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Abstract

The contact type of spur gears and helical gears with parallel axes in line contact, and the
transmission errors are sensitive to the gear axial misalignments.If the gear set exists axial
misalignments, the tooth edge contact will be occurred and this results in stress concentration,
vibration and noise. The manufacture of cylindrical gears with curvilinear shaped teeth has
been proposed by Liu in 1988. The major advantages of curvilinear tooth gears are higher
bearing and contacting strength, lower noise, better lubrication condition and no axial thrust
forces.

In this research project, the mathematical model of curvilinear tooth gears has been
developed based on the generation mechanism with an imaginary rack cutter of circular-arc
tooth profile. According to the developed gear tooth mathematical model, the tooth
undercutting of curvilinear tooth gears can be analyzed. In this project, the gear with
profile-shifted generation has been also investigated. The tooth contact analysis technology
has been utilized to the investigation on transmission errors and contact ratios of the gear set
under ideal and error assembly conditions. The contact pattern of curvilinear tooth gears can
be obtained by applying the contact surface topology method.

The proposed research project is a three-year project. In the first year, by considering the
imaginary rack cutter of circular-arc tooth profile and the practical generation mechanism, the
mathematical model of tooth surface of cylindrical gears with curvilinear shaped teeth has
been derived based on the theory of gearing and differential geometry. Usually, tooth
undercutting will occur under conditions such as gears with a smaller pressure angle or
smaller teeth number, which will consequently results in stress concentration near the tooth
fillets. On the basis of the developed mathematical model of the tooth surface, the condition
of tooth undercutting has been investigated and the undercutting line on the tooth surface has
also been calculated and plotted. Tooth undercutting and profile-shifted modification under
various combinations of design parameters have been studied.

In the second year of the research project, a cylindrical gear pair with curvilinear shaped
teeth has been set up firstly. Additionally, the assembly errors are considered in the
mathematical model of this cylindrical gear pair with curvilinear shaped teeth. Owing to the
right-side and left-side tooth surfaces of curvilinear toothed gears are different, the proposed
cylindrical gear pair with curvilinear shaped teeth exhibits point contact instead of line
contact. Furthermore, tooth contact analysis (TCA) has been adopted to determine the
transmission errors and the contact ratios of the cylindrical gears with curvilinear shaped teeth,

respectively. Moreover, the effects of assembly conditions and design parameters on the



transmission errors have been also studied. The influences of design parameters on the
dimension of contact patterns have also been investigated. Finally, the mathematical model of
cylindrical gears with curvilinear shaped teeth has been transformed into the cutting
conditions of a CNC hobbing machine, thus, the designed cylindrical gears with curvilinear
shaped teeth have been produced by the Kashifuji KN150 CNC hobbing machine.

In the third year, curvature analysis of the proposed cylindrical gears with curvilinear
shaped teeth has firstly been performed. According to the surface equations of the generating
tool surfaces and gear surfaces, the principal directions and curvatures of the pinion and the
gear surfaces have been derived in terms of those of the tool surfaces, respectively, based on
the differential geometry. Therefore, the directions and dimensions of the contact ellipses of
the cylindrical gears with curvilinear shaped teeth have been determined on the basis of
curvature theory. In the project of the second year, the tooth surfaces was assumed to be rigid.
However, in practical applications, the gear pair is under load during transmissions. To obtain
more realistic simulation results, loaded tooth contact analysis (LTCA) has been performed by
employing the finite element stress analysis software on the workstation. The auto-meshes
generation program for the three-dimensional tooth surface has been developed based on the
mathematical model proposed in the first year. Furthermore, the contact stress contours on the
tooth surfaces and the tooth deformation have been investigated. The results obtained from
LTCA are more realistic and helpful than those obtained from TCA. Tooth contact patterns

have also been verified by applying the tooth contact experiments.

Keywords : Cylindrical Gears with Curvilinear Shaped Teeth, Teeth Undercutting,
Profile-Shifted , Theory of Gear Meshing, Tooth Contact Analysis, Transmission
Error, Contact Ratio, Curvature Analysis, Contact Ellipse, Finite Element
Method, Loaded Tooth Contact Analysis.
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W15 BR&iE7 T A4S Ry, 2 A< BT L B

R <[, JR

(1.8)
He
cosg, —sing 0 r(cosg, +¢@sSing)
[M ]: sing, cosg, 0 r(sing —¢ cosg,)
te 0 0 1 0
0 0 0 1
PR AT R SRS 4 P A T g SR S92 R E o
TOV e Sd EEREAANGRERRF AR ESFBER rnj& o BN

4 (Common Normal) % @ :E:8 6 > 4 BEF 6 i Ae® > Bed & 20 5 & 4T 570 -

FON G EFRS - FAAFER RSN G MR LB G T S

Z

B2ZARHE RS T F AN A S LT 2 AR TR b TRl R EFESE

YA G2 Ap§HE B v 2 gLk 4 (Dot Product)e 2 0 T A T ERfIREZ X R £
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LAAHERIAPLE > T A

K

A2 50 =

12) _
n,-V; =0

(1.9)

“~
22

&

LR AN S A ek &0 o 2 ek & 3 47 58 (Equation of Meshing) o 43T 7 fih2.
HAp§rd B V@ w

o
¥Eps pF g ph(Instantaneous Axis of Rotation) | Bz & # &
B, 05 BAEfIEL 2o Bl BePE g b o s T Fhh Sl S W » H
& AT QI F TSR R R E
(F) (F) (F) (F) (F) (F)
Xc — X :Yc —Je :Zc —Z (1 10)
n(F) (P n(F) :
ox cy cz
IR

B PF R i dh b T - BB E A
SéF)(XéF)ch(F)aZéF))

F F F = —
WO YO R A

[ERPE L
Z PR PR R R R E A ot B R
(F)(XéF)'Yc(F)’ZéF)) ; néxF) ~ nF) 2 pF) EJ W gl %Bj;#%ﬁg E‘,Lxﬁ i ;2. ,—F,, @,4,\ :E‘ ,
Fom AR K SOXEP YD, 2Py o #2258 (L3)40(1.7) 58 & ~ (1.10)5¢ » e B EE S
CEADWESER N B - SUL o R R
f(l:.6:.0)=
+[1. —a, (cosy® +tany® siny V) + b, siny " Jcos g (1.11)
+(r-(L—cosé,) —rg)sinyV =0

SRR (LA 2T b BB A Y 2
& A

oM T2 @BER AT Y2

7R Y B A
FUod RGP WG

’ -
=z 7

Bz L d Y,
ZFL l;;i’ Eb, %’ﬂ&' %—i +

Lo Y, el & 2 A7
2 EACE 16 97T o {dR AR RIZE b dfhe B o6 B
BV Ed BRESIE 2 2N a8 S RN Ao o ok 4750 (1.8) % (L11) m
2T AN RS AR R 2L d 5 S
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@AW

B 16 ¢ R& =+ & G 7 2 B

L1 0 A FHLAl S A &R Sk

Rk oA B

& e 18

o 3mm/#
R4 & 20°
&5 T 30mm
Y 30mm(w, =0.5)

14 & @& FHd S 2 T et 5 W

gt - Hoerdn o o R PG B o B HN 2 RN R g Rl e g
kA e R A TS A B R kot L1 o B W AT 4 MBS
BRI R T2 e et 2 2 N Ay g 2 A TR e 6 Ak 4o )
L7 #57m o d 121 ded e LY R S PR (D S5 ¥ RS TS e
Pl F A F L AT R P RS S TR ST e ()9
RE R Bl REIMI T2 ABEABHFEL G A FARBE IS o
EF @&z 2t & d Al - BRA LWE R T - BEGR A6 082 R T

ERL NS R R EEE N R
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S T SIS A LA
RS AT
S A = AT
"lllh'ff'l[llﬁ’ i 1] #mm

