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SUMMARY

I. Title and Period
O Design and Analysis of the Hyperelastic Rubber Mechanical Components

O 1996. 11. 21. ~ 1999. 9. 20.

II. Objectives

Rubber elastomers are used extensively in many industries because of their large
reversible elastic ~deformations, excellent damping and energy absorption
characteristics, wide availability and low cost. The chemical compositions of
rubber material, the configuration designs and the manufacturing processes to
adjust the performance of the rubber components have been depended on the
empirical and the trial-and-error methods.

Recently, the computer simulation tools which are a large deformation non-linear
finite element analysis programs have been used in the prediction and evaluation
of the behaviors of the non-linear rubber components. The analysis of rubber
components requires special material modeling and non-linear finite element
analysis tools that are quite different from those used for metallic parts.

The objectives of this project are to establish the material test method to define
the non-linear properties of rubber, to develope the finite element analysis program
to evaluate the performance of the rubber components, and to construct the fatigue
life prediction system.

The objectives of the project of each year are followings ;

- formulation of hyperelastic FEA and development of basic code
Ist year . .
(96-97) - establishment DB system of rubber materials and rubber components
- establishment of material test methods to define rubber properties
- development of 2D FEA code and contact algorithm
2nd year . .
(97-98) | - design of test specimen and evaluate the test method
- development of rubber friction-wear tester
- debugging of developed FEA code and formulation 3D problem
3rd year . . . ..
(98-99) | construction the fatigue life prediction system
i - evaluation of friction and wear properties of rubber




HI. Contents and Scope

The contents and scope of the project of each year to accomplish the objectives

are followings ;

- determine the configuration of tension, compression, shear and fatigue test
specimens

- establish the DBMS system to set rubber properties

Ist year | - FEA for strut rubber insulator and verification of results by test

('96-'97) | - test and evaluation of fatigue life for rubber components

- formulation of hyperelastic problem and development of 2D free
mesh generator

development and verification of plane stress problem

design of test specimen to evaluate rubber properties using FEA
determine the non-linear material constants of 6 kinds natural rubber
for automotive anti-vibraion components

FEA of T/M mount, lower arm bush and damping block etc.

- prediction of the relationships between load and deflection, strain, stress

- fatigue life test of strut insulator and obtain the curves of P-N, &-N, & o-N
- development of FEA program for 2D plane strain and axisymmetry
problems of hyperelastic material

2nd year
('97-'98)

development of 2D post processor

development of rigid body and deformable body contact algorithm
conceptual design of rubber friction and wear tester

determine the specification of tetster

(speed : 0-30 rpm, max. load : 25 kg, max. temperature : 120°C)

- error prediction of rubber material tests

- construction the data base system of rubber material properties and
the characteristics of rubber components

combination the material properties and the components characteristics
3rd year | - fatigue life test using jang-gu shaped rubber specimen and component
('98-'99) | - evaluation the effective parameters for the prediction of fatigue life
prediction and verification of fatigue life of rubber components
debugging of the developed 2D non-linear FEA program
formulation and coding of 3D non-linear FEA program

evaluation of friction and wear properties of rubber




IV. Results and Recommendation

1) The material modeling of hyperelastic properties of rubber was characterized by
the strain energy functions and determined via the curve fitting of experimental
stress-strain data from tensile, compression, and shear tests. The improvement of
test methods and the error prediction of test were investigated using FEA and
actual tests.

2) Material tests of 6 kind of natural rubber for automotive components were
carried out in order to obtain the non-linear material constants. And, the useful
PC based data base system was constructed with the rubber material properties
and the components characteristics.

3) The jang-gu shaped specimen was designed and tested in order to evaluate and
predict the fatigue life of rubber components. Finite _element analyses and
fatigue life tests of specimens and components were executed. The curves of
load-life, strain-life and stress-life acquired. It was shown that the important
parameters to predict fatigue life were the signed maximum strain.

4) The behaviors of deformations and stress distributions of automotive rubber
components such as T/M mount, several bush type mounts and damping block etc.
were evaluated by using commercial FEA code. And, It was shown that the
results by FEA simulations were in close agreement with the real test results.

5) The friction and wear tester was constructed according to the conceptual
design, and experiments were carried out to measure the friction and wear
behaviors of the natural rubber. The effects of the various operation conditions
such as loads, speeds, and temperatures on the friction and wear were analyzed.

6) The PC based exclusive finite element analysis program with pre/post processor
for non-linear and large deformation analysis was developed. The results with
this program were verified by comparing with the results of the commercial

code and some known theoretical results.

The technologies developed in this project are expected to be widely used
applied in design, analysis and development of several rubber components which

are used in automotive, railroad, and mechanical elements etc.
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b, AwAe 1R ne 1008% 9 47 A
2, SRl ARt A209 BRASY FBe YADLLD o
of gobsold Fig. 23048 2ol el Aol7t B & At
Wb, freedvlst AABAX ERE Wl FUAole) Age 1), = B
Al Hof A 4

