ ...... ;--_ ... _ .... _ .... __ .. -~- .. -- ............. ---t- ........ -_ .. - .. --- .. r ...... _ .. ----_ .... --: .. --._-_ .. _ ..... _--:-_. __ .. . 
f • I • • • • · . . , . . . 
I • I , • I I 

2.0 ~.~ •• -- -- .. ~ •• _ .. :-- .. _ .. - ..... -- -- ---:- -- -- -- -- -- -- .~ ...... ---- -- -- --!"- _ ..... _-- .. -~~. _ .~---- --,--- -- -- -~ -- -~ - - -- -~ -~ ~ .. :-- -- ---
• I I I • I • 
•• •• I • 

1.0 

0.0 

-1 .0 

· . 
-2.0 • I • • • I I 

- -- -- - .. - - - ..... - .. ,. _ .. - .. - .... - _ .. - .. - -.- ......... ---- - - --, - .. _ .. - .. _ .. - - _ .. -- T - - - _ ...... _ .. _ ......... r '" - ............... _ .. _ .. -r""""'" -_ ............. "'-r -- ----
I I • , I • • 

• • I Iff 
I • • I I • 

-3 .0 ..... __ .. ~ .. _ .... __ .. ~:-- ~ ...................... __ ... : ___ ...... _ ...... _ ....... ~ _ ..... _ ........... _ .. _ .. _ ~ ___ .... _ ......... _ .. _ .. ~ • _ 4 .. _ ...... _ ..... ___ ~ .. ____ ............. ~ .. _:_ ... __ ..... ... 

• • I , , , 

If' I I 

-4.0 
• I • I I 

0.00 0.10 0.20 0.30 0 .40 0 .50 0 .60 0 .70 

[mm) 



88 

lleasured Prof i Ie 
4.0 

:[ 
3.0 

2.0 

1.0 

0.0 

- 1.0 

-2.0 

-3.0 

-4.0 

.i i j i i 1 ! 
-----·-···-·-··-t-·-···-·-·--·r--···-·---r·-·--····-··-t---·-··-·--t·----·-·--·-r·----·--·-t---

• I I • I ' . --------··---+-------·-----i--·-----·-·-·+·-·-·---·------+--------·-·-·-r-----------·+·-·----·----- -----f-------
I I I i I I i .. --------r---·-·---t----·------·-l---------r·-- -----··---r·-- --------!--._------t:---

! i. 
I .:.-------------1----------- ~ ----------t------------j ! 

·-·-·-------j-----·---·---+--------·-·-i----------.-·-·---------T----·-·-·-----~--------·-----i-------
I I ! i j ! ! 

----------/---------------j-------------]-----------------I--------·--·----1'---·----------i----------t------
· I I l : I I 

0.00 0.10 0.20 0.30 0 .40 0.50 0 .60 0.70 

(mm] 

Measured Prof i 1 e 

£ 
4.0 

3.0 

· . · . · . ~ -- -- -- -- - - -- -)- ............... .. ........ -!- ........ -- .... -- -- --{-- .... -- -- ............ r ............ .. .. -- .. .. -- :- .. -- .- .... -- ........ -: ..... -- .......... -- .. .. -:- .... ----
. ' I • I • • 

I • , • • , 

2.0 
I , I I • , I -- -- -- --- .. -... -;- -- ...... --_ .... --tOo -- -- -- -- -- -- ~- -- ---- -- -- --- :-- ----_ .... -_ .... -: -- -- _ .. _ ..... -- --r-_ .. -- -- .----- -:--- -_ .. 
• I I" 

1.0 
I , I I • • 

.... -- -_ .............. -~ ................ -- .. -- ......... -- ............ -_ .. "'_ .. -_ .. --- .... - ........ 9' .. ...... __ .............................. -- ............. .o r- _ ..................................... - .. 
, I I I t I I 

I " . , 

• I I I 

0 .0 

-1 .0 

. . 
-2.0 

I • • • • • , 
-_ .. _ .. - -- -- .... -,. ........... ... - ........... -- - ................ ...... , .............. _- .......... t .. - .... - -- _ ........... , .. .. - ....................... ,._ .... -- - '"' - ..... - ..... , .. - .. - -- .. 

I I • • I • I 
I • I • • J • 
I • I • , • • 

-3.0 ...................... - - .. ~ - - _ .. - ...... _ .. - _ .. --:- _ .............. _ .. _ .... ~ .. - _ .............. ... - .... ! .. - .. ................... - ~ .......... - - - - - - ..... -!,," .................... - - -:- .. - ...... -
I .., 
I I I , 

-4 .0 .L.. ____ .:...-___ .....:. _____ ':...-___ .....:.. ____ -.:....' ~---..:.....----.;....-..J 

0.00 0 .10 0.20 0 .30 0 .40 0 .50 0 .60 0.70 

(mm] 

I I .. ... " .... 
111YiYl '1l.29 Ra LnJ(;l\! 0.63 J..lm t.j-:l'1l(;)'1l\!1(;) 35 J..lm LLNn~ 20 N 

Weasured Prol i Ie 

£ 
4.0 

3.0 • " I .. _ .. -- .. -.- -----:- -- - .. - .. ---- - - .... : .. _ ......... -_ .. - .... .... -tOo .. ...... _ .......... -- .. ; -- ...................... -} .. - - .. .... - .... - -- .. -:-- - .. _ .......... -- ---:- ....... -- .. 
I • I •• , 
, I • , • , I 

• I , • I I • 

2.0 -- -- -- -. .. - .... --roO -- -- -,. -- -- --7 -- -- - - -- -- -- -1-- -- -- -- -- -- --:- --------- -~ -";---- ._ .. -.. -- -- -: -.. -- -- ------- .. :-- -- -
I • I , I 

1.0 
I , • I I 

----- --- ... - - .. - .... -- .... _- .... ,~ ...... _ ........... -. _ ..... ... -- --.- .. ~ ......... , ... - .. ---- ..... - ""-r .. - ..... - ...... - ... -- ... - ... -- ..... 
• • I I 
I •• • ,. . 

0.0 
, . 

-1.0 
I I ,.. ....... - ...... - .... .. - .. ~- .. - .. - .... -- ........ ......... __ .......... -- ........ -.. - ~ ~ .. _· .... _ .. - .. _r_ .. ~ .. - .. - - .... --.. - ............. ----- .... _____ .. _ 
: :: : :: .. 
I I I 'I I 

-2.0 _ .. _ ...... _ .... - '00 _ .... ~ ........ __ ....... ___ .. _!_ ..... ___ ... ~ ............. ~_ .. ..... .... .. ...... . ..... ~ .... ~ .... _ .... __ ...... _~ ... _ ........ _ ... __ • __ ;.. ...... _ ...... _ .... _ ....... : .......... _ .. 
I • I I I I • 
I • I • , • I 

• • • I • I I 

-3.0 ----.. ---------f -------.. -.... _ .. -1" -- -- - - - - .. - ... -1- .... ---.. ---.. ---~ -............. ----.. -- ~ ...... -......... --.. -- ~ --...... -.... ------( ------
-4.0 

, I , •• • 

0 .00 0 .10 0 .20 0.30 0 .40 0 .50 0 .60 0.70 

[mm] 



89 

Iie4sured Prof l ie 

~ 
4.0 

3.0 
· .. -.- --- ......... ---: ......... --- .. _ ....... --: ...... _ .. -- -- -- -_ .. -- -- -_ .. - -- -- -- t- -- -- -_ .. - _ .. -_ .. -- -.. -- -- -- -- --:-- -- -- -- -- -- -- -:- .... ----

: : :: 
2.0 

,. • I I ......................... .. ~ ............................ ;- .. .... .... .. .. .... .... .... .. .......................... :............................ .. ........................ -: .......................... -;_ .......... .. 
· .. 

1.0 
, . ,. ..... - ....... ---- ...... ------ .. ----:-- ............ ---- .... - ----- .. - .... -- .... -!- ...... - ............. - .. - ...... --- .. --- .. -- .. :-- ........ --- .. -----i ......... -. . 

0.0 

-1.0 

I I., t 

-2.0 I I I • • , • .. ----- _ .. ----- -i- -- -.. _----- .. -""':--- -- _ .. -- -- -- .. ~- ...... -.. _ .. -- -.... - ~_ ...... -_ .. __ ... - _ .. -r _ ...... -- -_ ..... -- '"-r- -- -- -- ---- .. --:- .. -_ .. -.. 
: : : : : : : 

-3.0 ,. .......................... ~ ........................ -: ........................... ~ ............................ t ............................ :- ............................ ~ .......... ~ ~ .. A __ A .. -:- ~ ~ - - ~ .. 

:: :::: 
-4.0 ~------~.~------~. --------~--------~. --------~'~------~.--------~. --~ 

0.00 0 .10 0.20 0 .30 0 .40 O.SO 0.60 0.70 

(mmJ 

cI",:" ., 
Jl1~V1 "ll.31 Ra L~l-JI'lt.l 0.63 J..lm ~N"ll~"llt.l1~ 35 J..lm LLNn~ 40 N 

lllee.su red Prof i Ie 

~ 
4.0 

3.0 

· . . · . . 
f I ~ • • I • 

-- ... -- -- -..,. -- .. } ...... _ ........ _- ... -:-- -~ -- -. --.- -- i- -- -- -- __ A. -- -1-- -- -- .... -_ .... --:-- .... -- -- _ .... - ---:--- --- ~ .. ~ ----- -:- .. -- .. -. 
I , t I • , 
I ~ t I I • 

2.0 
, I \ I • I I ___ .. _ .. __ .. ____ '"' __ .. __________ .,J ..... ______ .. __ .. _ ... ~ ......................... _ ........... _ .... _ ...... _ ...... ___________ .. __ ..... __ .. _ ..... __ .. ___ ............... .. 

\ I • I I I I 

It. " I · .. '" 
1.0 

, I • • • , I - -_ .... -- ~---- .. -r-~ .. --~--- -----:- -- ~- -- _. -- -- -~-- -- -- -- -- -- -.. ~ .. -- -- -_ .. - -_ .. - -~ -- -- -- -- -_ .. - --:---------------:- -_. -_ .. 
" . . . 

0.0 · , 
-1 .0 · . . ___ • ___ ...... _ .... _t- _ ................ ___ .. -r- .... N _ .. _ .. ____ • N" _ · . . · . . I • , • 

-2.0 I I • • • • • 
.~ ..... ~ ............ -r _ ........... -- ....... :~- ... _-_ ............. -~- ....... -... -...... -.. ~ ......... __ .. _ ............ ~ ............................. ; .. -_ ............... -.... ~ .. -......... -

I • • , • , , 

• • • • • • I 

-3.0 .... -oo - .. -_ .. - -- - -~ _. - .. - ~ ..... _ ....... : ......... _ .. _- -- - ..... ~ ...... ------ ", .. - .... t .... _ ..... - ---- _ ...... ~ .. _. -_ .. - -- -- -- -~ .. -* - _ .. - .. - _ ...... -:- _ ......... 

I I t I I 
I I • • 
I • • • -4 .0 ..1..-_________________________________________________________________ --' 

0.00 0.10 0.20 0 .30 0 .40 O.SO 0.60 0.70 

[mmJ 

· . Q ~ ~ ~ 

Jl1~Yl "ll.32 Ra L~l-JI'lt.l 0.63 J..lm r.J~"ll~"llt.l1~ 35 J..lm LLNnlPl 50 N 

Measured Profile 
4.0 

~ 3.0 
· ! • I I : • : 1 .-------------,-------.-------.--r-----.--.. ----.--.----·--------·---r--------·----------:---------------I-------.---.-------j'------

! ! I ! ! i ! 
2.0 

1.0 

----·------t-·------------i----·---·---+------------t----------f-·--·-------+--------t----
i i ! : ! : ! ---------.-------. . ---+---------.' ----1-·----------·-+- ----1------
I Ii:! 