. iy
| 0~ =7 Wr il
il 2711 g i g

Wil fji akf s ’ﬁ!ﬂ'?gliﬂf.' ’m”lfllll'{’i“l‘
il ;’1 I:'{H{{{-‘fr.ﬂ iy [ s

[ [y g

‘a‘lﬂh\\\\\\ O RN PR
b ‘\ \ A

X1 Yl

Zili
na & ,f'.;{f?f;ﬂfp‘:%?ﬁfflﬁf g
W N

milly ] Ju'm iygggiiny
Ml .,.“’: "\El““\l}‘t!\\' iy W
T
RN
AN \{\\\\

D

B 17 & s FlH i) 2 T "% B

1.5 & & Fledl& h2 & 35387 £ 47

T Litvin[16] 974k 42 # A5 A 4T 2 x 0 A 4T s LA S 2 i
RAGHED cd A BPLIET I  Fd G2 - Hore g2 Fhdrs L]
ENF RS RFI AR - S d e FRAY G o ThG P2 HF AR F
#H PR ABE VAT R G FAE R E o F UKL 2 7Gx AR S FlLY

Bl m oz Al B T 27 G B AN G s ER Y

(\x
B
=1
™

o Hrie i hEZl- ALAFAREF A F2 Ee BRAPE - M 2B i

}W%L%\ ”‘ —}’,\l}"]m*g"} Sf(xfanazf) ’ EIJT;\: '\/‘:’\':— :

S|

R{” =RY (1.12)

bR s T
VP v =vP 4 v® (1.13)

EHMERET @
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VO =P L vE vl -y Ly (1.14)

S 4250 (L13)2 (L14)Y 2 TR A A RIREEF 7 LA GG L ERER 0 TR A
TR ER GG e R o KA BB RAET A F VO 0 &G P A
HRE TEG EFLE R EE G F L EP LR FEET AT 40T

vE v =0 (1.15)

Tkl £ S AR R 2 BA 4o AR

d
a f(IF’0F1¢l):O (1.16)
AR E T AT E adiET 27 T& A - LA AR @ L AR

LAl G AL R E BT R o F 7 6 b gt ] R N AR L
Ao Plig 7 G 2 BEE-hd e AR EFE S G 2 o
d (L15)5 2 (LGN ¥ A u e & T 75 5 :

RO di R 6, e

=V (1.17)
o, dt o6, dt

o di o do, __ o do
o, dt 06, dt o4, dt

(1.18)

FRNAANY Z RO AT 7 e AN A TR S (X,,Y..Z) 0 VIR AT 7 @
S b oo AR RAR S G S P oo AR B2 Ap EE R o 2 AR5V (L17) 2 (1.18)F v

TR A A 2

[oxF) oxP)]
ol 00 _y(FD
8y(F’ 8y(F’ dl. _VX(CFl)
ol 06 | dt |_ ve
az(F) az(F) do. |~ -V (1.19)
C C af d¢l
. o6, |L dt T4 dt
a e - 0
A, a0, |

-16 -



4258 (1.19) % A — f32 SL B E 5 2 4258 (1.19) 2 #5342 (Augmented Matrix)
difk(Rank) & = » 7= T F] 2 AR5V JE e PR OR A e

GO
O 0
F F
dg
f f -f -2
e ‘9 Aot
GO
% 0%
pp =T Z oy oo (L.21)
o. 06, N
f f, —f, —4
I Or 2 dt
oyF oy® vV y(cFl)
% 0%
py=| B Ty |0 (1.22)
o. o6, N
f f -f -2
e ‘9 Aot
6X§F) aXéF) _VX(CFl)
O 0
AP Ny (1.23)
o. o0,
o’ al e
o. o6, *

b2 N (L23) T R s AR s A AN (L20) 3 (L23)5 T AW A S x b A

Pos ALERLEE Z 2B AEl O frg 2 TAA AT E A2 LS frle

F(I.,0-,4,)= A+ A+ A5 =0 (1.24)
f(IF’eF’¢1):O (1.25)
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212 v RE LIRS ETHFRELF A28 H = :mm

& : :
. wP=14.5" r.=30mm wP=20", . =30mm

z, et len et len

-15.00 0.933 1.073 -0.856 -0.833

-14.00 1.033 1.148 -0.708 -0.679

-13.00 1.119 1.214 -0.577 -0.546

-12.00 1.194 1.271 -0.462 -0.432

-11.00 1.258 1.320 -0.361 -0.334

-10.00 1.314 1.363 -0.272 -0.248

-9.00 1.362 1.400 -0.195 -0.175

-8.00 1.403 1.433 -0.128 -0.112

-7.00 1.438 1.460 -0.071 -0.058

-6.00 1.467 1.483 -0.023 -0.013

-5.00 1.491 1.502 0.016 0.023

-4.00 1.511 1.517 0.048 0.052

-3.00 1.525 1.529 0.073 0.075

-2.00 1.536 1.537 0.090 0.091

-1.00 1.542 1.542 0.100 0.101

0.00 1.544 1.544 0.104 0.104

s S e (1.24)50 2 (L25)N ¢ B4 = B Al H RfE2 2 B0 L e b
T-dE KR R N frg o REE RO BT - W F KRR - BHEL
g Aot TERE 7 B b AR G B B2 U AR o

BE L LL ATl R P S ek Sl s B 19952 4258 (L.24) 2 (L.25) e
Lz RN EH A B B 0 2 1224 13 KA RE 2L R oR

FAET RS MR BEE R BB R E e Sl MR EY L AT

Az Hd Y, 280 FH 270 RS L& g Y280 FHod Y RS2 H e [

BORAAEG e T2 RIS BB A a2 | L ek 12 2 4
137 ddha T8 - Rl d BB Aodrd 125 - AT e R A BB £
45 B » AP RFHEET oy RA A G Y, add 7 L2 R (72,=0.0mm &)

¥R BB 2 2 I 5 1.54Amm e FR T LIS K G 27 6 1 1T R E
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213 dAA LT PR LETHRELFA 228 o~ i mm

7
y®=25",r.=30 mm y®=20",r.=30m
5
Z, e, len e, len
-15.0 -2.844 -3.294 0.104 0.104
-14.0 -2.672 -3.009 0.104 0.104
-13.0 -2.516 -2.770 0.104 0.104
-12.0 -2.378 -2.568 0.104 0.104
-11.0 -2.254 -2.397 0.104 0.104
-10.0 -2.144 -2.251 0.104 0.104
-9.0 -2.047 -2.126 0.104 0.104
-8.0 -1.963 -2.020 0.104 0.104
-7.0 -1.889 -1.930 0.104 0.104
-6.0 -1.827 -1.856 0.104 0.104
-5.0 -1.775 -1.794 0.104 0.104
-4.0 -1.734 -1.745 0.104 0.104
-3.0 -1.701 -1.708 0.104 0.104
-2.0 -1.679 -1.681 0.104 0.104
-1.0 -1.665 -1.666 0.104 0.104
0.0 -1.661 -1.661 0.104 0.104

0.0mm<I, <5.93mm - # @ |.=0.0mm % £]=# & BB Mz 4280 @ 1.=5.93mm B 3 £]
LB R HBTTRTE) F R BB A LB A R TRERN > TE TS
BEA B IRGod £ 122 % - Y ¥ o d 2,=0.0mm & % Ak 2t 8k =1.544mm
@g%i@ﬁo
L1284 13 2 AP ERETHER BERTHG Y S B G ke SR AT S HL

PR G TTE Y ARG 2 A G ERPE o N WA G AR
LHEGFAFBBL BT AR ARG P L2 B ek PR R FEL P
B2 | BEAXAPIT > Aok 1.2 2 £ 1.3 475F o

Fobod 2122 4 1374 g b4 ARFERT > Hda BN

AR Fm B AARAF A NS Z R R AT FEFAEFIRGE o £ 13 A A
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AL g 30 MR ZTHAPEE S B AL s AP b RS ABITI D K o
d & 13 hEA TR T2 ErFEE LSBT - R Tt h e ERFFGE 2
Lo 2B RE AAE A Y KRR Ao B e hiEIRRS A o E
B AT i 0 R A S S G B RN 2 AR 2 o o

-

¥ A T & 2 9 A 45

o AR FHL ) e ) S B R RS A PR e Y T E R S
i%@”m@’fﬁ%ﬁﬂ&ﬁﬁ&°éﬁﬁi+%&§@¢@4@iﬁ@%@ﬁﬁ%
UL ERUEARE S R R RS T IR s < R SR E e R |
4o A ERAE I 2 e B