A ey =0l 0% g = pll? (2.3)
o] &}t n=100°1" A p,,=100] "},
°of EaAtEe] Eolude AR TYH v&E 1R Eolg & Uy,
= d#dole 10MA L ZHol7tA) ARFE HsA4E 7HAT e Ao
A ARG 2 BAAtEe] B2E L F(Mo]AE browne §)S 3
I A7) w7, freedElol e nERE FTRYH 2a5E HEY2S Hen
N7 WEQYL AL FH .
Aol BolAE dAAtole Arle FIUZt =AW, ExAEe o A%
2 et 2 wzkx] 2gEe Hoz Wiy, AgE Hole A
BAY 2 FAHL Yk 1RV 3A WY EE ARA G A

o & ol o},

3o

£

rr

e o

rm“/r° =n l/n"’l =n¥

Fig. 2.3 Large deformation of rubber molecular
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A2 1R FF L B4
)

2.1 A9 3% (Natural rubber : NR)9 £5%

AAdnF= ol BAe dA~(Hevea braziliensis)@tz ste LFUYZ
o I FHAE 7|E2E2 AZBoMEE eE8Fo7 30 ° WFPo R
AR Al e B (tapping)elBe AHE o] TuEle Fux 4L o} o
AL 284 Yaste Aold. .

FdxFe FRe A¥@E®B)IY FARHEA ut A F2 E
(International standards of quality and packing for natural rubber grades)ll
o|Asto 8FF, BEFLE FESI JTH25]

(hH BlB= 258 3A= Alo]E(Ribbed Smoked Sheet)

THHeR 71 Bol AMEHE Aoz HAnFE F A9 80%E Awd
k. RSSell= RSS 1X, RSS 1~59 6% F°] et 3471 2718 we 9
#ol £x @t RSS 13k d9doz AZTHE 29 A B A

=& 3 9ok

(44) SP ¥ (Superior Processing rubber)

bEAel e AuFe dFoF 5L Y AP T FEFT A
AAM FHo] A1 HEF} WE AL & e 9Z Foj(open cure) N
Myl 471 Aol Aeu 4 S¥EA A2 + U

F 5T SP Z#lo]lZ(crepe), SP oo} Egdto]l= Aloj(air dried sheet, ADS),
SP 3yjo} A H(hevea crurhb), SP B¢ A # o] Z(brown crepe) $°] Lo
m olBt} 7FFAe] ©f £ PA 80(Processing aid 80), PA 57 So] it}

C ¥ (Technically Classified rubber)

AFE AT B3 olg YRH FA-o] XA ¥ Ho] sy
o] & Ay ojHF AAE sjAs A § Aol TC nFolt}.

°

Fage Yoz AZHE ALTE FHEE) 371 Aol AFste]
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lo

VB () e] A &o] wEl 2HslE ol9 &S uUElhlE AL Myoz
X EAT Aolth v weH MIEE ACC Nol HigEo ot wjg
8o 140 “CollAl 30%-7t 713ste] Alg A 5 kg/em® 9] 35S stetgle o
o] 2F&E Table 210149} 2ol 2, 3 HMoz FAI Aol

() EF Ty o)X o} ¥ (Standard Malaysian Rubber)
oot e ed EF TEAA g EFI AS2Z Table 22004
HE vl o]l 17, 28 € 359 dZsle AZFE 4z SMR 5 SMR 20,

=

SMR 5002 stgiel £3e e} #AAE Yedn

Table 2.1 Elongation of TC rubber

ok 5 kg/em’ 332 FEH e WY RS (%)
2 (#) 55 ~ 79
2(#H) 67 ~ 91
A () 79 ~ 103

Table 2.2 Grade of the natural rubber

& 1 2 3
FHE & < 0.05 < 02 <05
32 (K457) <05 < 1.0 <15
T8 <8 <8 <8
L3tE <10 < 10 < 20
A TF <07 <07 <07
FAeEd g3 <10 <10 <10
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ABEE AnRE FA9 Ro) o 94%9) 1T VLS FHSD 2 9
of @A, oMAE JHSR(FAR : DF AW, 2HE, daHZ $3D),
B, 52, 239 32 59 v Y Fastn o

HEd 7150z AWAL Jtm BHAZ g 2B S =3 ¥
Ao 4L Foh W) FAELD GEW RTE WA =HYAAE T
Foha X oDE wahrh dus WAt wRPe 2T P54 B
AuH 7hg 32 AT ¥k W AL Fol: BE, v, 2y o
4 Sol WEAAY oL ARE T JIPnFo FBL FA e
2 AnP Fo nF EAse T, $2el A4 FHQ-3 ppm)ET
gow YW 45 23R4S B

A1

Rbd 54& Table 233 Z2d ol HTHoln vufF HE

=}
=
e ¥nT 4¥e F43% A=Y Wi u

o
l
™
fo
e

rir

N
o
§2 .
lo

U 130~140 °CellA <AshEkib)stz, 15
0~160 °CollM At HHAAHL W 200 °C A=A Ealer) A zstx
220 °CollA Zo9 270 °ColA & B3 AHuFE 20 °CelA S A
7 % 25 kg/em’® o8 AA-&L 1200% o]t

Table 2.3 General properties of the natural rubber

H] & 0.92 dAAE 10,700 cal/g H4d (0.48~050 cal/g
0.00032cal/cm*
=4 & 152 dAre . TR 2 2.37
sec. C
B 2AA410.00062 / ClolldA x| 63.7 cal/cc d9F 0.15~0.2
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23 AT FH ¢ SA

e gFez AiHT v #432F(Synthetic rubber : SR)= #4Hs)
BBy 5& THENEEBHE st FH0kHE) =#dZ [3kFsd
GFUEEAER)T Rol28 Fulg 2L F7FEAFES ol &dte &AHBHR)
o] F&HA g3 AxHL Ut