0.0 
I 

-1 .0 
I -j----------------l------·---- t------··-------·--t------------- -- ---·---1--------------- j.-------

-2.0 

-3.0 

-4.0 

iii iii i 
·-----·---l---------·--r-------t----------l----·---·----T----·------i----·------l-~----

-----------l---------~---·--l---------------t-------------··---t---·----··-~---t----------------t-·----~----------:---------
! iii ! i i 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

Imml 



90 

lleasured Prof i Ie 

£ 
4.0 

3.0 
. . .. .... ~- .......... --r .................... ---:-- ....... --- -- _ .. _- .......... -...... -----t ......... --- .. - --- .......... -- .... __ ........ : .. - ...... _-- .............. : .... ---- .. 

2.0 
:: : :: .. __ • __ .. _____ ...... ___ .... _________ f- ................... _ ................ ________ ............ ______ .......... _ .. _ .. _ .. __ .. _ .... _ ...... _ .. _________ ......... ___ .. 

:: : :: 
I. • " 

1.0 
• t I •• ........ -- ................ ;- .......................... -:-. ................ .. .... .... .. .......................... ~ .... .... .... .... .... ........ .. ......................... : .......................... -:- -- ...... .. 

0 .0 
;: ; .. 
. .. 

-1 .0 _ .. _ .. -- -- -- -- --~- -- .. --- .. ------.. -- -- ---- -- -- ~- -- -- -- -- -- ---: -- -- -- -- -.. -- .... ~ ---- .... -- -_ .... --:..- -- -- -- ---- --..:. -- ----
: : : : : : : 

-2 .0 .......................... -~ .......................... -:- ...................... i ............................ ~ ...... -- .................. : ........................ -~ _ ................ -----:-- .. -.. --
I 1 • • • • • _ 

I j • I • r • 

-3.0 .. - -_ .......... - -- ... ~- -- -- -- -............ :-- --.. - .. - ..... -- .... 1- .. - .. - ... - - .. -_ ...... ! .. - -- -- -- -- --_ .. ~ -_ .. --- -- -_ .. - --~ .... - -- -- -_ .... -- -:- -- ----
I 1 I I I • • 

-4.0 
: :: ::: 

0.00 0 .10 0.20 0 .30 0.40 O.SO 0 .60 0.70 

[mm[ 

I I 
~ A ~ ~ 

Jl1V'1Vl 'TJ.34 Ra L~l-J(;ItJ 0.42 J...lm ~N'TJc;'I'TJtJ1c;'1100 J...lm LLNnc;'l 20 N 

ille&su red Prof i I e 

£ 
4.0 

3.0 

, ••• I 

: :::: I 

.... - . _ .. - .. - .. - .. - -} .. - -- -- ...... - ...... -:- ....... - - -- -- .. - -~ -...... -- -- .. - -- .... ;."" ..... - "" ........... ;." ...... - .... - - _ ...... -} - . - ~ - -- ...... - _ .. -!- -- -- .. .. 
It' , I I I 

! : , : : : : 
2.0 

..... _ ... . ____ .... _ ..... ___________ .. ~ ____ .. _ .. _______ .. __________ .. _ .... ~ ......................... _ .. __ .. ______ .. _ .. _ .L .. _ .. _ .. _____ .... __ 1 ____ .... _ 

: : : : ; : : 
I t I I • I 

1.0 
I I • • , • • .... _ ...... --- ---- -.... --- -- _ .. _ .... -............... _ .. -" .............. -_ .... _ ...... -- -_ .. -..... -................ _ .. -~ .... -- -- _. _ ........ ,..- .... --.............. ..,... ......... ~ 

0.0 

-1 .0 

:.,-..... : : : . i...- : 

v _. ________ ~.-.---.--y~---.-.--.---.-~-.-.v-.--+---.-- ___ ¥ __ . ______ ._~------~--+----.-
, I t I • I I 

-2.0 
I I I , , I I 

.... - _"_~"M"_ --r- -- -- -- -- .... -- "r------- -- -- .... 1 .......... _ .. _ .. -- -_ .. f---"" -- .. _ .. --- -r -- -- -- -- -.. -- -··f------- _ .. -_ .. -.... :- .. -- ---
-3.0 .-_ ... - .. - .. -......... :- .... -_ ........ _--- _ ... : ................ __ .......... : ............ - _ .. -- ..... t- .. _ .. -...... -_ ..... --; .. -- -- -........... - .. ~ -............ -....... _ .. ; .. _ ...... - .. 

: :: : : -4~ L-______ ~ ________ ~ ______ ~ ________ ~ ________ ~ ______ ~ ________ ~ __ ~ 

0.00 0.10 0.20 0.30 0.40 O.SO 0 .60 0.70 

[mm] 

I I 
q A ~ ~ 

Jl1V'1Vl 'TJ.35 Ra L~l-JlJ1tJ 0.42 J...lm ~N'TJc;'I'TJtJ1(;1 100 J...lm LLNnc;'l 30 N 

lleasured Prof i Ie 

~ 
4 .0 

3.0 

I 

-. -- -- -- -- -- --( -. -. -. -- -- -- -r -. -- -. -- -.. -- -r--· -------·--r··-----·- -- . -1- -. -. ----- -- -r --.-.- -- -- -- --( -- ---
2.0 .. -- .. ~ .......... - - .... ~ ---. ---- _ .. -- .. -;- .. ---- -- ... - ---- ~ .. _ ...... - .... -- -...... ~ - --" _ .. - .............. ~ .. - .. - .............. - .. ~~--- -_ ..... _ .. -" ... _""'"!---- .. _-

: : : : : : : 
1 .0 --- -- -_ .... -- -- -~ _ .. _ ...... __ .. - -- --, ........... -- -- - ....... ~ ...... _ ......... - - .. _ .. !- .. -- _ .. _. - _ .. --- ~ _ .. _ .................... -:.. .......... -- .. - .. _ .. -..!- .... ----

, , ., \ t 'I , ., 
I • , 

0 .0 

-1 .0 
, , ...... ---_ ..... _ ...... -........ _ .. _ .. --.. -....... -......... _ ........ -.. --...... -.................... -........... _ .. _ ...... _ .. --.... --.. - _ .. --.. _ ....... _ ......... - .. -........ ,,-... ---.... .. 

, I , • , , , 

I I I • , I 
, I I I , , 

-2.0 
I , I , I , I 

- _ .. " _ .. _ .. - - - - - - r" - - - .. - - .. - - - - - -,- ...... - _ .. ~ - _ .. ~ - .. ., .. - - - .............. - .. - T - - ..... _ .... - - - - - - - r - - - .. - - .. - ... - - - - ~r .......... - .. - .. - - - - -,- - - .. - - .. 
I I I I I • I 
, , f • , , I ' 
I , I J • I I 

-3 .0 --- -- -- -- _ .. -- -t -- -- -- _ .... -.. -.... ; ........ -- -~ -- -- ~-:- ~. -.. _. --_ .. -... -! -' -. ---.... -- --:' -_ ... -_ ... _ ...... ;" ..... ~ ............ --:-.- ----
-4 .0 L-______ ~: ________ ....:.: ________ ....:.: ________ ....:.: ________ ~:~ ______ ._....:....: ________ ..:...: __ .......J 

0.00 0 .10 0 .20 0.30 0 .40 O.SO 0 .60 0.70 

[mm] 

I I _ A ~ ~ 

Jl1V'1Vl 'TJ.36 Ra L~l-I(;ItJ 0.42 J...lm eJ~~(;1'TJtJ1c;'1 100 J...lm LLNnc;'l 40 N 



91 

Measured Prof i Ie 

~ 
• . 0 

3.0 

· . . · . . 
• I ,. I I 

- -- -- -_.- -- -- -:- -- -- _ .. -- -_ .... --:-- .. - -- -- -- -- ·,,1-,,- -- -- --.- - .. -i -- -- - .. -- -- -- -- .. -- -- -- -- -... - -} -- -- -- -- -- _ .... ;- ... -- .. 

2.0 
: : :: : I 

.......... - ............................................. ..a.. _ .. _ .................... oJ .... _ ................... .. 4 .. _ .............. _.. ...... .. .. _ .. ~ ___ N . _ .• __ '- _ .. ____ .. __ • __ • ..I ... • ___ _ 
If. I •• 

I I •• f f 

I I '. 'I 

1 .0 1 • •• I, 
.. -------- -_ •• - ....... _-- -- ----- ... ---- .. --- -- .. - ... , .. _ .. -Oo ___ .. _____ , ___ • - _ _ _______ .... _____ .. _____ .. ~ ______ - - _____ ...... - _. - _ _ 

, . '. .. 
, • l I I · . ., . 

0 .0 . . 
-1 .0 

t • • • • --- --.· .... _____ ... _ _ .... _ ...... __ ... __ t .. __ ....... _ .... _ .... _. ____ ...... __ .. ____ • _________ .. ____ .. __ .. ............ _____ ...... _. _______ . .. .... _____ _ 

i ; : : : : : 
-2.0 .................. -_ .. -... ~ ............................ "':" ... --"-" """'''''''' ~-.-- --- -_ ............ ! ........ -- ................ r .......................... -~ .......... .. -_ .......... -:- .......... .. 

, • I. • 

-3.0 
, I , • , • • 

............................ ;- .................... - .... "'!- .......................... ~ .......................... - ~ ...................... _ .... ~ ........ _ .......... _ ...... }- .... - ..... -........ - .... -:- .......... .. 
: :: :: I 

-4 .0 "--------.,;.~---.......:.. ---_....;.~ ___ ......:... ____ ....;.~ ___ __...:.. ____ -.:..._......J 
0.00 0 .10 0.20 0.30 0.40 0 .50 0.60 0.70 

[mm) 

, , 
q - ~ ~ 

111YiYl "lI.37 Ra L~l-J[;lU 0.42 Jlm ~~"lIc;'I"lIU1C1l 100 Jlm LL~~nc;'l 50 N 

Measured Prof i Ie 
4.0 

~ 3.0 
! ! i i ! I I 

-·--·-----·-·-~·-·-·-------·---·l-------------·l-------.----.---.. -+--------.---.---1.-----.--------./-------.----.--.---j---.--.--
2.0 

1.0 

l I I ! l I i 
-----·----·-·---i---------·r·----·-------~------ -----·.:..--------------r----------·---T-------------f-----
iii : i i ! ·--·----- .. -4------...... ·-·:----- --------1-----.. -_ .. .. - ----_.- - --I .... ·-·-·~ -.-"i----- ----t·-.. -·-
· iiI 

0.0 

-1 .0 

i I 

----.-.-.+-----.-----.-f---.-.-.-.-.- -~---.------.--!-. -. 
t f • J I : : 

-2.0 

-3.0 

__ . ______ --+ ________ ._.~-_--------__ J..------.----. .i.------.-----l.--_.--.---------f---.--------l--------
I ; ! ! ! i i 

.-.--------.--.-..... ---.---.-.-1.--.--.-.---.1--------.----.L--·-·-·---·---f-------·-··---·f--·--·---·---J·--·--• • I I . . . 
I I Iii I ! ~.O "--______ ---.,;~ ______ ~ ________ ~ ________ ~ ________ ~ ______ ~ ________ -L __ ~ 

0.00 0.10 0.20 0.30 0.40 0.60 0.60 0.70 

·Imm) 

~sured Prof i Ie 

~ 
• . 0 

3 .0 .. _ ....... -- .......... -:-- -...... _ ........... _ ....... :- "'- ............. _ .. -- ~ ---_ .. -...... -...... -~ .. _ .. _ .. _ .. -_ ......... -~ .... _ .. _ .. _ .. ---....... : .......... _ ........... _ ... --:-.... -_ .. -
• • I I , I • 
I I • • , • • 
I I I , I • 

2.0 
.... __ .............. __ ."'_ .. __ .... ______ ........ ____ .. ______ .. _ .... ..... ,o _____ .... _ .. A _ .. __ ................. _ ~_ ........ __ .... ____ _ .. _ _ __ .. ____ .. ___ ..... ___ ... _ 

• • I • • , I 
t • • , • • • 
, • I I I I • 

1 .0 · . . . . , . 
.... - ........ _ ......... -,. -- -- -_ .. - -_ ......... -- -- -- -- -. -- -- .... _ ..... - .... -. _. - _ .. - .... -- -- .... -- - ,. -- -- -- _ .......... --,..- -- -- -- _. -_ .... -r .... -- _. 