Bl 1.8 A1 o e MR RS pE > SiE7 2 AR ERTYO S S Rl
B AT O Ehdr YO ghE F S iho 57 2 A S RYE fhLd A B ¢ o
23T XM B RIS EEEE Y X AR EGE M, S BRECE A S
B N2 &L TR I e AR F R e G B B2

o A VRENE SECGEXZ 7 6 AN E Hd G Sl
(F) :
A X X,
|
r]¢|

(F)
“%g o*;’j/« Y,
" P

B 1.8 & #hi =27 V|7 & B
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G b A B A EE N (L24)2 (125N E e 5 Gl X BI(L24)5 A
(125)4\‘35-3 “’@‘;\f‘?ﬁi O ’¢1‘f‘?x dw‘]_\@'h/v\%fr—jff’lﬁ # 5 ﬁ"’ﬁ—’é\m

zZ e ABFEFAE O o FRFL SRR LR a2 b BFAE Yy PE G H

a

R EFAE IS o BRfEERFE TS G F80.=00 & T S
Pl Rg B2 B E R L =0.0mme Bl A T FEEE B RS E A N e B A
AEL =B o MTiE I P SBc2 R E 35 25N (1L24)2 (L25) TR A S A R4 £ i
G X LB TR BRI AE L 8B 2 R (Y0, =00 R
I-=0.0mm)# 73 = edh B i = (e B R8T S 2 FA4p Y o

T AR R ihd e B A2 T AR GRS EREER S EA N
FR AN GAcR 19 47 0 HGghd @ik FA s &l BlY = kg e
Fhhz LBA A% 5 1238 > 185 % %2 34 & » A A n o RE2Z K d B4 &S w
25 & 020 B3 145 R W Az de HY L8 G 2 F 4 E B ks w i 13
#0190 % 2 34% o LT WAY MEZE G AL E Y VRS ZEEGERDER O BA
W R L RFERY R R ER

1.0
C BHAE=14.5° o—e—

0.5 - RAHA=200° 58—
P B B H B=250° —a—a—
# C
g'_l:_‘ 00 1 piisc b panng]
= - 10 30 40 50 60 i #¢
-4 C

-0.5_—

1.0t

B 19 # 5 R B7IL g TR~ GRS 42
# Hc2 B %
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o

F- W RSB FHA S BE A A 7 B2 RS £ L 208 0 H#M, =30 mm > 7 £ &9
£ AM, 0 7 BT E125M, 0 7 B & TH L S E 30 0.25M, 0 o A 2 Bk s 10
# oo PR AT T EL W RS G BTSRRI S B2 Rl Al S 2 S T
® o 4o L1077 o o B RF g AR SIS G P A R % o 1395 19
Farhd ki 108 R4 L5208 T E G FEEALERTERER B GHES
0.5

B L1l & rddcs 104 > R4 & 5 20 & » i B 8cP 0.5 pFz g = A4 [l
S TRER ) ZREA T ol e AT EL S 6 B RGP
2o RFARPEITEERREETLAERRL PR LAY RS 2w T Rl L 4 Bk
+ o

|
0 30 (mm)

B 1.10 22 7 2 o R FlHLA S 8

-22-






SF P ARSTRASBEL &5 B

Pt S e i@ ® L > VR TG EE A 4T 2 AT EA PIES A
ple MihdcEadr 3 2 i PHEERS > PEA e BREHENEEZIL > T L 74
HE b A AR S AR TS BEEREL R R F LR AR e AT
EREAF RLTE- HAIT L ASHAT T2 L7 SR THAKBEHFFL A& s
R EPPEER -

R RRABE RS L EEFL > TT EEFRFERFL ) AR R
Wi RSB F AR R RE 2 kg o REARRFB oS AEAF o ¥ TR R E Y
PEEE R S e B AN oA g ABEERARA P d g KR R
® WG AR RE TR A R P R R P 2 Ak SRR i 5 Y
rFl(Contact Ellipse) o # #%2_ £ f§ % & (Contact Pattern) ¥ 4] * & e ip[328 £ 8] > H R 12
ko Fifdk- kit a2 2 ik (particle) 2 /& 5 6.32 £ m[16] > #5845 &
EOCRIEB P R R LT A G RS BERAE B e R A )
o om PRS2 B FLS RS o JU BolE > T KT AT iR #E R
A5 2 R REREEA A SRS A5 2 BERH A RER T A&
Bod F R RERAEE S BT RS SRET > S B BERAZ J T
*LH ~ 2 (Finite Element Method) 4" 47 § % ehgijif & & o K4 & & &

g\x'i

L
R F 2R g d F A7 2 & g b 352 (Contact Surface Topology Method) o
A 7ixd Litvin[17] 40423 1989 & 4% ) > (AR A SR enpLd o A4 e & G i fho
« (Principal Directions)¥z & Z (Curvatures) » & 57 %P8 & o 5B %58 > 7 LT E
PR & Ebh £ R 2 BFIFFIZ A G2, o A Ay ¢ R &5 A5 [18] k B~
S R L 2R FE 2 FRER DR GY 5 B F 2 B T I B

/J.‘_\,J_"'i-; -\ &+ sm
[EREg N R AE e

2.1 EHFA L A7
Adg Y, R Y, aBiEERSERY > A H e 2 BRRNRELAT AR TR T A

Tk S (X Y Z) BETF AR iR %

I

A ARG ARESERZe RS L

o FPt o Al b d g bl S B2 B RN T A AT

=24 -



RY -R® =0 (2.1)
n® xn® =0 (2.2)

BYRPZRP AW AT SR L 2 Y, HEfETdde 28 e E 0l {frnP 270 &5 &
Bffeode Ee2e BoQLDAKETS &0 2 BFEAT &S, (X,,Y,,Z,) B i LG 4p
renizi e ® o @225 ATA Ho R Rnd tae LR A SHLA
LE#m 2 vk &% o A= % (Three-Dimensional)+ ;% (Cartesian) A % & # > & & & &
F2Ere B R R A ARA R TV R 2K EFE e B0 FE pP|=p?|=1 %

Q2 re g BN FREQLHNV A B2RF Y o Ko ES s 20K

m;

i

x® — x? =0 (2.3)

(fl) _ E;) -0 (2.4)
20— 79 =0 (2.5)
nPn® —n®n@ =0 (2.6)
Y ~ninf? =0 @)

AHARE WD T EREL 2 AR A BEM GeR 21 407 > B R
Tk S,(X,.Y5,Z,) BT < Sy 0 @ Z, b5 < 2 R bh o ARk S(X,Y,,2) B FE T
Qo @z dh s B e § b R K S (X,.Y,.2,) TS, (X, Y Zy) B R B RS R K 0 7,
Fhe2 7 §h2 B - 2 b Ay ¥ RS HE AR TS e 2 BEB LA Ay, 5 X, B
BX hz L AP RS HRE A EE M e KE S C A TR HERRZ Y SR AC

Pl 77 Hpeprz @ SEEIEL [ g B g R4 W AT &) 2 g 4 o

=25 -



Ze

ZV ’Zl

Z¢ |Zy

B 2.1 & fmdded & ot ARk B 2 B 0%

S REARG 2B L ERN LA [ R R BT RN R g B

v B A Ed Bk SI(XYZ) B S,(X, Y, Z,) D AR P 2 B RUEAR K S (X,.Y,,Z) o

R H gV 4 % T 7 = A -4 4 (Homogeneous Coordinate Transformation)<&*E = g ;¢
F1®
R(fl) = [M fh ][M hv ][M vl]Rl (2.8)
R = [M f2]R2 (2.9)
nd =L, ]I, LI, (2.10)
nf® = [sz]nz (2.12)
Hoe
cosg, sing; 0 O
—sing cosg, 0 O
[le]: ¢1 ¢1 ,
0 0 10
0 0 01
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[ cosAy, 0 sinAy, 0

[M ]: 0 1 0 0
"1l —sinAy, 0 cosAy, 0]
0 0 0 1

1 0 0 0]

[M ]: 0 cosAy, sinAy, 0
"10 —sinAy, cosAy, 0
0 0 0 1

cosg sing O

[L.]=|-sing cosg 0],
0 0 1

cosAy, 0 sinAy,
L= o 1 0 |
—sinAy, 0 cosAy,

1 0 0
[th]: 0 cosAy, sinAy, |,
0 —sinAy, CcosAy,

cosg, —sing, O
sing, cosg, O O
1
0

[M.)- 0 0

0 0

cosg, —sing, 0O
[L.]=[sing; cosg; of-
0 0 1

e R A A R E G D, 2 L S e Y, S A2 (2.8) (2.9) (2.10)
2 (211) 8 1% e £ 5 R (21)r(22) 1 AT EST B RPN S 5

O ~1,~0,~ g %2 g E6BATE BP I fro, 5/ Sh2H e FHdik: | fro, 7+
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SRz h RHAE g R GRS Ak S P2 I E o FR A A b R &
g5 e PlY T B 2R AN A end B R S S AN T T Bk o