(7}) A <9 2 F(Isoprene Rubber, IR)

A4 HAuFE FduFg 2 FHFolnz gddt AES 3t F
El&o] gittE A} FY(mooney) =& A3 AHE37] 4

HEH 5L HEAH F UE THL W§ as
YutH o2 3~5% AET W APJES 7 Aol 4t
e E4Hez B g AAdnFg A9 T3 1T Fo EEE

A7) g Fr4, W54

=
i
o
oX
L
e
2
]
o
ke
Ko
2
B
ox
ot
&t
k)

31 ¥ (polyChloroprene Rubber, CR)
e EF ATS 23 FHIFE AL HFZAL, A
=8 o2 —T‘-E—E]‘I] e 2%9 13 SAA Y oF 13F9 FE2T AHH

(ch) 29d-Reldd 1 F(Styrene-Butadiene Rubber, SBR)

&3 HeaRagy 9 AAAE 73 Zo] AT A = )
A FAHADF 80%E ARt 29 REodq uFe Fo EF 2 Fd
& Table 24~259 YElHA S Table 26°= AIdnF 2 4159
71AH EAQ 2 S50 B 2F3tA
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Table 2.4 Characteristic of the Styrene-Butadiene Rubber

R 54

SBR 1500 HEZ SBR, &4, 7t¥40l ¢4}

SBR 1502 Bl Ao AAA ALE, W G F) HF
SBR 1507 VEA S, ERAT, ALES, 22 8o HF

(SBR 1712, 1773, 1778,

o d mlAEY X
2 PheERA 24 FASEA AAHE 2H JFA AN,

HAE Adste F2 Eolo]gog ALE
1778N)

Fhot2 & vp2EulX]

AFeIN 2948 2gA7IA @1 vAzel
2 #9e smz Ay A%

AEAZA AHE, 22 80% o FlME 3
2l Al 71719 SBR, NRe| RAZAZ AHE

Table 2.5 Advantage and disadvantage of the Styrene-Butadiene Rubber

34

o] g4e) £l 9o FQo| Y3}

e
oxd

#7lm 52 $A90

3, HEA, dntRdo] $Fstn WRAE F9

=
|

WY YA Ataste 2art 11 oA WSt E Ztas Ws 3

zz9A0 hate AR stus Y ALE T 5 ok

NR, BR, A 159 EJ=r}t £o)ste] SBRY @A B 75

mu
Y,

7tilg Q37 EE SBRe] HZAAolAN BAAY FRA W

.‘.'f’_
7 SE %ol T shu WA BAY ZWAES ALgsiol Bt

4ol Homz HAAE Wgsior vt

d

Zgo] 27 WEel ZAN YW 4F Fol tha Ty
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Table 2.6 Characteristics and mechanical properties of the rubber

A ABB=|AEE

T2 =9 _‘_‘E_;_k] T8 =
SreTm ° (&orA) |ke/emd)| (%) a8
] ST &2k, EEe] Elolo],
AR AR 4 oo 30-90 | 70-280 |100-600 N sx Braze
Zgd- [geed, dw A5 golojst Awr,
Feioldd|stgdo] FEstI| 40-90 | 50-230 [100-500|nF W4¥ LELE
IE |gko] At} dE
F AR gl
Reigdlegel £1 el Y7 Hel
40-90 | 50-230 {100-500(c], A}, TR E WE
2% |ohEAe] Eo} i
IA 5 FHLEE
_ AAAE, Eolo] W&,
zx|tF W M $An®, FEDR, 4
g, WekE, Wx| 40-90 | 60-250 {100-500| - ’
- . A, aeg 2 guk
g}lé 0] T ) 3T
THEE
E & untm Ld4d, 7t Wi
g A ke, 40-90 | 50-250 |100-500 44, 7t=R, W
2 |eao] ex o2, FwojuE,

AEA Elo]o] g FE
356-90 | 50-250 |100-600|curing bag, XA u&

-l— Al
ga- | S A9HE, AEH Y
20 ol :
Ay _o 40-90 | 50-200 {100-500|2~E 4, T8 2
=SS Age, wna| O otu e
T 42 s =
iiimiﬂ Woz, WEd, WANER, 5
L [MoEE, JiekE| 50-00 | 70-200 [100-500(Z kol U, mEupa
T = - .
L oa |t ¥ X, WA B

JECREER PP

40-90 | 60-140 [190-400|BAAFZE 9] )

2 |4 g5 e .
R R g, r, 2,
=28 WS ) 60-90 | 70-150 | 100-300] _LHW A7
5 |tz W4 347, tholoj Ty
A2 |nse Qa4
47 - A 30-80 | 30-90 [100-150|s, 7}27 L AA Y
2 |wesy
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X
w
Jal
Kl
4o
lo
F
jul
0x
o
T

8
=
HU
z
oo

AREAQl SRS S ZHAUZE AASE 54 Hol HF A &

TRt HAMAA A HEHZE HEeE jAAFTS YEdh

atF 3 Hyo]l H|AE BAE Kol P HHAdME &4 A
d (hyperelastic) 545 Adg.