I • • • • I • 

• I • I • • I 

• t. •• 

0.0 

-1 .0 
, . . .. -- -- -. -- -- -. -.. -- -- -- -- -_ .. - --1---. ___ . _ .. _. __ .. .. __ ...... _ ... _ ..... _ .. ____ .... _ ...... _ .... -r -- -- -- -- -- _ .. -- .. - -- -- -- -- -- ---~ 

, I I. I 
, , I . • 

I • I I I 

-2.0 
, I • I , • , 

.......... - - - - - .. - .. - (" .. - _ .. - .. - - - - - - - -,- - .. - - - .. - - _ .. - - .. ., - .. .. - - - _ ....... ~ ... T .... ~ w ~ ~ • ~ .. w _ ..... r w ~ .... - ~ - - ... w - Nt' w ........... _ - __ - - -.-" ....... .. 

• I I " 
• • I " I I • • • t I 

-3.0 .. _ _ __ ...... __ .. _ .. _"' ...... __ .. _""oO ___ .J .. ... _ .. _ ............ .J_ .. ~ ...... _ ........ _ _ .. J. .. _ . .. _ .. _ .... _ ........ L __ .... ____ ........ _ .. 1.. .. _ .......... _. __ .... _' ............ .. 
A . , fl. I I 

• , I I I • 
I I I I I I 

-4.0 "--------.,;'------'-.-----.------'-. _____ ' ____ --'. ____ --'_---1 

0.00 0 .10 0.20 0.30 0 .40 0 .50 0 .60 0.70 

[mm) 
, , 

q .. ~ ~ 

111YiYl "11.39 Ra L~l-J[;lU 0.42 Jlm ~~"lIc;'I"lIU1c;'1 60 Jlm LLNnc;'l 20 N 



~ 

~ 

~ 

4.0 

3.0 

2 .0 

1 .0 

0.0 

-1 .0 

-2.0 

-3.0 

-4 .0 

92 

Ye.sured Prof lie 

o 

o 0 

_ .. -- -- -- -- -- --:-- -- -- -- -- -- -- -!- -- _. --- - -- - .. - ----- -- -- -- -- -1 -- -- -- -- -- -- -- .. -.. -- -- -- -- -- ,or -- -- -- .......... ,. -:- .... ----

o 0 .... _ ....... _ .. _. -- -~ -_ .... -_ .. --- -- --:-- -........ -...... . 
o o 0 

o 
o 0 ....... M_.o_ '" ... ___ I. .. __ .. _________ .. ________ .. _oO __ I.. .. _ .. _. _ ......... __ -'. __ ........ 

o 0 0 
o 0 0 
• 0 0 
o 0 0 

.. -- ... .... ---- .. - ............ -- ---- .... -- --- .. --- .... _ -- .. .. ... _ .. _ .......... __ .... ,or" " """" 
• 0 0 

o 0 

• I • I • _ .. _ .. -- _ .. -- -oO __ ~_ .. __ ................ _ -:- __ .... ........... ,o ..... .. ~ .... ____ .... __ .. ___ : .. _ ........ _ .. _ .. ,o _ __ "," .. ____ .... _ .. _ _ ___ : .... ___ .. _ _ ...... _ ____ .. _ _ .. 

: : !: : 
............ -.............. ~ ............................ : ............................ .; ............................ ~ ........................... -~ .... _ .................... -:,. ........................... : ............. .. 

: : : : : : : 
, ~ f • • f I 

.... _ .. - -- -- _ .. - .. _!" ...... ...... -- -- -- --:-- -- -- ............... ~ ........ _--- ---- _.!- -- - .. - .............. -~ .. - -- ..... .......... - .. ~ .... .. --_ ......... - - --: ..... - - .. ... 
, • I • I • 

• • • • , I 
- , • I • , • 

0 .00 0 .10 0.20 0.30 0.40 0 .50 0 .60 0.70 

[nvn] 

o 0 
oCiI _ " ... 

Jl1YiVl '!I.40 Ra L1l-J[;1'W 0.42 J...lm tJ-1'!1f;1'!1'W1f;1 60 J...lm LLNnf;1 30 N 

ileasu red Prof I I e 
4.0 

3 .0 ....... _ .. - - .... - ...... -i- - - _ .. - - _ ..... - ...... -;- - .......... - ............ i ............................ j _ .... _ .... - .......... "";''' .... - ................... -} - .......... .............. -; ............ -
• 0 

2 .0 
I • •• 

.. __ ...... _ .. _ ............. __ ...... .. _________ '- ____ • _ .. _ ......... ,,_ .... _______ .. _ .. .. Ao .. __ .... '"' ........ __ ........ _ ....... __ .. ____ __ ..... _ .............. _ .. .... -t .. _ ........ .. 

I • • • • • · . . . . 
• • • • 0 

1 .0 
., I ' I 

........ _ .. -- .. - _ .. - - r" - - .. ...... .. .. _ .. - - ....... _ .. - .. - .. _ .. _ ...... - ..... .. _ .. - - - - - - - _ .... ~ - .. _ - - - - - _. - - _ .. r - _ .. - - - - - - - - - - -r _ _ ROO _ .. - - ~ - - - -.- - - - - --

, , I • I • · . . . . , . . . 
0.0 

-1 .0 -- -- -- -- -- -- --ro- -- ---- _. -- -- -,.. -- --- --- 0_ 0 _ ' ____ 0 w No __ w __ • _ t _N N ___________ ... ____________ • _to _ .. __________ - .. t- 0 ____ _ 

• 0 
o • 

• 0 " . 
-2 .0 • I • • • I • .. _ .. -- .... - ... - .... "r ................ A ........ -.- .. _ .. - - .... - ~ _ .... - , .. - 0 - - - - - - - _ .. _ .. r" .... _ ........ - ...... R - r • - .. - .... - .......... - - r _ ~ R _ ............. - * -,- - - - • _ .. 

o • I I I • . , . . , .. . 
-3 .0 .. --- ............. -- - -~ _ .......... _ ...... _ ...... ; ... -_ .. - - ....... - .... -1- ........ _ .... - .. -- .... ! - ........... _ ...... _ .... _. ~ - -_ .. - ... - ...... -- .... ~ .. - ........... - _ .. _ ...... :- - .. ...... .. . . . , 

• 0 0 

-4.0 -'------0------'------'------'-. ____ -'-____ ....;.0 ____ -'-_--' 

0.00 0.10 0.20 0 .30 0.40 0 .50 0 .60 0.70 

[nvn] 

Ye.sured Prof i Ie 
4.0 · ,.. , ... 

• • 0 • • 

3.0 ............................ : ......................... _ ... : ........ -_ ...... _ .. ...... ~ ... -.... .. _ .... -...... .. ~ .......................... -~ _ .. _ ..................... -: .. -............. -- -.. -.. ..: ....... _ .... .. 
• • I • · ... · '" 2.0 ............ _ ...... _ ...... _. N .. _ ..... __ ..... _ ........ _ _ .... __ .... ___ .. .. ;I .... ...... ...... .... ... __ . _ ...... _ .. __ .... ___ _ .. _ _ ... __ ___ .. "''' __ ''' ___ .. __ • ___ ...... ......... .. _ .... .. 

• 0 • I • • 0 

• • • y • • t 
I • • • • • • 

1 .0 
· . . , . . . _ ...... - - - - _ ...... - - -r .... ~ ..... - _ .. - 0 _ .. _ -r- __ .... __ 0 ....... _ .. 'I 0 _ .... 0 _ .. _ 0 _ .. _ 0 _ .. _ • _ .......... - 0 _ .. _ .. r __ .... ___ .... _ 0 _ • -r ___ ... N _________ 0 ______ _ 

• 1 • • • • • . . .. 
0 .0 

-1 .0 _ .. _ .. - N __ .......... _ .. _ .. _ .. _ • _ ...... 0 ... -t- _ .. _ .. __ .. _ .. _ .. _ .... _ ...... _ .. _ .. .. ___ .. 0 • _ ..... _ 0 _ .. _ • _ ....... _ .. _ ...... - ... _ ..... Nt' .. __ .. __ .......... _ ... __ 1 ___ ... __ _ 

I • , • • , • 

• j • • • , , 

• 0 • • • I I 

-2.0 
I I • • • , , .. _ ........ ..- .... _ ...... -r .... _ .. - .. _ ...... - .. - ... ~ .... _ ........ - - .. - • - , - - ........................ ,. .. - .. .. ......... - - .. - .... r ...... - - .. - - - ...... - .. r - .. - .............. " .. - -.- ..... _ .... .. 
• • • • • • I 
• • • 1 • , • 
• • I , • • I 

-3 .0 - - .. -- - ... -- .... - .. -~ - - - -- .... w .. _ - .. .... : .... .. .. -" _ .. - ...... - .. ~- ... __ .... - - .......... t .......... _ .. - .... - - - .. ~ .... _ ....... ...... _ .... - ~ .... - .. - .. '"' ..... -- -_ .. :- .. - .. ---· . o 0 
~.o L-______ ~O ________ --'-________ ~ ________ ~ ______ ~. ________ __'_ ________ _'_ __ ~ 

0.00 0 .10 0 .20 0 .30 0.40 0.50 0 .60 0.70 

[nvn] 



93 

lleasured Prof i Ie 
4.0 

~ 3.0 
iii i i ! I 

-"~-'-----'-T-------4--------:-----------:-----------'--:----------·-----1----------1---

2.0 

1.0 

i ! ; : j : ! 
-···--··---··T·------·-t-·--·--·--·!-··-·-····-·-·-·-t-·-·-·-·-·-·-·r·-·-·-·-·-·····i--·-·-·------r---·-· 

I I ! ! ! ! ! .--.. ---1--.--.--.-1-----.--.--1.. ... -.-... -.1---- --,·-------·t---------I-----. 

0.0 

-1 .0 

-2.0 

-3.0 

i r i . i 1 ·······--··-·-··--1··-----·-··-1-··--·--··--t-···-····-····-·t--·--·-·----r-·-·-·-·----·-·t··-·-·-----·---t-·-.--

-----------L-··------·---i----.. -.-.. ·i.·.-... -.. ---.. -.·+----·---··-·-·~-----·--------~------.-.-·--i·-----
! ! ! ! ! i ! -·-·-·-·-·-·_1_·_0_._. ___ .. _+ . __ .... _._._.-1_. __ . __ . ___ +·· .. · .. _·--···· .. ·-1-····_·_·_·_·--1-····_·_····--_· .. -·-·_· 

-4.0 
! I ! iii i 
t } : : : • , 

0.00 0.10 0.20 0.30 0.40 0.50 O.eo 0.70 

[mml 

Wee.sured Prof i Ie 

~ 
4.0 

3.0 

I '" , f" 

• I I I 

a 4 ...................... -: ........ _ .......... - ... - "':" ....... ~ ................... -1-" .......................... t ............................ ~ ........................... -:- ................... ........ -:-.......... .. 
• 0 

2.0 
o , 

.............. _ .. ...... .. _ ""' ............. .. ............ ..l ............................ 4 .. ............ .... .. _ .................................... " .. _ ............................ ...... _ ............................... .. 
I ••• t , 
I , . I • , I.. r 

1 .0 
I • I •• • 

.. -- -- ---- -- .. - -r - ............ - - - -- -,... ...... - - - ---- .. - -~-- _ .. -- -- -- -. --,,- - .... , - .. - -- -- --,.- -- -- -- -- -_ .. '" -,. _ .. -- -_ ... - .. -_ .. -r'" -- .. .. 
I . • I • 

• I •• 
o • 0 

0.0 
o 0 0 

-1.0 
, I • • .. .. - -~ ~~~ ••••• ~ .......... - ~- • ••• _ ......... - •• - .. - ... . _ .. Oo._.- Oo _____ •• - _ _ • _ ____ • __ . ... __________ • ___ ... ____ .. ... ... ..... __ ~ ... ___ • 

• • f • 
t •• • 
o • • 

-2.0 · . , . . , . 
~ .. - - ~ ..... - - .. .. - - r - - - - .... - - .......... ,~" - - - - - ~ -- ......... ,- - ... - - .. - - - _ .. - I _ .... - - .. - - - - - .- -,. - - ...... - .. - .. - _ ... -r - - .. - - - - - . - .. - - -r- - - - -- -

• • t I" 
• • • • t • • 
• • • • I I • 

-3.0 .... Oo ...... _ .. _. - - ..... ~ ....... ........ .. - .. _ .. _:_ ... _ .................... ~ ......................... _ .. ~ .. _ .. "Oo .. - ..... .. - - - ~ ... - - - _ ... _ .............. ~ _ ... - ~ .. - - .......... _:- .. _ .... .. .. 