FUI* KR AT AT RS RRREA T 2 TV RS AR AL EREAL
2 TR G T A A Rl S 2L R ARIREE H S A PR b g 2
H2Miredde hrk b pF o, H & ﬁmﬁﬂazﬁiﬂéwﬁmﬁ»ﬁﬁiﬁi&ﬁ’
T AT L) o BT Kﬁ%l:",%@;i, g2 I8 24 ﬁh] g A2 £ 0 TH AR F
R A[16,17] » B E N e T AT

MG = 48 - @.12)

Ho N, 2 NA B E A ] R Sl g (g) o B R e R
AR -

I

(\x
/\‘
*
i
i
el
s
el

<
S

&G R AoR] 22)4F 0 B Y O FA G X, E X, 2 BRI 05 A

‘wk

h ARfIEO 2 E R e E T L8 &

k=N
(w.
\l-g-

. *7 I 5 (Tangent Plane) ; A &
St (X Yr Zp) i i BbadR i > AR RBab LW g 2 BRI 80, £ & » Z, fhiE

FTEHA Lo BFREF2eEnk S o 3

ﬁ

L kS (XY, Zy) B ARk
Xe-Y, TR 5ddd2 TG odhg a5 0 &8 FHES &5 270 & R RERRE
At G R RIS R FIERF R 4 i AR o R R P i R
BT W BB IT L &6 LR 0 R WA G WEER ) A ARG 0 i Y
BT SRRt 6 BEER > 7 B S &0 LB R

2B JZ 6.32um 1K HALFI G A A B FE o

P GRS ok

B 22(b)#77 2 d,fod, 3 A L d G B H X BTG R - F T3 E RIRL R
BoaAdde pz 2 AEEL > TEA LG EERe L1 RETA
6.32um 2 BLEE > TR Y pEIHD 2 AT ARPEAE L E TR - Br-ok

,

Btk HF ALY 0 T AR 0% 0 Ao BRY FESREN 0 E 1R
6 o Ejest g BB (TR OE) RIET

RS 22 B jE &)

B AR EFEA > EIEFL 0 FHREB U FR(TERL R T G)E
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TEGRATF e ® e BIEE L B T4 | gk > A 3 1 e

(@)

(b)

B S | T
i 18 36

M 3 mm 3 mm
L 20 & 20 i
e LW 30 mm 30 mm
TEEER 30 mm 30 mm

2.3 104 45 45 1
T AT L S A R R R S L el B

s

Slichrd 21975 5 1 FRT S D S d e # B 5 1.=0.0~5.93 mm> 6, =-30
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B~30 & » 27 1.=0.0mm ¥ (k2 b 80 1.=5.93mm ¥ (F 2 BB 8o
W TE AT TG F 5 1,=0.0~6.186 mm > 9,=-30 2~30 & > # ¢ 1,=0.0 mm ¥

Bl fFF 2 B SBE 0 | =6.186 mm H k4 % 2 & 7F o

R S LSRR S - R b e T RN R RS S
T Ay, =00 & > Ay, =0.0 & AC=0.0 MM B frBEH B RAK T - 545291 (212)
RE AP AR RS R AR T A T4 R R ded 2.2
SR S NN Y I S N RS A SN TN 15

oo b AR R4
HhEz BPEA GGG T LG (0,20,=0 &) A dfhles FHEL LR o4
RSV ST SRS TR R UL SRR LS O R

thin § 3 EHELHE D

4022 TR % 2 T i e g i )

2 #2 Or O, le L KE
-10.00 -5.00 0.000 0.000 0.774 5.610 0.000
-8.00 -4.00 ]0.000 0.000 1.097 5.287 0.000
-6.00 -3.00 0.000 0.000 1.419 4.965 0.000
-4.00 -2.00 0.000 0.000 1.741 4.643 0.000
-2.00 -1.00 0.000 0.000 2.064 4.320 0.000
0.00 0.00 0.000 0.000 2.386 3.998 0.000
2.00 1.00 0.000 0.000 2.709 3.676 0.000
4.00 2.00 0.000 0.000 3.031 3.353 0.000
6.00 3.00 0.000 0.000 3.353 3.031 0.000
8.00 4.00 0.000 0.000 3.676 2.709 0.000
10.00 5.00 0.000 0.000 3.998 2.386 0.000

TR AR oI E 2 HE i mme O ~ 0, 42 g2 HL R A ERFL KELE -

Al % 7% & -F)(arc-sec.) o

ARG R BT A 2120 Sy BT AT 2 w3 30mm s 50
mmz 100 mmpsr > 2 & MBd bR ERBLZEET FAI A G 2 BFEHE o I
Gl b A N T RER S L S & e b o ol 23 507 o WY
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Pl BPS A A BEL-6RET 18R F 2R - BAT LY o 4 MA
L3 bR B e feif &7 o R ¢ B RG B A6 0@ 2
Pl L Forhddhe 7 FLI0H4em 3 P ARG 4 > GRS - B 24 57
BIIPER L Eph2 vt Ea/b 27 BLXER2ZM % d Bl 247 HFRE B2 1 Ealb 7

ﬁij“" Rié;_ﬁbb °

(a) R=30mm

(b) R =50 mm

(c) R=100mm

Bl 2.3 7 4 Lo 4w s 4500 e 2 B
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a/b
30 —

20

0 | | | | [ |
20 60 100 140 R, (mm)

B 24 & rf@mpht @87 L T2 B

% 2.3 ¢ B Z AC =0.5mm B 8 Rl

4 #, 6, 0, I I, KE
-10.00 -5.00 0.000 0.000 0.927 5.978 0.000
-8.00 -4.00 0.000 0.000 1.249 5.655 0.000
-6.00 -3.00 0.000 0.000 1.571 5.333 0.000
-4.00 -2.00 0.000 0.000 1.894 5.011 0.000
-2.00 -1.00 0.000 0.000 2.216 4.688 0.000

0.00 0.00 0.000 0.000 2.538 4.366 0.000

2.00 1.00 0.000 0.000 2.861 4.044 0.000

4.00 2.00 0.000 0.000 3.183 3.721 0.000

6.00 3.00 0.000 0.000 3.505 3.399 0.000

8.00 4.00 0.000 0.000 3.828 3.077 0.000
10.00 5.00 0.000 0.000 4.150 2.754 0.000

Blo ot WA TS e 0 BRI AES G- AP o A GIMEH A RELF P
BESE R 4 AC =0.5Mm 2 i5 & T R, AT S R ok 23 95w od AT LR AT
BB R b e TP A B G  Bh- AR BB G Sl A 2 1T

Boaldfkel ] EFFLIAL  PEEEHERIAKRELE G P CEEARFLLT
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=

oo HAR ek % Bagd o 57 L8 0 H 0 o d At G BRI > O hhIR £ AT
FEE R AL T A AR o LB A 24 2 £ 25 2 FHEAT oo b S FlHLA S i

WA F A e 1 BRI AERE - ik o AL NFEHSBELL
FokTdhER R L Ay, =01 R % L8 dhEAf R LAy, =01 REfFa) 0 E AR 540
%24 %2 £ 2597 o 0 MAFHLA S WL § dhEfe h L cniE 2T o H R i 4

#ho B AR A AN ARIEET > FRBEAAT SR L S50 20, F

K et ST PR A T R U £ S B B

# 2.4 KT ghif £ Ay, = 0.1 PFF& i e i ff 13

i ; o 0, I L KE
-10.00 -4.999 -0.836 -0.736 0.773 5.611 0.403
-8.00 -3.999 -0.816 -0.716 1.096 5.288 0.318
-6.00 -2.999 -0.796 -0.696 1.418 4.966 0.235
-4.00 -1.999 -0.776 -0.676 1.741 4,644 0.154
-2.00 -0.999 -0.756 -0.656 2.063 4,321 0.076
0.00 0.000 -0.736 -0.636 2.385 3.999 0.000
2.00 0.999 -0.716 -0.616 2.708 3.676 -0.074
4.00 1.999 -0.696 -0.596 3.030 3.354 -0.146
6.00 2.999 -0.676 -0.576 3.353 3.031 -0.216
8.00 3.999 -0.656 -0.556 3.675 2.709 -0.283
10.00 4,999 -0.636 -0.536 3.997 2.387 -0.349