wygolzel w2w wHMEe AFL
function, ©)3telA SEFE &3)24 vEd 4 Ao
IFARY AT ¥ AF, v &4, P E4E A :
Fol nFo A wet E Aol& Yety] Wi APezty 7§ 3
-¥38 BAS 71 HAAS TGS SEFE 2= do] 93
=3 931, 2, 31

5o &4 E4& JYede FAAERAE
A(molecular network) ©Aol&o ZAE & ¥
d4stA Q) wdo] it

Azte] APHY o2& Gaussianol &0l loH, ol WHAUA Y I
g UlFE AlE 72 T9 @4E JYehdede A#shd dA AEgREEd
v @3l el WYV Yasn QAE 43d] A FEHA AHde A
&tA &t

FAe dAEH HHo2 A gdYolES wESE ¥ E Adstn AE
A2 EE 2 AsE 2ASA Aok o TR AET A e 271 A6
Ae 32 AES AAEok 3t ofEgol oy FEHA S8 AR
os) =z Al8HT Qom, AEe AL I TASE SEFS Aok 3t
T AAst flgetol o34l

H Y EA U A g (strain  energy

o
l'-°
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BEENUATTE S48 ZAE & 74NN g8 ANsEd3
(invariant of stretch)®} <441 & (principal stretch)®] 42 Jebd 2 9t}
AAEEFY FraA et FAAEY F+249 SEFE e 2o
W=Ww (L1 (3.1
W= W (A Ag As) 32)
A7V, A, 42,43 £ FALEH, A87t $PA4EA A% L,L, L £ 9
Ao g AHHe FANE Ui B Fo|t},

L= A%+ A5+ A4 (3.3)
Ig= /112 /112+ /122 /132+ /132 /112 ) (34)
L= A% 2,2 242 (35)
%ol B2 Abee] Bgo] zrldlt AWAA D ARst Solde] we ¥
A Abee AR LS 2A so] oAl sl drh 2, of of
WA Srte w¥EHE DA 9IS Moz HYod YIHME =
o2 7% 5 QA "o
g, g2 g 17 ABE vgFAHolmg AHAS (bulk modulus)s A

@A (shear modulus) Bt 423 An A&7L Bol THH A ¥
Folle BgEAdY ZHACl BEgol IHA gtk ugEAS w=3lw

MdgAs=1 B2 [ =1 o|t}, L=1/ A,°+1/ A2+1/ 4% &) BA2e] =9k

AAEERZY T2 FAHE HEZHQ SEFE Riviin® 32 (236)

ANEg9 T2 FAEHE Ogden (4 3.7)7F A,

i) Rivlin 34

¢

W= W, I) = iﬁj:lc,.,-ul—s)"(lz—3)f (36)

it) Ogden &<

W=W(A,,25,43)= gl /;" A"+ A7+ 257 —3) (3.7
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A7NH, Cy an p, = AYEFZEE ARHE ARASOI,

2.1 dAEEHF HYF ENIA TS (Rivin )
AAEEYHE SEFY Riviing9 F5e BRAZFDY Aryd AAE(DY
e 7S T3 AMEYG. F59Y AEE F7HA7YE A" % Al
3

29 54 4 A% dolg 98 dAAE A2 ASE F BAY & QAT

AY dlole W9 WeldE 28l o 2 oxE A 2 FE ok

Table 318 F459) 450 BE T2 RojET oHe ¥& = Ase
2Agel AW Ao HEz o A FYEES 23 AWddlEel 24
oz wd AP4ol I

EP 29 e (19 A5 AAE 7IFE Y AF)
H
aa A % R A 4 2dy
12| Cr, Cor Mooney-Rivlin {Cio Neo-Hookea
22 2 .
ot Ci, Cot, Cu, Ca, ( - b E 1o o, Ca Signiorini
(Cro, Cos, Ci1) (33+Mooney-Rivlii
James-Green
C C. C
32t Cio,  Cor, Ca, G 3z B w0, Coi, Coo, Cay Simpson
Coz, Co, Cat, Gz, C (Cio, Cao, Cs0) (Yeoh)
Cw, Cou, Can C
NG, Czn, Cau, G N Co, Cu, GCwo G .
4z 'y ’ ’ 4 }— b=} -!ig. a}: ’ b 'y 42} %ﬂ =
}Cos, Co, Cu, C B Coz, Co, Ca1, Coo =
Cis, Cu

7 AU G54 54 e 2o
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O Neo-Hookean 29 : W=C\(I;—3) (3.8

d3te 71 ded RHEA, AGASsst Aol d5A%
L 40% WHE, GG A9 0%HETA AFAe & A

O Mooney-Rivlin 29 : W=C(I,—3)+ Cy(I,—3) (3.9)

E 2de 100% By E7A 9 AZAE dolgtet & A5 4F 2

A3telA @e Aoz A Aok Ayt E WY EAE Az FA

WE 2A Frbshe wdel Yo |

He BAEYAY {884 F=9 MARCIAAMNE 9o F71x 94 o &

I 22 Pl FrEo] e AR HT it

go rir

O 38 Mooney-Rivlin 29 : |
W= Co(I; —3)+ Cpy (I, —3)+ C,(I; —3)(L,— 3) (3.10)
Tschoeglel 98] Aoty £ mde thedad Ao sHERZ 73dd9n
Dol gEdF ASS /1 B BHsE Roez @A Ao

O Signjormi L0 - - W=C10(11_3)+ 601(12—3)+ C20(11—3)2 (3.11)