• I I I , , 

t " I 
I ., I 

-4.0 ~------~--------~--------~--------~--------~------~------------~ 
0 .00 0 .10 0.20 0 .30 0 .40 0.50 O.eo 0.70 

[mm] 

., , 
~ - ~ ~ 

1l1~Y1 ~.44 Ra L1l-J~tJ 0.42 Jlm C-J~~~~tJl~ 35 Jlm LLNn~ 20 N 

Measu red Prof i I e 

~ 
4.0 

3.0 
o • 0 

'O_-_ ... _. _ ....... -!- .... - .... ---_ ........ -: .. _ .. -_ .... -_ ... - -- i .. · ...... _ ........ _. -1 _ . ..................... }- - _._ ... - .... -- - .: .. ........... .... ........ :. -- - - --
I , fl' I I 

: : : : : : : 
2.0 ...... _ .. _ .. __ ....... L _ .... _ ......................... __ ...... _ .... _ .. _ .. ., ...... _ ......... __ ........... _ .... _ ........ .. ........ '" ...... .. .... ...................... _ ......... ............. .,.I. __ ..... . 

I , It. I I 

1.0 
: : : : : ! : -- - .. -- -.......... ~ .... -- -- -- -- -- .. ·i · .. ·Oo .......... _ ...... ~ -_ . ... - - .. - ....... - r-" " _ ... _.- -_ ... -~ .............. -.. _ .... --~- - .-.. --- . .. -- .-;-- .. ----

I I I I • 
I I I I 

0.0 

-1 .0 
o 0 • _______ -_. ___ . .. _ ...... _ ......... __ "-1-- __ -_ - - -- .'- .... ____ _ . -~ -_ .. _ .. -.o .. _ .. _~ ~ _______ -f" _____________ ..... ___ - __ -- ..... - -·I~-"~"--

• • • I • • • 
I I I . • 
• • • , I I 

-2 .0 
, • , • • I • .... _ ..................... r ...... __ ............ _ ... -r ........... -_ ......... ~ ..... -................. ~ ........ .......... .......... r .... -_ ... -........ ---r"" _ ............ "' ........ : .......... .. 
I. I I 

-3.0 _. - .... -.... _ .. - .. .. :- .... - .... - - -- --- ... ~- ................ - .. " ~.- .................. - -! .... _ ........... __ .. - .. ~ ............ __ . -- .-~ ........................ -i" •• .. - .. .. 
I • I •• • 
• , , I ' , 
• I I •• • 

-4.0 ~--------'-----------------'---------'-----------'-----------'--------------' 

0.00 0 .10 0.20 0.30 0.40 0.50 0.60 0.70 

[mm] 

~ ~ ~ ~ 
1l1~Y1 ~.45 Ra L1l-J~tJ 0.42 Jlm C-J~~~~tJl~ 35 Jlm LLNn~ 30 N 



£ 

£ 

£ 

4.0 

3.0 

2.0 

1.0 

0.0 

-1 .0 

-2.0 

-3.0 

, , 

liee.$lJred Prof lie 

94 

--- -- -. -- ---- 'i-' -. --- -- ... -... -~- -- -- -- --.- -_ ... -- -- -- -- -- -- -- f- -- _w --.- -. -- - -- -- -- -- -- -- --;' --- ---- --- - ---;_ ..... -_ ... 

I. I • l .................. _ ...... _ .............. ". .............. _""'" ______ ..... _ .... _ .. ________ ..... ___ .. J. .... _. ___ ... ___ .... ___ .. _ .. _______ .... ______ .................... ___ ... _ 

:: I :: 

:: I .: 
- .. -- -- -- -_. -- "'P --_ .. - --- _ .. _ ... _,-_._ ... -- -- -- -- - -- - __ • -- -- -- -, -. --._ -. _______ .... __________ .,. ... _ .. _ .. ___ .• __ ... ""'_ ... ___ _ 

• I I ., 
I. • • I · . . 

. . . . . -- -- -_ .............. _I-" _ -. --_ .. ___ .... _0- ___ ... ____ • ____ • ______ .. _ .... __ •• ___ ....... .,. ______ ... _____________ oo ..... ______ .. _ .. _ .. -0 ______ • 

l • I • • I • 

• •• I , • · , . . . . . 
• I • • • I • - -- -- -- ----- --r"''''''-''' - -- ---- --~-- ---_ ... _. -- -.,-- ---- -- --.- .. - 1'- -- -- -- - - -- ~- -r·- ~_.- ~- -~.- ·-r - •• __ ....... -- .. -~ •• -- .. -- .. 
• • • • I , • 
• t • • • • • · .... . 

.. - -- -- ---.- .. :.~ .. _- .--~ - .. --:-"oO -- -- -- -- - .. -~-- .. - - ........ -- --:- -- -- -- -OO.oO - .. -r _ ... --- _oO .... -- ..... : ...... - -- ---- .. _--z--- ..... -
· .. 

-4.0 -'-----------.-----'------'------'-----'-. -----'----' 
0.00 0.10 0.20 0 .30 0.40 O.SO O.SO 0.70 

[mrn) 

, I ..., ... " .... 
Jl 1 ",WI 'D.46 Ra L12.Jc;]tJ 0.42 Jlm tJ'l'D~'DtJ1~ 35 Jlm LLNn~ 40 N 

liee.$lJred Prof I Ie 
4.0 · , . · . . . 

I I I • 

3.0 --- -- -- -- -- -- -c -- -- -- ------- -;--- -- -- -- -- -- -,-- -- -- -- -- --- -t- --- -- -- -- -- -- c- -- -- -- -- -- ---;- ------- -- -- ---;- ------
• I. • 
1 " , 
I • 1 I 1 

2 .0 ________ .. ___ .... "- .. oo .... _. __ .. ~ ....... 1_ .. ___ ..... __ • ___ J .. _ .. ______ .. _ .. _ • .1, .. _ ...... _ .. _______ I. ________ .. ___ .... " ........ __ ......... ___ '. _ .. _ .. _ .. 

• 1 I , , • • 
I 1 I I I I 
1 I I I 1 • 

1 .0 
I , I • I • , -- -- - .. -- .... .o- .... !" ...... .o .. __ - ___ • - _:_"'OOoO. _. __ .. __ ...... ~ _______ . _____ - ~ .. _ .. ____ .. _____ .. ~ __________ .o_ .. _~ _ ......... ________ : ... __ ...... 

I I. " 

I I " 

0.0 . . 
-1.0 · , . .................... _ .. _ ...... _ ...... -_ ................. - ........... -- --_ ......... _ .. -....... - _ ... . _-- ---- _ .. -.... - -... --oo ................................. __ .. ~ .... __ .. .. 

" . .. ., . " I. . " 
-2 .0 · . . , . . , 

.. ~ .. ~ ........... - - - ~t' ~. - .. ~ .... - ... - - .. -,-" ... - .. - _ .......... ~ "t ...... - .. - - - ........ - - 1''' _ ........ _ .. - .. _ .. - - ,. - .. - - - - - .. - .. - .. - -r .. - .. - .. - _ .. - .. _ .... -,- .... _ .. - .. , . . , , 
I I' I I • 
1 , • l ' I 

-3.0 ...... -- -- -- -- -- -: -_ ....... -- ....... --!- .... - .. _ .. -_ .. _ ...... :- .. _ ........ _ .... ---.• :-- ---- -- -- -- --:- .. - -- -- -- .. - ---; ._-_ .. -- -- _. -- -;- -- .. ---
I 1" 

.. 4.0 .1-___ --.: ____ ......:... ____ ....:.' ____ -.:..... ____ ....:.. ____ ......:.... _____ ._--J 

0.00 0.10 0.20 0.30 0 .40 O.SO O.SO 0.70 

[mrn) 

I , ..., - ~ .... 
Jl1'YfVl 'D.47 Ra L12.Jc;]tJ 0.42 Jlm tJ'l'il(;l'1ltJ1~ 35 Jlm LLNn~ 50 N 

Measured Profile 
4.0 

3.0 

2.0 

1.0 

: i i j i i ! .. --------------,-·-----------j----------------l-------------:----------------t-·----------------I-------------f-------
----------l-----------~-------------~---------+-----------i----------------~-------------~------

i ! ! ! i ! ! ----------1------------.--1....-----.---1------------,------------T-------------l--------j----
0.0 

-1 .0 

-2.0 

-3.0 

-4.0 

I i I ! ----------i--·--------i-----------1--------------1·---·----------t---·-------t----------I------
: I . I : . I -·-·---------1------·-----..,--·--------+-·--------------T---·----------I----------------!------------·---·------
ii' i ! f : -------------l-----------l--------l--------------r-------------r--------------r------------r-----

0.00 0 .10 0.20 0.30 0.4.> 0.50 0.60 0.70 

{mm) 



95 

1l1FHJl.I'ln Fl 

lleasu red Prof I I e 
3.0 

~ 
2.0 

1.0 

0 .0 

-1 .0 

-2.0 

-3.0 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[mm) 

, , 
... - " 1l1~YlIil.1 Ra L~).J(;J'\JO.79 ~m 

Measured Profile 
3.0 

~ 
2.0 

1.0 

0.0 
1 
f 

-1 .0 ------------i---------------- ----
I i j 

-2.0 
i I : . 

----------~------------.-.----.---.-.-.L.---.-.-.----_l.-- ---
! ! i : 
I ! : ! 

-3.0 I I : ~ 

0.00 0.10 0.20 0.30 0.40 0.50 0 .60 0_70 

[mm) 

..J ~ " 
1l1~Yl fil _2 Ra L~).J(;J'\J 0 _67 ~m 

Measured Profile 
3.0 

~ 
2.0 

1.0 

! I Ii ! ! ! i 
:. I I I : ---------+-----------+------------.,----------,--------------1"-----------1--------1---
! i i ! i I : 
: I I I I I 

~--------~_1-~- ------r--·-~---·-·-·r---·-------!---·----------f----·-----------r------------

i !! l 
0.0 

-1 .0 
i -- --------1------

-2.0 

-3.0 

I If! I : 
! , L ' I _________ .L_. _______ ._.~ ________ .J _______ • _____ + ______________ ----.---------i-----------.1----.-. 

! ! j i j i I 
Iii J 1 ! i 

0.00 0 .10 0.20 0.30 0 .40 0.50 0.60 0.70 

[mm) 

, , 
... - " 1l1~Yl fil.3 Ra L~).J(;J'\J 0,44 ~m 



96 

lleuu red Prof i I e 
3.0 

:[ 
2.0 

1.0 

0.0 

-1 .0 

-2.0 

-3.0 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

(mmJ 

Measured Prof i Ie 
3.0 

~ 
2.0 

1.0 

0.0 
! 

-1 .0 .... --.- .. ~ 

-2.0 

-3.0 

,i I I ' I 
Iii : , I 

.-.-.... -.--f .. --.------~·-·-·-·····-·-+-·-·-·--_+-···· ... -.. --... ~-.-.-----.-.-+--.-.--.--+-.-.-
I • I ' , , , 

! I ! ! 1 1 ! 
0.00 0.10 0.20 0.30 0.40 0.50 0 .60 0.70 

(mmJ 

Measured Prof lie 
3.0 

:[ 
2.0 

1.0 

0.0 
• f 

-1 .0 

-2.0 

i .! i. ····················t-·-·--·-·-··· .... ·-···-···---i -- .. -.. . .. + .. - .. -.----r---... ---.-... -+-.------.-. 
, I ! i ' I 
I i l i : i j 

----·-·-·~-·--·---~--·--·-·--~------i-------~------+------~---. ! ii' : ; : 
1 ! i I ! 1 ! 