B AW AE G ok TehERKBL S E 01 BE § 01 B & ihe B R 4cF
25 i o EP A R AT R ) Sk T e 4 1 0.1 B2 AP B R - &
BLR e ApF e Rk T RhE G f 0L B2 AR BRI EG>S G LR o
FEEMERKLAEOLAEZ | 01 B & e IR 4-® 2.6 #77 o
JE LG Lk AT 01 R BRI HS L R o d 20 RS 2 LA Ry
o S HmEs - 0Ll RZ L2 B A  RIFRAIFFISE>RB 26 %6 2 =3 -

|2
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% 25 LB fhikh £ Ay, = 0.1 & i e cndh i 152

4 s o 0, I , KE
-10.00 | -5.000 | -0.268 | -0.304 | 0.774 5.610 -0.060
800 | -4000 | -0275 | -0312 | 1.097 5.288 -0.049
-6.00 | -3.000 | -0.282 | -0319 | 1.419 4.965 -0.037
400 | -2000 | -0290 | -0326 | 1.741 4.643 -0.025
200 | -1.000 | -0.297 | -0.333 | 2.064 4.321 -0.012
000 | 0000 | -0304 | -0341 | 2.386 3.998 0.000
2.00 1.000 | -0312 | -0.348 | 2709 3.676 0.013
400 | 2000 | -0319 | -0355 | 3.031 3.354 0.026
600 | 3000 | -0326 | -0.363 | 3.353 3.031 0.039
800 | 4000 | -0333 | -0370 | 3.676 2.709 0.053
1000 | 5000 | -0.341 | -0.377 | 3.998 2.386 0.068

(@) Ay, =0.1

(b) Ay,=-0.1" 0 10mm

B 2.5 kT ity £ ¥ 0 P 2 B2 58
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(a) Ay, =0.1"

(b) Ay, =-0.1

Bl 2.6 £-F phifh 2 HHRF TR B 5

24 @ s FHL S b B

A FA AP RS RS eSS RGrd S e 20 57
ke e A S B o d - SR A PTT o AR il KR

'—’”‘Ti” - ﬁ#&ﬁg%m&xhg\fﬂ, Gd e P LB Ty AL l__;“’t;é:ﬁg7 T VAR

a0 BREEZ L AT b S 0 B 2 <] BB LA R R AP o $0 Y )

PG BRIRfR 2 N A o BTG bRt v R R S TR AC R R K B AR T R G Y

G G NTET RS BRI BETL % b > S TIRGR T T AR

w4 -

¢1E ¢1S
< ! (2.13)

N,

R gl R R AR R L SR S g o S R S BT R

JE B L o g g T EIEY £ N B Bt Sl A E e 2 G B L0
B Ed T R A e, H Y g
(LR ¢ Ar) o AR ETE RN I L d G B S ER N R AR
AL TR SR R B TE RN A R AT L SR L g

P Al XERETHY - A
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I XA SRR T AR R TEH R B el G e S
2o T RES BRI R ] S L g, o

WA A S L A B K S Ard 21 00T 0 KGR B AR BT - &
Yo A0 (QU3) AW 2 W A Tt S IR 5 161 A dhieh T bR
FHE KRS LT BREGPI AR 26477 0 HY arbh 2 MANEA TG

Eid

HATE Hl N2 N, AN AT SR S dp dlicod 2262 A% Rk

BAe A B4 Rl S 2R RR e o B TR R R e o

F 2.6 W AE BTF RSP RP

B4 &
A 145k | 20 | 25 &
EEak e S
N,=18 N,=36
* 1.611 | 1.445
a=1IM b=1.25M
N,=36 N,=36
2.014 | 1.692 | 1.498
a=1M b=1.25M
N, =54 N2=36
2.083 | 1.730 | 1.521
a=1M b=1.25M
N1:18 N2:36
* 1.328 | 1.181
a=0.8M b=1M
(27 &the 2 E)
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IS S 8RR LR SRR

3.1 Aphd FZ2 AP e

d o3t AhF erg B end A 2 B 4 i‘i&«kﬁ%} WA e e S pF S &G d
PRI B HBRFETE AL AG R &G RPEA A &G X DRF
Ts RS fr > HaA — PRRA) 2 B R 2 r’xﬁu » B FRHFF o 1345 Litvin 73
Mz A THHARLEL G EFEY FAHT RONBPLL 3 & 6 2 4 fhy
#h=> w (Principal Curvatures and Directions ) » & i&— # 1| % v & & 5 2 [ ehd :
FORE SRR AR RRT FIRM O e d 0 g S R PR R 1R

B o

-

% 3

< f

4] g

X

] b

‘3; J—,& —N
7=
EX

0Te 2 Tp A A LA D R A T, 27 Bo7 B2 4 b

ZHIUZ 3w %7 d Rodrigues = %58 $o18
KigVe=—n, , G
R, 57 B2 A F oy, AR GG BB ARER A o BE L EEE

PR ZErEe BRI R o T3 joFPfrj=12 0 A HF U AT KR

t rll}—‘:' > ‘ffz A H ”H‘I\‘J')ﬁ%ﬁjl%\'_L/ L“r%zéff’—\ l«’%z Fm7 ' Fﬁg ]‘4 o t;‘;ll? ,/ELZI

pledidh 2 200 fI* 7 B 5 2 SHHPFER KA G F20E2 > ¥ d Rodrigues * 4%

1
FARESA L H - foi D A F O oD 2 B H R LR P 0 ol -

BREE SRR RS TS B e Y, 0 HERE - R o BRE

7 Y27 G EE RN E B F e Ea 70 AR sOXO YO, 20) b
(F) _
|- cosy, ' —a;
R" =| (I siny!" + b, —a, tany ") cosb; +r-(1-cosby) | , 3.2)

—(Isiny? + b —a, tany7)sing, +r._sin b,

siny!"
n{" =| —cosy " cosb, | . (3.3)
cosy ¥ sin g,
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BBt e SO APHERV, 7 UBAN A A A BB 2 H 2 e B a2 d R

n, B2 (35)5 % 7 o

v _dRE di. dRP do,
di. dt  do. dt
cosy ™ il 0 . (3.4)

=[siny{P cos. | —F+| —(I.siny'? +b. —a, tany7)sing, +r_sing. th

siny{7) sin 6. — (I siny'™ +b. —a, tany7)cosé, +r. cosH,

- _dn®dl. dn dg,

—F 4+
dl, dt  do. dt

(3.5)

O

=| cosy P sin g,
cosy ™ cos 6,

d Rodrigues * ;@7 wHE=2v B X2 RAn EAHERV, F2 e o 2 20

WA A B2 By TR R A

n n
k() == M= (3.6)

MARHE RV, 2 E e A2 AN 2 AR K360 0 T EEGTN -

0 ~ cosy ™) sing.dé, /dt
cosyPdl_/dt  siny!") cos@.dl_ /dt+(r.sing. — (I siny'? +b. —a, tany7)sing.)d4, /dt
B cosy ") cos@.d6, /dt
—siny P sing.dl_ /dt + (. cos O — (I siny{™) + b, —a, tany ") cosg; )dg; /dt
(3.7)
PRYCY RIS T JLU VSN . S FE I R S

dt dt dt

dciF:o y T AT - A d XE Ao AuA AT

" 4

-38 -



_ (F)
ki” = I_si (F?OSZIH tanw ™Y’ iﬁF)=|§r|: e\ if %:0’ (38)
r. —(I_sin —a, tan
r —(lesiny™ + b —ag tany, ™) r cos b,
cosyn | do
k=0, i{” =|siny!P | —=F=0,if —F=0. 3.9
I I Yn dt dt (3.9)

0

Pk o I daR B T REREEE o2 A4 FEA e AT T

0
(P)
k" = : (ic))Sl//n ®n iEP):L: sind, | (3.10)
r, + (I, siny® +b, —a, tany ™) \A c0sd
P
—cosy "
k(" =0, iP =| -siny{" cosd, | . (3.11)
sing”sing,