O MARC 3a 29 :
W=C10(11_3)+ C01(12”3)+ CII(II_B)(IZ_3)+ C20(11—3)2 (312)

O MARC 4% ¥4 (James-Green-Simpson) :
W= ClO(Il _3)+ COI(IZ _3)+ Cll(Il _3)(12 "'3)+ C20(Il _3)2+ C30(I]('3‘K39

ol RHdXNE ATAFI AFE7 olUn, HolHE Ay s AHE
g 23 & AYLE Aste] AY vlolet WAS dold dg e BaH
& UAFFS g St ok
O Yeoh 22 : W=Cyy([;— 3)+ Co(I; — 3)*+ Cqo(I; — 3)* (3.14)

E Rde HEEZEY pPuFe S e ANE e Adsne
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ow/al, 7t aw/ol, Rk R A2 & JtA3 aw/oL v I & A9 =
QHolgte Hotste] 32 AANE J1F VSFIZHE oW/9L=0 ° TAS
©std B Fgolth

o] e Tg mdd v& 42AFAY HolgE tE Wy A um
q g Aed + Qe FHol A

7 el E Te 3 22 Rivin R¥ 8RN #47 Alksm gk

O 4% Biderman 29 :
W= Cyy(I,—3)+ Cyy (L — 3)+ Co( I, — 3)2+ Cop(I; — 3)* (315)
Alexsanderd] &5t £ =d2 Treloard 4%U% R 2543 A8 23
9 2 QA&A ¥ee AHsm ek

O Tschoegl 2@ : W=Cy(I;—3)+ Co;(I,—3)+ Cn(I; — 3)*(1, — 3)X3.16)
33} Mooney-Rivlin 223 vl 71A 2 Tschoegloll s A|dE =dz A
Pelgdagddingo AFS 7 & R8sl Aoz A Yo

2.2 FAAE HY FANAZST (Ogden &)

Riviin &% L3 L9 1% & 29 35 AAZAE 2 488 ¥
o 2T ATS WY BAL & o nAFY HAJ DasA "k 2
AU 47t 143 95% 5oz Oy BRAAAL AVETEY 2
7b 2249 9grlE AY Fo] kY] wWEe] A5 AAE EH ug
8717t o Yt

olol utel WHENUATSF ARl BN Yujg Resm T AY
dolegshs F AXHEe M2e Fu 471 AREA HUh o] Fr=
AUELHFo] ohd ANE AAY FrEA WYENUAGFE Fde
NozA thgn ol Yehd & Yok

W=w (1) +w (1) +w (43) 3.17)
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AZIA, w (1) & WAL 18T 9 $I3 FY 571 o)

Y EANUATFFE AGBINH 2ol YElE £ dE AL o= Az QA
g He7AE A&l 7153ty o] 7Hd€ Valanis-Landel 7bAdolel 2au}

o] 7HdL WHE A 77 23 1T B FHL 339 By &
AlA @d BF2MY F+ w () o FEHE GEIAA Fuh o] o)
e HHd M= SEFE ®3 3 (separate form)o.2 e 4 9o o] ut
HellME dAES AHR3E7] dE FNEBANZLS AR wrT} o8 s}y
H1 39 EAE ez

o] Ztdel dHe T Fest F8HA Fd Fr2d® Ao ofyz}

z99) o)
a

LA

go 22 350% WARAE 2AHez B wor I JJNdME FX A
Wgol muFT Yok

Ogdene 99| 7H4€ olg3te] thed e FUYE 524 SEFS
Algkst .

I ) (318)

A7, @ p & NEBAHZRE BAHE ARAFOIY, B H4 A
A, & QAE F7tel A &9 @& Z7} (monotonic increase) HAtel o
N oa; x>0 AEEHOOF Frt

Ogden= 92 #HI 7b¢ ®Wo| AME¥E &= 2o, O-ring, Seal ¥ 7]
B nPREe Aol AF olgHn oW, weAFe AF 700%e] WY
BT B 2o pid ¢EA A dsiN und B 9= Hoz B
A2

OgdenEd 9] 713 1ad Fehle thg 23 go] TAHY o] B¢ &5
g el = Mooney-Rivlin 2 @3} & moFo] Hr}, ‘

W= % (A4 A3+ 23— 3)— % p AT+ A7+ 272 =3)
- % (I —3)— % (I, —3) (3.19)
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2.3 7€} Y EN YA §$
ol ol A AW B

L

HHENIYAFSF 9ol Klesner-Segel, Hart-Smith,
Gent-Thomas, Valanis-Landel, Kilian ¥ Alexander 2 Eo] glon, ol&
[e]

= 22 ARATE AR s g AdE 9EE U WelNt A8 spsat
B dRrgo g AMgHE Zde ofyrh

Foamed rubber®} &2 uA 3 =4 Q5o Had

4 9= Blanz-Ko &
42 OgdenZ el A& W3E nad o] H71d L3 2o TAH= &
Folt},

W= gl Ky

a, a, a, En .
o AU+ + A5 =3)+ 2 2 (I=T7)

(3.20)
o714,

An, tny Bn ©

= NEZAAZRE FAHE AsdFoly, J= Ay
gradient®] determinent (A& A Al A F Jacobian) o]t}

o] 242 N=2 & o &@F & o|F UG Ao} & Aty Zaog} ¢}
%73 foam-like A& Z HgHT}

A3d A EANIAF T A 2A

LR

EAUATTY AFes ditdog TFABAPAA 9L g8 -wyg
o} #A dHolee MY EANIATF HS olfsto] ANd $Y-wYE
gkotel Aol g HasAPozA AAEY,