~.O ~--------~------~--------~--------~--------~------~--------~--~ 
0.00 0.10 0.20 0.30 0 .40 0.60 0.60 0.70 

(mm] 



97 

llleasured Prof i Ie 
3.0 

:[ 
2.0 

1.0 

0.0 

-1 .0 

-2.0 

-3.0 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[mm) 

Measured Prof i Ie 
3.0 

:[ 
2.0 

1.0 

0.0 

I 
-1 .0 --i------

! 
-2.0 

! ! : ; ! ! ! --·-·---·--l-·--.. --·-·-i-·------- .. ----!----·---·----T------------.1'------------1'-----"'------1--.- 0

--

iii iii i -3.0 -'--------''--------'-------'------'--------'------'------'----' 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[mm) 

I I I 
4CIiI ..:at. II .... .... Gil.... 0 I _ 

11 '1 YWI rl .8 Ra LUJrfl'\.J 0.79 Jlm ~~,~ 100 Jlm '~LLUU~~~'~\U~'\.J'l'\.J rfl'lLm'\.J~Yl 2 

""easured Profile 
3.0 

:[ 
2.0 

1.0 

: I 
: . i i . ! . -------j----·-----+ ----_·------I-·--------·-+--------·---+----------·-1------··----1--·--
Iii i I ! i 
- I ! !! ! I 

··---f .. - ·-·-----··-I----·-· --1' •••• ----.-.-1---------. ··---·-···---t·----·-·----f- ---
iii i ! i . 
! iii : , 

0.0 

i -
I : 

-1 .0 --t- --------------/--•••. -. 
i j 

-2.0 
I ! I I ! i i ---.. ----.1-.-.-.----.-1-.---.-.--.. 1-•• --------1--.-.. ---·--f-·-·-------;--------··--t··---·· 

.3.0 

! Iii Iii 
! ! ! ! i ! ! 

0.00 0.10 0 .20 0.30 0.40 0.50 0.60 0.70 

Imm) 



98 

lIeuure.J Prof i I ~ 
3.0 

£ 
2.0 

1.0 

0.0 
! ! 

-1.0 

-2.0 

-3.0 

! !, 
-'1-----'---"-'-'1---'-'-'- ... j----._ ... -.-.-.t--.--.-. ·-f· -. 

• • I • ! I I • , I ! 
_. __ ._._._. l..._._ .. _._ ... __ .L. ___ ._._._._i __ ._._. __ .i_._ .. _. ___ .. ...l __ ._ .. __ . __ ._.L. ___ .. _._._ . .j._ .. :.._ 

i ! ! ! I I ! 
! I ! I I I I 

. ; . i i ; 

0.00 0.10 0.20 0.30 0.40 O.SO 0.60 0.70 

(mmJ 

ilee.sor:1(j Prof II e 
3.0 

£ 
2.0 

1.0 

0.0 
1 

-1 .0 -.---.---.. ~-.. -.----
• I 

-2.0 

-3.0 

I Ii. , I f 
I ! I I ! I i -·-··-·-·-·-·r-·-·----:---·-·---·-·:·-··-·-·----t ---··--·-·-·!·-·-----·-·-r--·-·---·--t--;--
i ! II ! iii ,! . . 

0.00 0.10 0.20 0.30 0.40 O.SO 0 .60 0.70 

(mm) 

ilee.sur.tl Prof l ie 
3.0 

£ 
2.0 

1.0 

0.0 

·1 .0 

-2.0 

-3.0 

---.~.-.-.-.. - .. -.-.I-.--- ·_·-·t·-·-· ··-·--·-f·---.. ·-----·-·+·--_· '-'-'-'!'--' 
i ! ! I I i I . ! ! I I • --_·--_ .. · .... !--· __ .. • .... ·r--.. ·--·_ .. I---·--.. ····T·_·· ...... · .. ·_·-t .. ··--·-·----1·-··-· .. ··-·-·-~ 
I . I . I I I 
! i : I : ! ! 

0.00 0.10 0.20 0.30 0.40 O.SO 0.60 0.70 

(mmJ 



99 

Measured Prof II e 
3.0 

I 
2.0 

1.0 

0.0 

-1.0 

-2.0 

-3.0 

I I I . • I 
--·---·-----1-------·-----+-------------·-:·-· ---------~----------- - --------------+-----
. ! 1 : iii 

-----------l--------------J--------------L------------L----------------~------------------~--------------~---------
I I ! I I ! ! . . I 1 • • • 
I I I I I : J 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[mmJ 

lleasured Prof i Ie 
3.0 

I 
2.0 

1.0 

0.0 

-1 .0 

-2.0 

-3.0 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

ImmJ 

lleasured Prof II e 
3.0 

I 
2.0 

1.0 

0.0 1 ! 

-1 .0 
1 .! I I 
, 1 J I I : 

-------------1"----------------1-- - ----------j-----------------t-------------t---- ------------t-----

-2.0 

-3.0 

! i j i i : 
: : : Ii! : 

~---~--t~----·---.. t-·-..--------1--------------t--.. ·-- .. ------... --:---------t-------------t .... ----
. iii i . ~ 
! ! ! ! ! ! l _ 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

Imm] 



100 

lleasured Prof II e 

~ 
3.0 

2.0 
, .. -.-.-.- .. - -- ---.. ----- --- - .. - -- ..... -- -- - .. ____ - ..... -- - ______ _____ a. ___ .. _________ • ~ ____________ _ to ___________ ... _0 __ .. ___ .. 

• I • I •• 

: : :: .: , , , . , , 
1.0 

• _____ .... ____ .. _L ............ ________ '-_ .. 

, , 

0.0 , . , , 
• I I I , I 

-1.0 .. ---- .. - -- -- - --~- ---- ---- -- -- - .. -- - ... --- ... --~- .... --- -- -- -- -- ~- _ .. -- - .. ------ -~- .. --- .. - -- -- - _ .... _ .. _--- -- -- --!-- -- -_ .. 
I " I • I 
I I I " 

: I : 

-2.0 • • t I • • • -_ ...... -.... --- .... -,. .... -- ................ --.... --- -- ..... -..................... --_.o- _ .. __ -'I' __ .. ___ .... .. __ ...... ,.._ .... _ ...... _ .......... "" _____________ .... __ ___ .. 

• I : .: : , , , , , . 
-3.0 

, , , 

0.00 0.10 0.20 0.30 0.40 0 .50 0 .60 0.70 

[mm] 

111Vi~ f"l.16 Ra ~l-J~~ 0.44 J..lm ~WD~ 100 J..lm i~LLUUUn~ ~1LL\nJ~~ 1 

lleasured Prof II e 
3.0 

~ 
2.0 

1.0 

0.0 

-1 .0 

-2.0 

-3.0 

0.00 0.10 0_20 0.30 0.40 0.50 0.60 0 .70 

[mm) 

111Vi~ f"l.17 Ra ~l-J~~ 0.44 J..lm t.J~i~ 100 J..lm ic;muuun~ ~1LLm.l~~ 2 

lleasured Prof II e 
3 .0 

~ 
2.0 

1.0 

0 .0 r 
I : 

-1 .0 
; • J I I I -----.--------r----------------!---- - -------r-------------------r----------------r--- ------------t-----
; I I I I ; I 

-2.0 -----------!------------~-------------j----------+_--------------~--------~------------l-------
! : iii ! : 
i ! Iii I ! -3.0 -'-----'--------'------'-------'-----'--------'------'-----' 

0.00 0.10 0.20 0.30 0.40 0.50 0 .60 0.70 
[mm) 



101 

lIeuured Prof i Ie 

:[ 
3.0 

, 
2.0 

1.0 

, , , --- -- -- -.--- -or -- -- ----- -- -T- -- --.-- -- -- - -- --- -- -- -- -- -l ------- -- -- -- ------ -- -- -- --T--- -- -- -- -- ._;- -- ---
4 ....... _ ...................... _: ........ _ ............ _ .... -: __ ........ ... .............. __ ... ... ............. _ ... __ .... !_" .................................................... _ ...... "': ...... ~ ........ ___ ............ "':_ ............. ... 

t I I I . . , , , 
0.0 

I I I I 

-1 .0 It, I I I I 
... Oo ......................... "',. .... _ ................. - .. -r -. -- ... .. .......... - --, ................ -- ....... r-' ............... -- "-"'''' f'''''''''' '' _ ...... -- ........... ~ ...... -- ....... '" ........... -,''' ...... --

I I I • • I I . . . , . 
I • • I • 
I • I • • 

-2.0 
. . . . . . . ............ "' ......... _- --r-- -_ ..................... _-, .................... '" ................ --- ... -............ -....... -- .............. -- _. -~ ................. _ .. -...... ,.. ....... -- -- .... __ .. --. ...... -...... .. 
, : : : : ~ . 

I I I • I 
• t I I I 

-3.0 -'-----------'-' -----'-. ----.;.... -----. -----'-.-----'----' 
0.00 0.10 0.20 0 .30 0 .40 O.SO 0.60 0.70 

[mml 

lleasured Prof II e 

:[ 
3.0 

2.0 
, . 

........... ,. ............... __ ....................................................................................... 4 ... ... ... ................................. .................... .................... ......... ............................ ............................................. ", _ .... ", ......... ... 

I • • I • I I 

• t I I I • 
I •• I • • 

I I It. • 

• I" I 
1.0 

0.0 

, . · , 
-1 .0 ............. -- .... ~ ...... -~ _ .. - - ......... ----!-- -. -- .... -- -. -.~ .. - - - -_ .... -- -- ... : .. -- ... -- -- -- - ... -~ -_ ... -- -- - -- --.~ -- ---_ ...... _ ...... -:- ... -- - ... -

I • , • , • I 
, • , I I , I 

f , • • , • • 
I • I I I • 

-2.0 
,. ... . 

...... _ .................... ,. .. _ - .................. - .. .-" .......................... , ................ - - .. - .. .. p" ......... - .... - ........... r _ .... - - - ................ ,. ...... - ....................... - - - _ .... 
I I • t , , I 

I I I '" 
I •• I,. 

• • I I" 

-3.0 -'-------:..----...:.----...:.----....:.....----.:....----....:.....' ----.;...' ---' 

0.00 0 .10 0.20 O.:JO 0.40 O.SO 0.60 0.70 

Imm) 

llee.sured Prof I I e 

:[ 
3.0 

2 .0 
-- ._ ............ _ ... --- .. .o_- ______ ....... ______ ._._ ......... _. _ ._ .... ___ • ______________ .. ___ ... ___ . - ... __ ,.. ________ .. _ .. ______ . __ 

I • • I I • , 

• • I I • • • 
t " I t · .. . . 
I' , • 

1 .0 --- .. _ .. - -- -- -- .. ~ ----.- ~--- -- .-; .... - -- -- .. --- .. -~. - - ...... - _ .. - -- i- -- -- -.'O_.-.- -~ -.. -- .. --
, , I I 
• , I , , .. 

0.0 

-1.0 • • 0 It. • --- - - -- -- _. -- -,. -- -- -- -- -- -- "-,--" - -- ----- .--,- --- -- - -- -- --,- -- -- -- - .. ~- -- -r - . ------ - ---'O -r -- -_ .... -- -- _ .. -"0-- -- ---
• I I 1. • ., ., . 
I I I I • 
I • I • I • 

-2 .0 
I , , I • I , 

- .... - .. - .... - .... .. - ..... _ ................. - .... - ................ _ .... - ........ , ... - .. .. .. - - - - .... - ..... p .......... - ........... _ ... - ... r"" - - ....... - ........ _ .. ,. ........ - ... - .. - .. - - ............. _ ... -
I • I I I ., , , , . , 

-3 .0 
. . 