32 A E G2 Aphd F2 Ah v
bR n 2 DR A S B2 5 TT L T AU S RS
PRERTEFER TR
P1=0)

(i) _
tan20" = PONONYOR (3.12)

P (3.13)

M _ 0 g
() _ o K —Kkp +6
cos2c ™

: (3.14)

()4 (D)
() _ ay Az,

NG i) ()4 (]) (i) s\a(0) ' (315)
b + (VW -i)")ag + (VY -1} )ag;
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G = (as))” - (a)’ (3.16)
- b(j) V('J) =(i)y4()) V(ij) Ls)ya (D) !
"+ ( i)")ag’ +( iy)as

g) - __(aéi_))zf(aézj))z__ - (3.17)
b + (v .iM)af) + (v -i{)a)

a) ~00i0]- 0 (VO i), (319)
ay =[ndoViy]-xP (VY i), (3.19)
v E b:E’J) [n(')(:)(J)V(')] [nﬁ”m(”Vt(,”]. (3.20)
H o K(J)er(J) A l(J) ,)r“_,.l(J) 4 Z‘ﬁtf; G 5, 2.3 Bidhe FEAdh e, oW 578

- e iV fospl 2 E e $- a3 pilV B2 dd od Pz 32 T AuE
d 7 BX feX, 23 Bidhs wH firéfé_i(F) i e 0P P kR B S
B et E e e S 2 A e d e 2i®iP4i®i® .

BE7 DAl A R G D BT o B ¢ SuER B A 4o (3.20)-(3.26) 4 c I

# 7 Tppld &g D, e > HEH M %N 4o (3.27)-(3.32) 477 o

o =0, (3.21)
0
o= 0 |, (3.22)
_a)l c
0
0 =P -e®=|0|, (3.23)
, |
0
VP =|-ar |, (3.24)
0
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a)l(yc - r-1¢1)
VP =@P xRO =| —@,(x,+1) | , (3.25)
0

- a)l(yc - r:I.¢1)

Vi = Vt(rF) - thrl) = @, X, ' (3.26)
O c
o =0, (3.27)
0
0?=]0|, (3.28)
@, |,
0
of e -0 = 0 |, (3.29)
— a)z c
0
VP = —ayr, | | (3.30)
0

—@,(y, - I’2¢2)_
VP = xR® =| w,(x,-1) |, (3.31)
0

@, (Y, —T8,) |
VD Z v _y @) - — w,X, . (3.32)
0

AR E 7 T 2 4 phd A phfie &2 BB G %~ 58(3.12)-(3.20) 2
o TV RNBEA PSR I A fhd FEA G e o BT R A S B G A
wpd RS YA T AR S (X YZ) > T R T AR 312 M A E o 3
iﬁxAG(Fl),f PLLIN 5| (1),fm(2) rE (F)'frl(P) Fz dhox g 0& G X frE, 2 A fihd

£
b

kO foxd 12z K(Z)fm{(z)”‘ domat s fes A u @ L TR e e st e

94

4
%]
kﬁﬁmm@&wmﬁﬁ%%%’ﬁfw@kW%”iﬁiiﬁWﬁﬁﬁ“+*’@
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[16,17] :

a= ‘% g (3.33)
1
b= ‘% : (3.34)
H e
1
AZZ[KS) —x® — (g2 - 29,9, cos20 + g2)"'2], (3.35)
1
B =Z['<§” ~x® +(g? - 29,9, c0s20 +g2)"?), (3.36)
kP =x® + 1, (3.37)
kP =xk® 4P, (3.38)
0, =k — Ky, (3.39)
9, =K — Ky, (3.40)
tan2¢ = 9281N29 (3.41)
g,—9,cos20
oc=0"-o". (3.42)

e s o R g B AY e E w217 £ (Approach of Deformation) » AT
FUGIRE R o B B R G g R TR Y 2 2 ER 2 E 42 0.00632mm i S fE e a &
b % B FFRlahE EdhE B > a B K- HFIEZ 2 2 o BfJIFR2 & &> w2
el Ao 2% - A6 w2 XA MR IoB 3.2 477 o
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F
]LI(I )

B 3.2 7 prF & 2 i v 2 B 1%

33 faf;l]

DA R e AR e & 2.1 frar o I 31 2 32 &2 3B ART A W R E L)
At e B L AR 2 A FEA e ok 31823297 b A HBAEL R T
ARG o HY - A3 e EF 2 A Y - A3 w RIS el N oA i o d &

B31% A B2V HF M M hir Fh 2 w2 20 F(Ta)) CFF R Dl & R R

a4

“odrd Ad FZ BT b hi e SV G ) SHhid e JFa o b A
e Bfgtde T LR e Bd e EEiht B H 0 Bk 33977 0
RSP el & EATY 0 0 TIRFTBEZ A W KA ETH B0 ot H R 2 K e

REE2 @ % A 33K R BRI Sk S REFL G VL E L RS
PRSI S B AR AL e B R B

|3

)
= /]

\

|
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231 *H&EHBrda P LB ez i F¥wa 2
1, x® i K P iy
1.097282 0.029700 1.0k -0.078663 0.961262i+0.275637]
1.741975 0.029494 1.0k -0.069043 0.951057i+0.309017j
2.386667 0.029292 1.0k -0.061520 0.939693i+0.342020j
3.031360 0.029092 1.0k -0.055475 0.927184i+0.374607]
3.676053 0.028894 1.0k -0.050511 0.913545i+0.406737j
4.320746 0.028700 1.0k -0.046363 0.898794i+0.438371j
4.965438 0.028508 1.0k -0.042845 0.882948i+0.469472j
232 [EEede TP ARG LA FEa S
I K itV K iy
1.419628 0.033263 1.0k 0.229172 0.970296i+0.241922j
2.064321 0.033525 1.0k 0.163004 0.951057i+0.309017j
2.709014 0.033791 1.0k 0.126485 0.927184i+0.374607j
3.353707 0.034061 1.0k 0.103334 0.898794i+0.438371j
3.998399 0.034335 1.0k 0.087347 0.866025i+0.500000j
4.643092 0.034614 1.0k 0.075643 0.829038i+0.559193j
5.287785 0.034898 1.0k 0.066706 0.788011i+0.615661]

%033 BB G TP LRGP RIS Eephi 0

- I, a b a/b
1.419628 4.965438 1.630351 0.215564 7.563202
2.064321 4.320746 1.618535 0.245708 6.587237
2.709014 3.676053 1.606719 0.267234 6.012406
3.353707 3.031360 1.594902 0.282122 5.653239
3.998399 2.386667 1.583085 0.291391 5.432861
4.643092 1.741975 1.571267 0.295569 5.316066
5.287785 1.097282 1.559448 0.294875 5.288508
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Fri d RSP Smer s LE ALY

+

4.1 %
R R NIl = R T ey E P S R LR IL

B A4 £02F B BRI TS FE 0 8 2R A e R R Bt

—h
!
v
2+

?ﬂ.
cl

=\

m-ﬂ

&

(3
~
3

g

=g

TS

=t E e L BT TR RS SR

W

~ ;% (Finite Element Method)#& = = & 3 # 47 H03] > et S dm e f 477 i 154, >

Bl B HEREY S 0 BARE AR ) T R R e o

4
~

"

(S\
e

{
\w

2 A R R !
B - W okt R 2 T U R A

‘;’hik‘ér\i %l}}gﬁ?}"@{ © w\% E’ﬁg

—=

FAr G REAZ AL R AN 2 RS S G PR [19-22] - £
Tsay 2 Fong[23]% Litvin 5 4 [24]4] % & #3447 R ERA S e S BP0 0 ¥ B
WE RGP BRI f R UG Lkt Ao f 1 FX[25-27]17 B
H ~(GapElement) g @2 R it » sirz Bd e engd 4% o éﬁ—g Celik[28]41*

E A2 s BRI S e R ] PR o TR RS RS AR A

A

AT o F L FH[20-31]RIA1* G CUH A AT G i R B E U S 0§ - 3%

AEERAI BRARER®IRA T2y E A2t 1[32,33]

42 3 VE ARG A TERE 2

- B ;’iﬁﬁﬁ?’ﬁ NE AR AR e 27 LHE ApRE: S Bfo AP R RS
PREE PR EEE fRRE AT F I A SRS R AL T RS
o HBEREEAT (DU @86 MRS He 2 & - Qe el s F e o