GEAN G AU E(DE 271FEH D] (initial gage length ; Lo) o} W3
¥ Zol(D)9] "= At

A=L/ L, (3.21)
5o Ze iy AFE Hole AMEL #HAAAE Green-Lagrange
HE(E)Y 24+ Piola-Kirchhoff &3 (S) ©] Alg¢Hn d&2AE€ A$ g9
e e
E=1/2(-1) (3.22)
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S= F/A(Ly/L)? (3.23)

Fe 99, A ddFo|t}

S7b 3t g Rd2Ae F83AT £ urt #F55n A¥FE
Hg o3jst7] oY) wfFel FEH(Cauchy stress : t=F/A)T} AU E
(logarithmic strain : e=In(L/Ly)), &3 &3 (engineering stress :o=F/Ay)%
FTAMHE (engineering strain : e=(L—Lg)/Ly°l AHEEY. At %7 ¥W
Holth, WHEAUATSS &8, MFE WA deF 2o

3.1 AEEHFEST (Rivlin §9)9 3+
AANEERFAFZRY AdEHE F&EH2 U3H 2o
_ _,9L w9 W, , _ 2 oW _ 2 W
t,'—O','/l,‘— 3/1, 311 + 8/1, 812 ) /1,' =2 /1,' 311 2 /‘,‘ 312 (325)
A7NA, & £ AR A g F$EHEFEH)olo.
z3Ee) e geAs ol At
iy or32_ a2 OW 5 —2_ -2y OW
(ti tk)_Z(/{x Ak) 311 2(/11 /lk ) alz (326)

Al=4, /122= /132=1//‘ , h=h=0 o222 2(326)& °|&3¥ gL #

Il= /112+ /122+ /132=A2+2//1 (327)
L=1/ A% +1/ .2 +1/ A2=21+1/A° (3.28)
_or2_1y W 1 oW .

A71A, te dF EE EFSHel v I W dAECIH v AFA

5 Cp, CuE 2= Mooney-Rivlin 222 WE Ueldd d&2o] fxd
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t= 2(/12“%) (Cw'f‘%Cm) (330)
AGEE 1,9 ADHAFE y = 2(3.26)

_(')_
& WY go] ofn, %
= =1, A=1/a8 B

& o oy, 288 EH A =21,

oz FHY T
ZRE g9 #A Yo fxdo
L= A%+ A2+ 2 =22+1/2+1 (3.31)
L=1/ A% +1/ 2 +1/ A2=2+1/2%+1 (3.32)
= (A —A%= (A—=1/)%= 22+ 1/Ai*-2 =[,-3=1,—3 (3.33)
27) (3.34)

_aw _9dL aw_ oL, oW _
b="ay =y oL, T ar ol 2r (51

Mooney-Rivlin 222 W& Yeldd 4 (334)& otgdl9 & Xy of
= AGAF(G7F 2(C0o+Cor) 91 Hook W20l AYsts WA ol At

t7= 2(C10+ COI) 7= G 7 (335)

1E I EA 4 (Ogden 759 23+

3.2 F44
Ogden $28H AEHe= F48L2 U1 2o
T+ A"+ 23" —3) (3.7

W=W(AL Ay Ag) = ﬁ:]l’;

F&H9 Aole WS4 I Zo] AMdEH
(3.37)

L tim 2 (A= 25

D15 9% ¢=9 4%

AP=1/1, t,==0 °|2Z A(33NE °]&3d tZ #

=4, A=
ANoe] =T}
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(3.38)

9 4% (Fe 95) 8802 Yuuyd 9o 2o

0_=_§.= i, ( ;{a,.—l_ /{"(l+0.50.)) (3.39)

2) 5-2% (equi-biaxial) 1< A%

/11=/1 , /12_2= /13_2=/1, t2=t3=t, t1=0 O]E'_i ’\]:\H “é“ﬂ LHOI]}"‘ %a(tZ
EE S B3NS o]85E g9 BAYe fEH.

ty—ty=t= 2 s (A"=1/ 2% (3.40)

(341)

CTFHELE =2, 4L=1, h=14 o9, 389 4, 4, (=0) & 244

tl_‘t3= t1= glﬂ” ( /10"_1/ lia") (342)
Lh—th=H= glﬂn (1- 2™ (3.43)
o=7’ = ﬁ_‘,ly,, QR B ) (3.44)

21(3.39), (341) 2 (342)¢ '3}"]'—4 Aoz FH}A BeF 2o}
oldl, C& 354l & 452M 1% AFALZ] Alo: 12 =22
AFY] AfelE 2, =5HGY 75'—1—01]% 19] @& #e

-

0____7t= “, ( /10,.—1__' /1_(1+Cdn))

n=1

(3.45)
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3 YA A% A
TR AEAPOTEE dojAE HoEE 33 A WE Ly (s &

£ 03 AUE () T BAOIY WIASAUAGFY A AY doleke
HYENUABSZRE 78 $8F AUEFS oS JadEe AR
SELCE

Riviin®] HWHEANUAETE o8 FF, §8F A& A= 236)
<+ A@B20)° NPT zM 78 F doy, AT C; o dE 13 AFEAA
o] FxHET}

dwrH oz AFo rRT A9 b Holx ME HAASW(linear least
square method)& °o] &3t AFE A2AE 5 .