0.00 0 .10 0.20 0.30 0 .40 O.SO 0 .60 0.70 

Irrrni 



102 

lie&sured Prof i Ie 
3.0 

~ 
2.0 

1.0 

0.0 

-1 .0 

-2.0 

-3.0 

I 

: ! ! ! I , 
·---·-·-·---"1---·-·-·-···-1-···-·-·-· J"---' .-.- ... 1 .. ---------...... -t--.... -.... -----t-.-·-.-.-.-.--j .----

I I : : ! i i 
-.-.-------!------ ---.~.-.---.--.-.+-- .. --.--.--.+----.-.-·-·-t-----·----·-+·-----·-----j----· 

! I Ii! ! ! 
I I ; I I ! 

0.00 0.10 0.20 0.30 0.40 0.60 0.60 0.70 

[mm) 

Jl'1Yi~ 1"1.22 Ra ~~~U 0.79 J.!m ~~i~ 60 J.!m i~LLuutln~ (;]'1LLtnl~~ 1 

lie&sured Prof lie 
3.0 

~ 
2.0 

1.0 

0.0 

r 
-1.0 

-2.0 

-3.0 

-----t---
• • I •• I 

I ! i I Iii 
---__ .. __ ~..!. ___ .. __ ._.J~ ____ ._._. _ _t-.--_-_-._-l------.--..... ___ t .. __ ._ .. _. ____ J. __ ._._. ____ --1 _____ . 

I I I ! Iii 
Ii! ~ Iii 

0.00 0.10 0.20 0.30 0.4V 0.60 0.60 0.70 

[mm) 

Measured Profile 
3.0 

~ 
2.0 

1.0 

0.0 

-1 .0 

-2.0 

1 i I . .--t-------.. -------+---

I 
. I 
I : 

I I I: I I -------·-T·-·-·-·-·-·-r--·--·-·--1·-·----·-·--t·-·-·-·-·--·-·l'--·-·-·-·-i-----·---·-·T·-· 
i I Iii i i 

~.O ~ ______ ~ ________ ~: ________ ~; ________ ~· ________ ~: ________ L· ________ L· __ ~ 

0.00 0.10 0.20 0.30 0.4ll 0.60 0.60 0.70 

!mmJ 



:[ 

:[ 

:[ 

103 

Measured Prof j Ie 
3.0 

2.0 

1.0 

0.0 

.1 .0 

·2.0 

·3.0 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[mm] 

llee.sured Prof II e 
3.0 

2.0 

1.0 

0.0 

·1 .0 

·2.0 

·3.0 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

(mm] 

I I I 
q .. " .... .... q..... 0 I q 

Jl1YWl rl.26 Ra L~~j;]\J 0.791lm tWlIVl 60 Ilm ":!IIflLL1.J1.J~c.J~'lIIfl~~\J'l\J j;]1LL~\J~'Vl 2 

3.0 

2.0 

1.0 

0.0 

• 1.0 

·2.0 

·3.0 

Measured Profile 

I 
i 

I • i I 
I I 1 i I I 

·--········-···1-··- . .-... 1-.-•.. ----.-1-.·········· .. -.··+---··-··-·-.·····.--.. , - .......... -.-.--i--_.-
i I r i I I I 

I ··· __ ·-·-t-·· -_. ._.-f... .. __ ...... -.-i-... -.-. ... .+-... -.-.... -... ~ ..... -.. -.. ---+ _._._ .. ___ .. L~_. 
! ! Ii! ! 
! 1 iii 

iii I 

············_·_·-1-_·_· __ .. · .. j.... . _._.. ... . ··-r-·-····-·---f-.... -.-.-.--.~.-...... 
• I • •• 

i ; 1 ! : ~ i 
._ .... __ •• _ ..................... _ ... ! ... _ .. _ .•.....•• .l ......... _ ... _._..L. ..................... l .................. _.t._ ....... _ ... __ J .. _._. 

! Iii Iii 
i ! I ! i I ! 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

(mm] 



104 

lleasured Prof i Ie 

£ 
3.0 

, , . 
2.0 

. . . -- -- -- .- ~ ........ ' " -- -- _ .. -- -_ ......... -- -- -- -- -- -_ ............ -- -- -_ .. _ .. .. -_ .. -- -- -- -_ .... -- ........ _ .. -- -- -...... -_ .......... -. -- .................. .. 
I I '" I. .., 

I I • • . , . 
1 .0 

OD 

-1 .0 

, , . 
-2 .0 

I I I , I I I 
.......................... -r ......................... .. ............................................................ - ,. ..................................... _ ...... - ........ -~ _ .... _ .. - - _ .. - - .... ...- - - .. - - -

: : : : : : : 
I , , I • • I 
I • I .. • • I 

~ .O L-______ ~' ________ ~' ________ ~' ________ ~. ________ ~. ________ ~' ________ ~' __ ~ 

0.00 0 .10 0.20 0.30 0 .40 O.SO 0 .60 0.70 

[mmJ 

1l1'Yi~ fil.28 Ra ~l.J~U 0.67 J.lm c.J~i~ 60 J.lm O]~LLUUUn~ ~1LL~ti~~ 1 

llleesured Prof II e 

£ 
3.0 

2.0 
" , .. -- -- -- -- -- -- r:- -- -- -- -- .. _. ---t-- -- -- -_.- -- -~-- -- -- -- -- ----;- -- --- -- __ .0 .-~- -- -- --.- -- ---:-------- _e -. -- -:- -- ----

I I ,. ,I 
I • • I • 
I • I I j 

I I I • , 

1.0 -- .......... -- -- --:- - .. - .... _ .... - .. - - - -:-- ...... _ .. -- _ .... - -.. !- .. - -- .. - .. - .. - ..... ~ .. - .. - .. .... -- _ .. -- - ~ _ ...... 
fl' • , , , , , 

0.0 

, , 
" . 

-1D I I I • ----- ---------r---- ------- .. ______ . _______ ' _____ A ________ ' --.------A--- r-------------- ·-- -- -------- -r ------· . ... 
I • ," · . ' " · , ... 

-2.0 • , • I • • _" ______ w ..... __ ... ____ _____ • _. __ ,..' ___ ..... ______ , ... __ .... ______ • _ .... _ ...... ______ A __ p ____ p ___ .. ___ "" po _. _ __ .. ________ , ______ .. 

, I , I • I .. ... 
" . " , " , -3.0 L-________________ ~ ______ __'_ ________ _'_ _______________________ ____' __ ___' 

0 .00 0 .10 0.20 0.30 0.40 O.SO 0.60 0 .70 

[nvnJ 

lleasured Prof i Ie 

£ 
3 .0 

2D 
. , _ .. ____________ ,. _ .. ___ .. _ ...... _ .... _ ... __ .. _ .... ... ___ .. _ .. 4 .... __ .. ___ ..... _ ......... ____ .. '" ""' ... ___ .. A ~ ___ ........ _____ .. _ ..... _ ..... ___ .. ___ .... oot .... ___ .. _ 

. , • I I I I , 

f , f f I I , 
I I • I I • • 

• • I I • , 
• I I I 

1D 

OD 

" , 
-1 .0 I I ' I , -.. --- -_ .. --- -- -(' -- -- -- -- -- -- -- ,- -- -_ .. -- -- -- ,--_ .... -- -_ .... -- -, ---- -- _ .. -.. -- --r --- -.. -- -- -- ---,. 

, • I , I 
I , I I 

, • • I • 
I I I I • 

-2.0 
I , • , • • I .. ______ .. _ .. ___ .. ". _ AM __ .. _______ ...- _____________ , ____ ... ______ .... p _____ _______ __ po ___ .... __ .. _ .. ___ ....... _ .... " _ .. ___ ........... __ .... __ 

I. I I I • 

• • " I • 
., I. • 

,I " I 

-3.0 
I. I. I 

0.00 0.10 0.20 0.30 0.40 O.SO 0.60 0 .70 

[mmJ 



105 

r~easured Profile 
3.0 

~ 
2.0 

1.0 

0.0 
I 

I I ' , I I : I ! j i , ! 
-·---·-···--·i-······--·.·--I··-······----·-I-.· ... - .... ---.-+.-.... - ... --... - .. 1--••. ----.. --.• 4-.-.. - .•.•. - ... + .. --

! l ill ! i 
·-·--·--·-i-·_·---··-- : ... __ l·_-·-·--_l...·-·-·-·-_·_+ ___ ·_·_._._i_ .. -.-.-.-j .. -.--

f !! i ! 
f i ' i ! 

-1 .0 

·2.0 

-3.0 

I 1 I I . '--'---"--1' --·----,-·-·-·-·----1-·-·- .. ----. -.-.-... ---.+---. - ---t-·-·-·---·-+----· 
iii 1 iii 

·-·--·-------l····--·--·+--··---·----t·-·-··---·-··f-··-·····--·-·-f-·-··-·----··-l--···-·----·j-·-·-
i ! i ! i 1 ! 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

(mmj 

Measured Profile 
3.0 

~ 
2.0 

1.0 

iii , " . i iii I • I : 

·--····-·-·-+·-·-·-·-·-·-·+-·--··-·--·1-·-·-·-·-·-·-~·-·-·-··_·-·-+-·-·-·-·-·-·-·+·---···_·--4---·-· 
I I I I i I . 
I I J • I 

-·-·-····---1-- _··-·_--:--_·_-·-·-·t·---····-···-i·-··_·_-_·_·-··-f···--·-·-··-····r--·---·-·-··· ; .. -.-
! ! iii ! I .., I 

0.0 
: I 
J i 

-1 .0 

-2.0 

.--.-.-.-.~-.-............. -~. 
I . Ii! ! ! 
.L ; I • ! ! ' --"'---'-'-' ..... -.-.-.-.-.-;--.--.-.--.-1-.-.-.-.-.-.~-.-.-.--.-.t-.-.--·-·-·_··t·--·-····--·_·+··-···· 
I : I ! 1 i Ii 

.~o L-____ ~ ___ ~I ______ ~I'--___ ~I _____ ~I ____ ~I _____ ~_~ 

0.00 0.10 0.20 0.30 0.40 ObO 0.60 0.70 

'(mmj 

Measured Profile 
3.0 

~ 
2.0 

i i ; iii ! 
--·--·-·~···--··-····--·+---·-·---t-··-·--···-·+-·--···-··-·-·4·----·--····-·-+-····-·-·-·-·+-·--

1.0 
I i I ! ! i i .---------... -l-----.-. . __ +_. __ . _____ L_. __ -- +·---·-----f··----··- f.--·---··_·-+_·-·-
! i !! 1 

0.0 
1 j 

•• I' 
! I I . • I 

---·---I------------i-----·---·-----I--------------!-------------+---------------i--1 .0 
! I I ! ! i 

-2.0 
! ! I ! 1 ! , .-.... -... -.... -!---.--.-.-.-t--.---.-.--!----.-.--+.----.-... -.~--.-.---.-.-t--.-.-.-.---.-t----. 
• • • I • • • 

1 ! " ! i ! ! . ! . : I ; ; .3.0 .L.-___ __''--___ __'_ ____ ~ ____ -'---___ __''--___ __'_ ____ ~ _ __' 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

Imm) 



s: 

s: 

s: 

106 

llleasured Prof i Ie 
3.0 

2.0 .. . " ----- ----.- ---~ .................... _ .... -:- .. _ .. -- .. - .. - .... .... .. .... _ ...... _ .......... -; -- .. - ..... -- _ .... _.. .. .. ---.. -..... ---. ~ ........ ---- _ .. -- ---;- .. -----
;: : :! 

f I , •• 

1.0 
.. , " _____ _ __ "' ____ :- _______ ........ ___ : __ .... ___________ . __________ .. 1. .... _"' .. _________________ .. _ .. ___ ~-_-- .. ________ : .. _ .... __ _ 

, , , , , , 
0 .0 

, . , 
-1 .0 • I , l • I I ... _ .. ___ ... _____ ~- ___ ....... __ ...... _:- _____ .. ____ .... _~ ____ ...... ___ " _ ... ~ 0_ ....... _ ..... ____ : ... ________ .. __ ; .. ___ .. __ .. ______ :_ .... ___ .. 

f • j • • 

I :!!: 
-2.0 

I I • I • I • _ •• -- -- .... -- -- -...... -- -- -- -- -- ·-0""·- -_ ... -_ .. - -- 'O- -- - .. _. ____ -_ ............... ___ .... __ r" __ .. _ .. _ .. _. _ P_." •• _ ... ___ • _. ___ , ______ _ 
I , • I • I I 

, : : . : : : . ... 
-3.0 

I I I I 

0.00 0.10 0 .20 0.30 0 .40 O,SO 0.60 0.70 

[1TIIl) 

llleasu red Prof I I e 
3,0 

2 ,0 
. 