AL e Q) dmle i [ RA2 ) FE (D)2 T REES -
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421 3 LE ARk

i ORE P2 H G LA A G

-

& FJl* - 4 CAD #t %8 4 |-DEAS &

ProEngineer ki = > A F 1% & A Hbfh2 o P AN A T H - S0 p FHFE =S

Adm ot LE AR B TR IS G B SRR R ¢ R AR
* ¥ H 3{-‘5‘*"3]}7‘] & IR L ’l?&ﬂfl]%’ggrpiéﬁjl%_*é%& y Flm 7; e % @»); YUH E

SRS o 0 R R A AR A TR T B 4 B T 17

b UE AT o AR hER - AMETE 0 RN FRAL T P
FER > A3t E R B3 8 Ba g2 o5 4 Z(C3D8I) ki = ek 7 LE A
Aot REAF R - AE o PRE G RERAESG M A F e 55 =
W chd et LE ARRIBTT 0 RS T LG BE o BREG ANET

FTRF S PRI G LE A 2 Jrae ) e

422 Bffe 24 e FHTE

7 "LH A 447808 ABAQUS/Standard i A 4T 2 A& e 7 384 LR R 2 T
RPN A cBRfe v A LA - 5 Mastero — 5 Slave o # #hit i & &
B2 gt dole H 5 Master o Ap F 3o BB g R im o T Slave o A 4T EIHAR L L
Master + ch&-8L% 7 1% Slave > @ Slave } ch& g% ¥ 7 1% Master o 4 #7807 ¢ 0 B3k
JE A E G g s S d w5 Slave A x dfhz %@ 5 Master o gt b > AL

15 PEE 45 0] s (Small sliging) 2 5 24 3 B F > w B ¥ L o
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4.2.3 #§ B i% ¢ 2_ 5 4c (Boundary Condition)

~%C3D8l £ 7 8B&B - FRFFZBIHAd R AririEdl? o X SR
WE KRG E - SRR YA RGOREE AP OERTBERLE o S
B b - SR IR F B @ Fph & BT A B gh L S BLE T D
G B pd BRo4ez BT HE - BRER TR B oo 24 5o & v
ght R S HmE - dmz A apIad s o By 2 APl o Heff A AT R
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o
Fey

/QNQ l~e§s-
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Fixed Point

i

T

{i

|
,,”,-‘-\%

% e

éﬁwaﬁ=

%,”/

S

fr.l'lmm_-.w-_.-..—._--—.—

T

L

18
20°
30 mm
42.85 mm
27 mm
60 mm

PiniOn
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Gear
36
20°

30 mm
42.85 mm
54 mm
114 mm

/’{m
i

1

Y

5%

i




% 4.2 W& R

¢ B A AISI 1045
sH4 fi e (MPa) 205.0E3
¢ >+t (Poisson’s Ratio) 0.29
%A (Kg/mm?®) 78.5E-7
A & (Hg) 350
LF e s+ (Mpa, Source: AGMA 2001-C95) 980
wF el i 4 (MPa, Source: AGMA 2001-C95) 275
%43 4 UH A A
Gear Pinion
A AR 75,168
G ELREE 96,362
~ % A5 C3D8lI
g Master surface Slave surface
Fom it Small sliding, no friction
BRE Fixed Torque applied 50 N-m

43 %% &

d e 2 Sl MR A E 418 4 42 2T o
TR e T ‘l'«&r’z\ 43 %7 > ~ % w BB L 75168 B > S8R BcE £ 96,362 B -

(L 50NM 2 42 4 BF XA s St A GHY o HEL

B4 0 B+ H =% N/mm?

e

“S, Mises” # ;= von Mises

Bl 43 2 W A5 5 f 7 il A 47 % o ¥ iz 5 0] B

E A BB ARAE Y e B LR ST R ARG

ZPEAT A 4 e &

<

ARG A BAT AT B AT o AR
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B oS Hard EiERY B RV AR 462 47 417 > H Y Bl 4.6

Bl hd e Pk BRPRS A

Y m;}q_ﬁg NS

m{)ﬂ%yd



B % 859 Mpa % 950 Mpa., & #{3%%d 4 » % 5 100.3 Mpa ¥ 113.3 Mpa °
AEFE- 3 RE A e il PR T RS A BRERA 1T LHE AR
o RRE s TEREM R TERFER PV R B R RY
(DS BB ey d TCA 258 £F > ¥ R LM e P R AL e R E o
Q% tenpiFedd da > ENPERET AP HRERBAET A D B TUT HF

L BiPEL o BT & 0@ CAD 2 2 AP > TSR B s S A
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1527e-02

Max: +6.350e+02
Elem: PART-1-1.A7970
Node: 88251

Min: +6.527e-02
Elem: PART-1-1.37153
Node: 48181

@ ~ &

5, Mizes

(Avg: 75%)
+7.923e+02
+7.262e+02
+6.602e+02
+5.942e+02
+5.282e+02
+1.822e+02
+3.983e4+02
+3.30let02
+2.64 let02
+1.981e+02
+1.321et02
+6.603e+01
+6.984e-02

Max: +7.923e+02
Elem: PART-1-1.20842
Mode: 27134

Min: +6.984e-02
Elem: PART-1-1.248%8
Node: 32297

\/2

(b) I 9%

B 4.3 427 B 200 & PR > SR A G
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+5.535e+01
+3.517s-02

Max: +6.
Elem:
MHode:

Min: +3.
Elem:
Hode:

+4.63B8e-02

31

(I

(b) -1

.650e+02

.638e-02

83let+02
PART-1-1.54538
70855

517e-02
PART-1-1.67941
88221

PART-1-1.21342
27778

PART-1-1.44
a0

# i

Bl 4.4 et @ g o> e aid A o
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835c+02
1176et01
.795e-02

Max: +1.101e+03
Elem: PART-1-1.54897
Node: 71134

Min: +3.795e-02
Elem: PART-1-1.61964
Node: 80390

@) * i

5, Mizes

(Avg: 75%)
+8.040et02
+7.370e+02
+6.700e+02
+6.030e+02
+5.350e+02
+1.630e+02
+4.020e+02
+3.350e+02
+2.680e+02
+2.010e+02
+1.340e+02
+6.703e+01
+3.076e-02

Max: +8.040e+02
Elem: PART-1-1.28582
Node: 37211

Min: +3.0768-02
Elem: PART-1-1.44
Node: 30

(b) 1% #

Bl 4.5 $f0 8 & T TR > S e s A
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e SRR RREARE R NRFER AR EZ TN o & el & RIREL P
FedEpd Rl HA L @e L piR o

5.1 ¢ S 4] & #h2 > 4]
I % -

1R RPIFE R & RA o ¥ A 2 R LHchoR 5.1 %7 o @ * AUTOCAD #f

s BY AMECA R 51 2 B 5.2 45 0 HY e

$opE 2 e A e 6 BT T AR R R ARG ¢ f G

-rx\:\.

R Feom b R B2 BI0A

3
[E)

Qe
\4

R oo d A g2 KN4 o # i e cH CAD § B3] 7 559 T #h CNC 4e 1 4%
2 fEAEAR > i AT ghCNC 4 1 82 445 > 7 % T #h CNC 4v 1 g 1o
s B ] A and S e hoB) 5.3 2 B 5.4 47T o

% 5.1 bR A4 B 2 Sk
% i5 A # % B
e 28 31
% v il 4 mm 4 mm
RS 20 B 20 B
74 Lm Ra | 25 mm 25 mm
%o K 25 mm 25 mm
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52 % MmE SRR REL R

a

Flédh e WL 2 A HBIEAT LA P A Hher B3l ERpEa s 3L
(Transmission Error) o # # & A E B L2 BRIy B2 2 FF RESBEH T2
HlTieyy o d BEFFL LA BELBEAFLIZ A S H & #p)3& 2 (Single
Flank Gear Testing) e = % # @@ @22 Fipl2. 2 & 3 % - & £
FMER AT P2 RRTRE T UFELER TR ER o F ARG D R
Sk T Rl RIS B R EL 2 FIR RS ’wf G M PR BE T A L
WEYRENE CEREEFETE  ASBE SRR E R R R T
A7 A i T 4 (Runout) ~ #2522 X (Profile Error) ~ # — & 22 % (Individual Pitch Error)
2 % % & §E3%- 4 (Cumulative Pitch Error) & £ Bl F 3 > e &2 & 47 4235 4 (Lead Error) -