Axlgo]l ARZTE $TH-AAESY vAdYol Frtstn AE a9 Aol
AX £ FFPAUX T g SRR fyd g A7 AX
A ot et g"o] @& AF £ol7] YA Jhestd AAEC] &
FHelA el ANFAEE Fo] TSt Tt

Ogden & °]&8 A% 2@BNE A@3Nd dIFezA T A4l
9 #AE 7 £ 319—“’4, AT a, ¢, HE AE AFFA =
|

wakA,  vjAdd  m®l "ol Levenberg-Marquardt 1Y 0 O EE
Downhill-Simpson 71{& o|&sld o] AfLE AT £ gloy, 3%
(ay, uy, @y 1y a3, u3)°)H BT H AjvoetE & Z4E + vtzn w
nxo] gt

A4E nE ABA| D

4.1 N &

oM Hdd uie} 2ol nFY EAHE Uehle ABAFE T3] HH
A o7 7HA g a5 e e ArAFe] BAIHNk I,
E3, o] ARYTE 1T BF FTaiHN 5 dolHEA o
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A

et

ko Wsto] wa 4 AdE 2 ol Uehin Eole ot &4
2 4 A Dok =W, A $E AAE 33 4o 27)

TS nEdtd ABAES NG &8 R HYE IV ZAsHor I
5

gutd o g gHN nFY AzAFAAEe BF 9 - AFANY, 25 AFA
3 2 AGAY, HHAY, Abrasion, Adhesion, Aging, Flexural, Electrical,
2 A%, %4 Swelling, Creep, AAAF Fo] Utk 13y, 25 AFAE
o] AL ANE o W&o B dFoM= Fig. 3. 13 Table 32904 ¢ 22
o] durx oz umH Aol ©Ed AF - AFAIH} ADGANFL2RE A
+& AAR3nA I

T Az AxWstd g 248 sty H3td A= 30~70dF9
& A AsAPS FPsAS

_______

AT ——=="
RS | p!
RIS || j ]
B | ol
' i - ] [
tA |l _ - I I
' i l‘\—'t l | l l
P . P - I |
[ S e — -z
(a) ©%9% b) &% 4= (c) o1& A%
i ! TTi /
- I\ 1\
R R ) N——
@ & A () & AG

Fig. 3.1 Rubber material testing mode
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Table 3.2 Material testing methods

SEA% 9E94s oj&AR TTHAD G A
Quad La
, 459 |2 50~8mm P
A H | Dumbell, Strip, Atz+g (25x120x4mm)
_ #0]12.7%0.13 F3 5~6mm
2% Stip, Ring 122x122x1.25 Dual Lap
A7 290£02 7 2~3mm
(16x140x5mm)
A . ) . . )
ro 50025 mm/min| 5 mm/min 5 mm/min | 5 mm/min 5 mm/min
ok
3 R A& 32 4
2
33| oy=0=P/A| o,=0=P/A| 01=0,=0
O'3=0 O3 =
BH| 6,=03=0 o,=03=0 o3=10
: /11 == A, /{1 = /1,
@% /11:/1=L/L0 /11=/1=L/L0 /11=/12=/1
Ay=1 Ay=1
B A=A =1/VA| dy=2,=1/V ]| A3=1/V A
A3=1/4 A3=1/A
. =z
e Ao | OTeSRE o
¥]32| Dumbell 3& gl a 2] rigel] 2 HUAY tired A o] A
B NHAA 28
KS M6518 KS R4026 EE14
T4 EETE 9FE| IS0 1827
ASTM D412 ASTM D575 A&
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4.1 3 A AAF

1
g AFAEES AT AH2ZE ASTM D412¢] 4= Dumbbell @ ejst =
ANaE, 3 FEHY A 7HA Y 2EE AAEstn LT3
T % dumbbell el F = nHEHU F& tol2 7S stE) AW
FER ALY FHE "oz 23& Jt8) HEAY FEe] wE £
£ o] F dumbbell e}t 713 Yuirgoz Algsm A)BA 2] B o)A
g3 AAZAE P x Al
2 Al Fig. 32914 He nie} 2ol I ZFBOZEE dumbbell
HEZ Holuo] AlgHoZ o] &3t
AFAEL ABAE7E 0839 &8 2 WIE ¥y A¥EA =27
S BET F APUE NGl BRe o AFAA ANE R FE@p e
st A3 T+ Ak '

o

_kzmlo

e ol

A
i T
P 1
0 H 8
[
£
Dimension Type 1 Type 2’ Type 3 Type 4

A Overall length (minimum) 115 5 50 35
B Width of ends 250+10 125210 B85x035 6.0+ 05
C  Length of narrow portion 3$B0+20 250%10 160210 120105
D Width of narrow portion 60 %4 40:01 4001 20201
E Trensition radius outside 140210 80205 75+05 3001
F  Transition radius inside 250120 125%10 100x05 3001

Fig. 3.2 Dumbbell test piece and set up for tension test

4.2 2 4FA ¥
g GEAEHSE ASTM DEHAAME 953 AYUL 2L tolz 1
FooA FHojuls $iE AAst 9oH3.8).