.. - ....... - - ...... - - - - .......... - - - - - .. - .... -ro .... _ .. - _ .. _ ....... - .. _ .. - - - - .. - _ .. - - - - ..... - ...................... _ .. po .................. - - ... - .... ,. ..... "' .. _ .. - .... _ ... _ .. -..." ......... .. 
I , I I I I • 
I I If. I • 
I I I • I I 
I I I It. 
., I I • 

1 ,0 

0.0 , 

" . 
-1 ,0 , • I I • I • 

• -- -- -- _. -- -- -r -- -- -- _ ... -- -. --.-- -- -- -- -- -- --,- -- .. - -- -- -- -- -, -- -- -- -- -- -. -- r- -- -- -- -- -- -- -r -- -- -- -- -- -- --,-- -- ---
I • I I I I • 
I I I • I I I 
I ,I •• 

I I I' 

-2.0 
I, ttl' ..................... _- .... ,. .. -- -_ ............... -..,... ....... -.. --_ .. --- -, .. -.... -_ ..... -_ ......... , ....... _ ....... -- -- _ ........ __ .. -- -- -- -- .. -~ ............ _ ................ _ .. -_ .. .. 

t • I I , • • 
I I 1 • 

-3 .0 

0.00 0.10 0 ,20 0.30 0 .40 O.SO 0,60 0 ,70 

3.0 

2.0 

1,0 

0.0 

-1.0 

-2.0 

-3.0 

· , 

lleasured Prof lie 

, . . 
.......... __ ......................... _ ...... "' .... _ .... .... _'" _",,,,,,, _ __ .................. _ .................. . .... _ ..... _ ........ _ .... _ ....... __ ...... _ ..... __ ....... 110 .... ______ ...... _ ....... _ .. ___ _ 

I 1 , , I • I 

I 1 • 1 I. , . " .. 
• I I' . , 
I • I •• __ • _ .. _____ , _____ _____ ____ 4 __ .. _ .. __ .... _._ .. _ .. ___________ • _ ~L ___ ... ______ .. __ '"_. __ .. ______ • ~ _____ _ . , . . 

Ie. • , " , " , , 

· , C t I I I I , 
.................... _ .... -(" .. - ..... - - - - - .. - ..... ,. _ ........................ , - .. - _ .... - .. - .. - _ .. - 'I' _ .............. - ... - - - .. r ............ - - ........ - -,.. ..... - _ .................. ....., .. - - .... .. · . . . · . , . 

• • • I . .,.. 
, I • • , • • 

• -- -- -- -- --_. -rr- - - - -. - -- -- -- ..... - .. -- -. -- -- -- --.-- -- -- -- -- -- --.,- -- -_ .. - -- _. _ .... . -- .. - - --. - -- -- -,.. -_ .. - -_ .. - -- -- --, __ - ___ _ 
I • I • I • • 
I • • • , • • · .... . . : ::::; 

0 ,00 0.10 0.20 0 .30 0 .40 O.SO 0,60 0 .70 

[1TIIl) 



107 

Measured Profile 
3.0 

£ 
2.0 

1.0 

0.0 

. . .. 
i i 't i i : ! 
I I I I ' ! ---------t--------------r-----------t------.----"t--------------y--------------4------------j------. 
1 Ii! ! i I 

----·~·-·----·l--------t- ---.--- -----t··----------[-------·----·--1----------[-------
I : I , ! I 

I I 
I ' . 

-1 .0 

-2.0 

-3.0 

, I' " -·--------I--· .. ---·-----_t·-·----·-·····-f·-----------t--.-.-.-.--.-+--.---.----~-.--.--.---+---
I • • • • ! • 
, I' ! ! ! ' I' I :. I I , ----··-----·--1----·--------·;---------------,-----·-·------ i--·-------·----f--------------~--·-·---·--·-t--------
, I I ' . , I 

Ii! I : i i 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[mm) 

Measured Profile 
3.0 

£ 
2.0 

1.0 

0.0 
i ! 

-1 .0 

-2.0 

-3.0 

--------·-+-·-·-·-·-·-t·-·----··----· ,-'---'---'-"l --.-.------i·-·-·---·-·--t------· .. ·---··i-·-·-· 
I I I ! I I ! 

··-·-·--·····--i-··-·-·-···········[-··---···-···_··l·-··-·-···----t---··----···---·-~-·-··-···-·--~--·------··-1----··--· 
! ! ! iii : 
I ! ! : t i : 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[mm) 

Measured Profile 
3.0 . 

£ 
2.0 

: I I I I , I I . , ------J--------r·-------·---·-r--·------t-----·---·t--·--.--.-.. -~ .. --.. ---------_t--.. -.-

1.0 

, , • • • I I 
! ! ~ : iii _. ___ . __ . __ 1.._. __ ... ._.J ___ ....... _ .. _.L._._._._. ___ .i_. . ... __ ._ .. 1_._ .... _ .... __ .+._ .... ___ ._. ___ j ____ . 
! i , i , I i 
I! I I I 

0.0 
! I : 

-1 .0 
!: I : I 

... --.----t--.-...... - .. +.-.-.----.. --- ·--------t-···--·---~·--·-·-·-·---+-·- ..... -.j----
I. '" I ! I I I ! ! 

-2.0 

-3.0 

• • I I l ' , -··----·-l-·-··--·-.. -· .. ·j--·--·--· .. ·1"----···-.. --t-····---·· .. -1--·-·-·-·--_·-[-·-···--.... ·-·-.. 1·-.. ····· 
iii i i ! ! 
, :; • I : 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 
[mm) 



108 

Measured Prof i Ie 
3.0 

:[ 
2.0 

1.0 

0.0 

-1.0 --1.----.----

-2.0 

-3.0 

i' .. ! 
I ! : : . I : I ' • I • ---· .. --------t----------~-----···--------t_---·---.. --.. +----- .. --- .. ----+ .. -------· .. ··~·----------- .. --i- .. -
I ! : i ! f ! 
I ! I I I l f 
: I ; : : : : 

0.00 0.10 0.20 0.30 Ci.40 0.60 0 .80 0.70 

(mm) 

Measured Prof i Ie 
3.0 

:[ 
2.0 

1.0 

0.0 

-1 .0 

-2.0 

.J.O 

0.00 0.10 0.20 0.30 0 .411 0.60 0.80 0.70 

[mm) 

ljee,sured Prof II" 
3.0 .,.------,-----.,....-------,-----..,.-------,.----...,..------,----, 

2.0 

1.0 

0.0 +-+-,:---f--~""4--H,p.J-_+_-_+-+++_:_-_t_-AAoo4-_+-b~_\_-+_htf__t-_+-+.w....t-:I 

-1.0 

·2.0 

-3.0 -'------'------'-------'------'-------"------'--------'-----' 

0.00 0.10 0.20 0.30 0 .40 O.CO 0.80 0.70 

(mm) 



109 

Measured Profile 
3.0 

I 
2.0 

I • 
j i , I I 

---j-------------j-----------t-----------t-----------t-
iii iii 

1.0 
iii i i _ .. r----------l---------- r----------j-----------l----- ------"1"-----
iii ! . 

0.0 

-1 .0 
! i. 

-_ ._--_._--..{----- ----.-------~ . -.. ---.---.-.-,-.----

-2.0 

, I f 
! Iii ! i ! 

-.. ---· .. ----~---.. -------i------.. -.. ·-·t_------.. -.. -_t------· .. -.. -.. ·-j-- .. -· .. ·-··-----t-.. --.. ·---· .. ·-I .. ·---· 

-3.0 
II iii iii . I I I I f I 

0.00 0_10 0.20 0.30 0_40 0.60 0.60 0.70 

{mmJ 

Measured Profile 
3.0 -r----~I----~i----..,.I----,.....-------r----...------,c-----, 

2.0 _._. __ .. __ .J ... ------J..-----.. -.. -L 
i I 

1.0 

0_0 -k---f'r:-fl>od--+-+--=--H'++-trl-..!4--+--+----,f---J"'/-JiI-:-f------lt--f---Hr+--1t+....¥...f 
I 
i ·---.. --·-1---- .-- I ----.-------t .. ---.. - ---. t- .. ·· .. --·-·-·1-.. ·-------- ----.-: .... -.-. 

I i I I : I I 
: • I , i I I .... -.--..... --.t-....... ~ .......... + .. - ... - .... -•• --1 ......... -.-.-.r_-.---· .. -···· .. ·r .. · .. · .. ··· .. -·-.. ,··--····-.. -· .. ·-t·----· 
I , i , : I ! 
I ! ! iii ! .3.0 .l...-___ --'-____ -'--___ --'-____ ..!...... ___ --l. ____ ...!-___ --'_--' 

-1 .0 

·2.0 

0 .00 0.10 0.20 0_30 0_40 0.60 0.60 0_70 

{mm) 

Measured Profile 
3.0 -r------,-----....-,----,-----.------,-----.,.-------,---, 

2.0 ----------

1_0 

0.0 -H'i--:J~r......_\t_-___.n_+_N_---*-_Pr_+_IIt+ht_____\r--f-II_-+T_+p.._;_.:.-_1f_-++_-j 
: : 

-2.0 

"'1-"--"-"--'-'-1- . . .. +-.. --.... --~ .. -':.lA?--..;V. 

, ! ! ! ! ! I 
·-------~---!-.. -------j .. --------.. -·-·1------------t·----------}--------·---t-------------t----· 

, • J ! I ! I 
.3.0 -'-----....:..! ____ .L...... ___ -'-: ----'-, ----.:..: ----'-, ----;..., --' 

-1.0 

0_00 0_10 0_20 0.30 0_40 0_60 0.60 0_70 

(mmJ 



110 

Measored Prof i Ie 
3.0 

s: 
2.0 

1.0 

0.0 
! 
: I I 

-1 .0 

-2.0 

-3.0 

. ·-i-------------+-·-----·---------f---·---·---·-- ----
I I : : • I I 
iii : ; i i 

--.--~ ....... _._1----_~_~-.L._.-~-.-~-~_~J- .. -~- .. ---_--l..-.. --.-_-_---l-.-_-_--------i-----------.. .-.j-------
• I I I I • . 
iii iii ! 
J : iii I ! 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

Imm) 

lleasored Prof i Ie 
3.0 

s: 
2.0 

1.0 

0.0 

-1 .0 

-2.0 

-3.0 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

(mm) 

Measo red Prof i I e 
3.0 

s: 
2.0 

1.0 

0.0 

-1 .0 

-2.0 

-3.0 
0.00 0.10 0.20 0.30 040 0.50 0.60 0.70 

[mm) 



111 

MeasUI,>d Profile 
3.0 

:[ 
2.0 

1.0 

0.0 

-1 .0 

-2.0 

-3.0 

i ! ii' I 
I " 

-----------i------------.-l--.-----------~-----· .. ---.---·!--·-·------~·--------------t----
i ! ! ' ! I I 
. ! ! ! ! l ' --.--------.L------------1---------.----+-------------..L __ . _________ .J.. ____ • ___ ._. ___ . ____ ._. __ .J. __ .. __ 
! iii i ! I ! i i ! i ! ' 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0 .70 

(mm) 

I I I 
Q .. '" ., ... CIiI.., 0 I q 

fl'1YiYl fOl.49 Ra L1~(;ltl 0.67 J...lm ~N"ll(;l 35 J...lm "ll(;lLLUU~~~"ll(;l\uJtl'ltl (;l'1LL~tl~Yl 1 

Measured Profile 
3.0 

:[ 
2.0 

'I I 
! i I I ! ! . .. ----.-... 1-.--.----.. -1.- ... -.------1-....... - .. --.. +. ....... ----... 1--.--.--.. --.+.-.-.-.-... ......;--.. 