H&ERRE ARG - e bt dih 75 - EFERFEISEH & - JRE
# fm(Master gear) » — & FiRldfn > T RH T ENRRP 2 A Hmeb s Y e 2P -
HEEHAREEHRY S ERE > Y Al P2 TERPEARFFI SR T A
Fronigfey? R e EF TR A AR 2RI BE T Lk BT RL S
75 % (Encoder) » ¥ #g E?%J Mz MBS d Ao Bz AT EIN{ BRITRZ A ZEA
o RSB ECSg R TV d BATRERTRSTREZ? > IR BRE
£ 238 047 0

%A?%ﬂﬁ»%i%ﬁﬁ%ﬁyiaa@?ﬁ’ﬁ, S e 2 el
R 374—5;931;]4'%\,,@*@;& oo %f"%’ kB BTG w 2 g & P B AR B 2
g b > BERITIEZR “f—%ﬁi%l i 4 iri’l‘l"*%l Iigdg ot i TP EES e AR
MFA  BESIEFA C AR EIEFAL - BIE ARFA LT OBRFLY RECH

S BEE L2 SRR R D B B2 fET R ATEEA B B 3“;1%] HAELT S
WB A B+ (A/D Card)fE 3 = fic =8 » TR A 17 E o Shds B A S e g

B ARRRE B FFEETIAR K EET PGS AR B EFEE L E S

P-4

T

w

(KHz)

Npax = maxf x1000x 60 (rpm) (5.1)
_ 1296000 (Arc-Section) (5.2)
zx P
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Nuax FS B2 BB 7 7
frax 3T HBCEZ BoX B ~ 4
7 R Rz ALk
A rh E 2RI R
IP 3 icE 2 L4k

~E

LR RIS S Bl SRS 2 A BIHE 18000 > B2 At 41 5 33KHZ 0 3
BoE2 LA Hch 4096 0 T AT s B fRHT R 5

1296000

== -0.01758 (Arc-Section) (5.3)
18000 x 4096

B R BB FEFHEER G

n. = 33 L 1000x60=110 (RPM) (5.4)
18000

- A F e B E SRR > AR ERIPFd L RFZ UG T S N SRE
Afgh KBRS DS L2 BHIEL oﬁvﬁ%fﬁﬁé%g% 7F & B Z (Arc-Section)
KEmeh 7T RARPI R RER T o RS ERE 2 (um) BT AR N T

_ (arc —sec) y

zxd (5.5)
1296

He d SHBISHLEFEL > E-5 mme

A SRR T BT Fahd e A S B B B B iR PR
o B BEHEEd XYZ1iFL CARIHBIIFEL SR IFL 8BS HE

G RRE N AR GBE S BRA GIRSHE BB ED u BEME - L B2
T p st d o Ha BRfAT

1 AR gm sk vt 2 g5 ] 5 1~1/58 ~ 7 oo B 150mm;Asip) & #m b < &£ & 15kg -
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2. ® ek £ RlAS L T T D oangE ’f#—*— 3 XY, Z,RfrAZE 54> B & dhiTideT™ !
X (b A Ak 7 42) ¢ 0~211.93mm
Y (i~ s 15 (742) ¢ -9.25 ~ 209.39 mm
Z ph(#y ~ 4 T 742) 0 -78.64 ~ 94.04mm
R %(ﬁ% dedE g 7 42) ¢ -10° ~ 120°
A (B 11547 15 (742) © 59.65 ~ 226.95mm

e BE s 54 2kW o BB #EiE 2000rpm 0 T K BT g B oo

w0
&

A B b BRIE(G R E)
e 24 0~30 N-m,
e B3 ik 1 2000 rpm,

oA F L2 T

o
j‘;;

I x84 R Ysg B (¢ 7 A))HEIDENHAIN RON255 :

« 18,000 pulse/rev.,

o 247 & : 0.02°,

o & B i 1 3000 rpm

6. fi b L £ ER > £ 4 g4 3kg-m o £ d 4 g
7. izt 7 £ A3 2000rpm g ik o

8. HLAIL i G + B A o] ¢

o A/D Card & Terminal,

e |/O Card £ Terminal,

e Counter Card: HEIDENHAIN/IK220

3tk £ RES R Y H
B Al EPRAN T ETE S S RE SRR S RIE e BRI
TEAE O RE B AF LN SRS AR NIRRT B PR P2
#

1. o ihT % + 0 LT By 4oB 5.5 #77 ©
2. BRETPIEES c PR E X2 A B BAR 2 (5 LS ERFR

=
W
*
;‘
=
Eet
R
&
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3. % s 4oFl 56 7 o BMER 22 o kb Bl R (¢ c e %
BEEAE) R R E B R EHX Y AZ RAR -

4 &R R AR L0 0 M R TR T e & ek £ R 0
e E S SRR SR A T R
1). S Lip R ER AL -
ANERIEJEE STE TS ER
3). o d A RERE P S
4). 3 1T AR T -

B B ey 2 R 4 W R T TR i G L T L TR 4
x \3,13?1:".5'1&‘34 fotfid B o LB /p B fedet SHERD LRI ERE SBEL L B
R RIREEAIREEE R T R RN A RIS HHG d R TR
# 8 CBLERR A ARERLT LN > ARV RS c RERBRLL FAR
LR S R e S R A ETE LA L
BlRE R s R FH A ek & PR o

B 5.5 & . phi I ik
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# 52 pFir it 1

ﬁ%%%% A
35%] 21 b # #5 B
X Y Z A
£ 5 2 gy (mm)
276.109 118 0.001 65.012
P e (mm) 118

54 @ ﬁﬁ]ﬁﬁ» WE S TRIGEZ o & &R

TGRSR R SRR £ KRR B % o
|-

TR R R f‘rﬁa‘v\ﬁoﬁ_—&\:"ﬁ57 oo HY - diko g ’_iJP g
MEFRS R A o g A B BEE S AL aPﬁmﬁiﬂuﬁﬂ&a‘%wa

EE T R ARL F Ld gkl e o T L ERAE o RS EE AT TR EH

‘?‘”

PFo Hoedh & EPRIE Ao ] 5.8 4T 0 F N MR B G BRI 0 ki R R A G
B EPe o BISORIE TG LG INA e FORAEE o TSR R
ﬁ&v’«’ﬁ.i?d#‘&w I—J-"fi\-"Z\ 52”'TT » % L«'%m 31 # w0 ’J l«v%w 28 # t«'" ﬁi\‘é\ IN-m
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2.7 P ORIGEEE G 2rpmo H & RPE B # L 2 S5 4-F 510 2 B 5.12 A1 o H ¢ R
5104 r ¥ bz & @HEL > B 511 47 @BH 224 2 % d M2 @k (Short Wave) »
R oo B 512 R AT @E AL A W Sz £ 4 (Long Wave) A ) o

riF s BEEL BI(R 5.10)¢ > s HmadE - B b M2 SRR B B2 I
SRBEEL  AAGY o LR (CW)Z @ #3214 3628um L& & (CCW)z &,
BHEL s 252ume A BRB GBI FF o HEAMFSIEFLZ LFL cdhle
b AP LT S FEY AR B A ME LSS NEEFL  HFEL A R LT
AEL B H - B TR

RBFELI YRGS Bk s E D ER A H B 4cB] 5.1 2t 0 &AL A
# 11@—32%’3?1% v B Ampk 2 A AR RS B - ARy < BT R o AB[Y

BACW)Z 5% 5 221um> @ 286 @tz X E5 19.9umeo 1 F & 2

H - FIEMEG - pEA o AR 31 0 wB 511 £ 31 B A e

BEOBHEIY RS K gl 8@k R A B 4rB 5.12 17 0 B T 4 e
FFE 3= - ZHHBAEE - S 2 FEEIEEL TR S TR EEEL > -
AW A Y2 Bk = 5 S et X7 Brr2 Kpe ik £ (Mounting Error)#7 & 4 e A
PLd e (CW)E 2 B+ 5 3549um> @ 2% 6 (CCW)E L2 B+ &5 2421 um e

Bl 5.7 L {7 phH & Rl
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