1.0 

, I I 1 I , ! 

iii iii : 
·----·-·---1-·-·--.. ---- .. ---·-·-·-----·-- .. -t--·-·-·---·+· .. ·--·---·----t--· --·-·----1--·-·-

!! , ! i 
t I : I: 

0.0 

iii I 
-1 .0 

-2.0 

----·-1-·-·-------1-·-·- . ---.-.; --· .. ·-.. ·-----l--·-· 
• I • • 

I ! I i I I i ---.. -----.---... + .... -.. -.-.-.... +-.------.--+--.. - ... -.-.-+ ... -· .. ·---.... -r-.... ·---.. -.. ·--f-·-· .. ·-· .. ---i-·-.-· 
iii 1 i i : 

-3.0 
: ;: 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0 .70 

[mm] 

Measured Profile 
3.0 

:[ 
2.0 

1.0 

I : 

I ! Iii : : .. - .. ---· .. +-----·---·t--------·-·-j .. ·---·-----t·-·---·-·--r-.... · .. -·-·--·t .. -·-·-· .. · .. · .. ·i· .. · .. · .. · 
I I j I ! I j .......... -.---..... ! ..... -.. -.... -+----... -...... ~ .. -..... --.... + .. -·-.. ------·-f ...... - .... -... ~-....... --.... -+.--.. -
1 i ! i I 

0.0 

-1 .0 

l . Iii ! 
------·-I---·-·--.. ·-.. -·~--·---·---~--------- .. i------.. --- .. ---+------- .. -------f-

! ~ i ! i i ; 
---·- ...... ·- .. -..l.·---·---·-----i-·---·-·---i-·---------+-------.---.. -~-.- ... -------.-.i_.-.-------.-._i.-.----I . • , ' . . 

! ! l ! i ! f . 
-3.0 -'-____ :..., ----..:..,-----1'--------'-'------'-, ____ ..:..: ____ --'-, _---' 

-2.0 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 
(mm) 



112 

hsured Prof II e 

~ 
3.0 

2.0 
I • I. ..... -. -. -- -- -- -~ -- -- -- ... -- .. -- -;- -. -- -- -- -- -_ ... ~- ... -_ ... .. -- -- -- -: -- -- .--_ ... -- .. -.. - - -- -- -- --.- --~ - - - - -- -- -- -- --:- .. -- -_ ... 

:: : :: 
1.0 

:: : ! ~ .... -- .... __ .... ____ "- _____ .......... __ _ _ , _ _____ ....... _____ ... ___________ .. 1. •• ___ .. .. ...... _ ... _ ... ____ .... _____ _ .l.. ______ _ _____ .... __ .o._. 
I I • •• 

f' I I . : : : . . 
0.0 

, , , 
• " I,. 

-1 .0 _ ................................. -~ .................. ... ... .... ..... -:- ......... ......... -- ........... i" ..................................... ! ...... -- ............. ... ............ ~ .................................... -~ ..................................... -!-- ..... -- . 

-2.0 

.:. . :, :, . ~ , . . ~ . ..... ............ ........ -- ...... ;-- ............................ --:- ... -- ............................ ~ ................................. -- : ................................... : ..................................... ; ................................. "'!'" ..... -- .... 
I : ; : : : • 

• • • I • 

-3 .0 
• I • • • 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 . 

[rrrn) 

llle&sured Prof i Ie 

~ 
3.0 

, . . 
2 .0 

t • • • , I • ............................. "'-f" .............................. T""" ........................ ~ ..................... """""!" ................ --.. _ .. ": _ ........... -.......... ., -r ...... _ ....... ---_ .... : .. ........ --
: I : : : 

1.0 
I' .,' I ________ .. __ ......... __ ... _ __ • _____ , ______________ ". __ .... ___ • _ ..... 1. ________ .. _____ 1. ... __ • _ .• _. .. ___ ... _____ .. ________ 1 __ ..... __ · j.. I I , . , , . · . · . 

0 .0 

· . , 
-1 .0 · . . , , , . 

.. - - - ........ _ .... - .... (" - .... - ... ............. -.-" _ .... - ...... - _ ...... , - - - ......... . .. - - - - 1''' - - - .......... - - - .. - , - .. - . ....... - .... _ .. -,. _ .. - .. - - - - - - - - .. -," - - • - • -

• I, • 

• • • I 
• I I 1 

I • ., • 

-2 .0 
I I , • I • I 

--- ---- -- -- ._-, ... - -- - -- ............. -r -_ ........ - _ .... _ ..... -"'t .... -- -- -_ .... _ ...... ,. .. - .......... ... .... -- --, .......... .... -_ .. -- ""r- ..... __ .......... .. - .................... -
I I , I I I 

* • I " I 
I • , I I I 
I t I' , 

-3.0 
, I I I I 

oro 0.10 0.20 0.30 0 .40 0.50 0.60 0 .70· 

[rrrni 

Measured Profde 
3.0 

~ 
2.0 ··---·-------~------------~-·--··------·--l-·-----·-------~-------.---.---[---.. ------.---.--~----.---------1·-··-·--· 

i ! iii i i 
1.0 .... ------.. -.. --~------- .... -~----- ..... -.............. --~----- .. --..... ---+ ----4-·-... - .. ~~~---~·--·-...... -· .. ---~·-·--·-----·-.. 4·---

I : I ! I I I 

i ! ! I ! I 
0.0 

-1 .0 

·2.0 

-3.0 .L-___ ---'-____ -'-___ ---'-____ -'-___ ---''--___ -'-____ '------' 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 
• [mm) 



113 

Measured Profile 
3.0 

I 
2.0 

1.0 

i i ! j ! . I 
----------f---------.---I-----------J.------------+-----------~--------------I--------------~--------

I : I i J : : 
I ! i : iii .. --.. --.-.. - .. f.--.-... -~-.--.~w.-.. -.--.... -f.. .. "'--........ .. - .......... -..J..-...... -.-.. - .... -.... - ... i--... -.----~-----f.. .. ---. I • , . • , • 

! i ! i ! I ! 
0.0 

-1 .0 

-2.0 

-3.0 

• I • 
. ! I ! i i . 

-----·---·l-·-·-·-·---··--:-··---·----·-·-·.j.---·-----~-----------.--L----------.L-.---.--/-... -. 
i i ! I ! ! : 
i I I I ! I ! ---.-.-.--r--.-.-.-.-,.-.-.----.--j .. ------.-.-,.---.-.------:---------·-----r-----·---·-·-r-·-· 
, I I i I I • 

• J : ! ; iii 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[mm] 

Measured Profile 
3.0 

£ 
2.0 

1.0 

I ! • 
I • I I . I I 
I ! I I ! i I 

----.. --.----t------------l-.-.------.-.--i.-.--.-.----i' ... ---.. ---.. -·-+-----.. ----·---+-·---·--------·-1------
Iii . : I I 

! ! i J i j i 
--------t--------·---1------·---1---·-----·-·1.---.----.--t-------·-·-·-·~-·-·---·-----! .. ----

: • I I I I • 
I ! I I I I ! 

1 I • I • 
0.0 

-1 .0 

-2.0 

-3.0 

! i ! i . ! I --------··1---·- ·--·-·-j-·---·-----t-------·-·T·---·-----t·--------·---1---·- ·-----·1-·---·-
iii ! i ! I 

·-·------·--~-------·-···-1-····-----· .. +---·-····----+-····-----.. -~-------·-·~----··------l-----
i i : I i J i 
~ . I'!' 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[mm] 

Measured Profile 
3.0 

I 
2.0 

f : i : I • 

1 ! i : i j f ·---·---·· .. -1·----·----·-1-·--·-·----1·--·---.. --·--··+-·----·-+·--·-·-----+··-·-·-·----·····1-·--· 

1.0 

I I I I I I I 

i ! iii i i --.. -.---... --1'-------.--- -t·--·---.. ·----l··-·-···-··--·-r·---·-·----·-·t--·--· .. ·---·-·1--·-·------·1--·· .. · 
: I I!!! i ,. 

I 
0.0 

-1 .0 

-2.0 

-3.0 

1 
! ! ! ! ! .. --.... -.. · .. ·-·~-·--·---.. ·i· .. · .. ·-·-·---t-·----------i----· .. -.. · .. ·-· .. t·-- -.. · .. ---- .. f-.. ·-.. ··-.. ·-·-·~·-· .. -

iii iii I -·-·-·-·-· .. ·1·---------.. !·------·--1·-·-·-·-·-·-·-r---·-------·-·1---·-----.. -r-·-·-·-·-· .. ·-··\·----
1 I' I I' i I I 
I. .' I ' 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

[mmJ 



· 114 

" ~~\I'"i ') nutJ1.~~ ') L~'"i n,)1~ n~')~~ n ~ (;11tJ1ru ru')~ PI') n 11~ PI') ~ (;11U ru-n (;1 ~,)'ll,) 

~PI')m1~Lfi'i1'fl\ln~ f'lru:;~PI')m1~PI')~(;1f ,-A,)~\lmru~~,),)'Vltl1~U ltJtlm1~n~') 2548 LL~:; 

L;J') ~n~')l1l'fll tJ~·~ n~ (;11~ PI') n11~ PI')~ (;11~~~,)U ru-n (;1 ~ ,)'ll,)~'li')~ PI') n11~ Lf'l1'fl\ln ~ 

,-A,)~\lmru~~,)~'Vltl1~U uj'fltlm1~n~ 2549 


	ปกภาษาไทย
	ปกภาษาอังกฤษ
	หน้าอนุมัติ
	บทคัดย่อภาษาไทย
	บทคัดย่อภาษาอังกฤษ
	กิตติกรรมประกาศ
	สารบัญ
	บทที่ 1 บทนำ
	1.1 ความเป็นมาและความสำคัญของปัญหา
	1.2 วัตถุประสงค์การวิจัย
	1.3 ขอบเขตงานวิจัย
	1.4 ประโยชน์ที่คาดว่าจะได้รับ
	1.5 ขั้นตอนการวิจัย

	บทที่ 2 เอกสารและงานวิจัยที่เกี่ยวข้อง
	2.1 คุณภาพผิว
	2.2 หุ่นยนต์อุตสาหกรรม
	2.3 Abrasive polishing
	2.4 การศึกษางานวิจัยที่เกี่ยวข้อง

	บทที่ 3 การทดลองศึกษาเบื้องต้น
	3.1 การทดลองเพื่อศึกษาปัจจัยที่มีผลต่อผิวชิ้นงานจากวิธีการกลึง
	3.2 การทดลองปรับปรุงผิวชิ้นงานด้วยวิธี Abrasive polishing

	บทที่ 4 การปรับปรุงคุณภาพผิวชิ้นงานด้วยลำดับของขนาดผงขัด
	4.1 การทดลองเพื่อหาจำนวนครั้งที่เหมาะสมในการขัดผิวชิ้นงาน
	4.2 การทดลองขัดผิวโดยเรียงลำดับผงขัด

	บทที่ 5 การปรับปรุงคุณภาพผิวชิ้นงานด้วยแรงกดขณะขัด
	บทที่ 6 การปรับปรุงคุณภาพผิวชิ้นงานด้วยเส้นทางการขัด
	บทที่ 7 การปรับปรุงคุณภาพผิวชิ้นงานด้วยการกักเก็บผงขัด
	บทที่ 8 สรุปผลการวิจัย และข้อเสนอแนะ
	8.1 สรุปผลการวิจัย
	8.2 ข้อเสนอแนะ

	รายการอ้างอิง
	ภาคผนวก
	ประวัติผู้เขียน