2 AEAME 453 FE tdolz 17 BE AFAP7IZ Hojuo] A&
29mm, F7) 12.7mme 2323 ANHE A}t

4EAFL Fig. 333 Zo] MaANY7IE AH43te Smm/ming $E2 F
YR vpAS F0]7] A8 FEHE dAvtstn FBHHE FAHIAT.

Fig. 3401 Ao FSAIFAlA o) ¢33 9YE AAHEE Y
A

Stress[kg/mm]

Fig. 3.3 Compression test Fig. 3.4 Stress-strain curve of tension

and compression test

4.3 9 AFAEH
o ADA e giaiA = ASTMAIAM Y A YElY QA ek ISOol A
Fig. 359 243 Zo] 4mm FA$ 20mme Z3 25mme Zolg 711 =

FAME 5mm FAY F4% nAHAAA 5mm/ming £EE2 A Pste
A& AAE JAH39]

B AdelAe 20 x 25 x 4mme] LF EF 470E o}FE Tl RFslo
HHE AFSATE o] W T ALEEE olFH #E 20 x 80 x 10mm,
Holl AbEEe olFd #HE 20 x 80 x 20mmE AHRstgT) o1FY #y
Folo] HHAA nRHL olMELE AYstn £ HHAAE ALgstd ¥
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DF 22 W@l opd ofFe] ¥ o4t BUIH nTe) A ¥
A Aold HETZZ A8 Wil BAYs] AYA 2 Bo] o)
AAG vl EASC] BARCE FUB AYARE AL £ 7] WRo)
o,

ez g AYdAE 1R PRI} u%
2ANZoEH ALY HAUL AL F 3 m.o}a% @ol £ jste] 7o}
o HEgH 9 AEA BABA Ay

Qe ohagz A8E 98E e AABEA 73.% & RS FEH
a9 BAE Agsol 1 ABAA ABH WYL A% B AL
Ao olAstedoF weh.

170

80

10,
58

e lDlIOI_

80

7 2 AAS7] AHME FHF v AR - AEAY, v
AGA P S B3] dojn LH-AFSY HolHE WIE oY FLZRH
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THN Y-V YE BANE o &3t T+ 3tooF Tt
= A4 $8843=¢9 MARC Z2a¥9 7 HBIH(curve

fitting) ¢1e)Z< o]&3t9 Mooney-Rivlin &9 Ogden #+E o]&3td
A8dsE FHAT3.10, 111

Table 3.3% Fig 362 AEAEZAe 7AnvPe] BE SH-1FE A4
2 Mooney-Rivlin 5% Ogden &5l sl EAISHT 2dAAM A&
4 g1%°] Ogden F+E AHEF A4/ & dATE ¢ + Ao

o] Ogden &9 A% $8-HIE FAldA AAEY AF7t A58l
28 I AF7F AFES 7FAE= Mooney-Rivlin 4ol Hl3|lA FHEIH
FAAL z27) gEoltt. wetA, Ogden 52 HJdE AMEAFE L O-ring,
rubber seal 5 1T FF Yo AF o]&HI Jon dEdde F+
700%9] HREAX F Zow, nxd AFA AR dHA HuF F ste
Aoz BuEw vt =3 Table 349ME et FADLF FEANA o
EFHo 2 @ol AlgHoAR e 57HA FF 1T Az A AP+ E
AR AoH Fig 37 (@-(e)& MARC ARIY 2L ]8435t Ogden
ol da) EAF aPes ¥ $H-HMIE AR AY FASHA 15
9 A4S gerta d&s B 7 U

Table 3.3 Constants of strain energy function

Mooney-Rivlin Ogden model 1 Ogden model 11
model (Using all test data) (Using uni-axial test data)
Cio = 0.0207 ,
1 1=0.051, a1=3.07 ©1=-258x10"°, @1=7.175
Cor = 0.0234
uo= ~-00117, a2=-2.38 1 2=0.0709, @ 2=3.017
Cu =00
13=-187TE-06, a3=-1562 | ©3=-0.15x107, @3=-15.63
C2 = 0.00389
Bulk modulus = 2.14x10° | Bulk modulus = 2.14x10°
- Cz = 00
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Table 3.4 Constants of strain energy function of variable specimens

Ogden model 1I ,
AR ] H(F %)
(Using uni-axial test data)

#1=0.3176E-2, @1=0417E+1

2= 0.3946E-1, @2=0.1399E+1
Type A 3840
©3=0.1339E-14, @3=-0.2249E+2

Bulk modulus = 68458.3

£1=0.921E-3, 1=0.4897E+1
¢ 2=0514E-1, a2=0.177E+1

Type B 4143
13=0.2795E-14, @ 3=-0.2247E+2

Bulk modulus = 95460.8

#1=0.1172E-2 , @ 1=0.4856E+1

: #2=0.3493E-1, @ 2=0.2401E+1
Type C 4444
1 3=0.2446E-14, @3=-0.2249E+2

Bulk modulus = 89542.9

£1=-0.1265E-6 , @1=0.1121E+2
1 2=0.2737E-1, @ 2=0.3367E+1
Type D 5051
1 3=0.3297E-14, a 3=-0.2249E+2

Bulk modulus = 921725

#1=-04277E-4 , @,=0.6111E+1

#2=0.3697E-1 , 2 2=0.3333E+1
Type E 5961
©3=-0.2962E-14 , a3=-0.2222E+2

Bulk modulus = 123509




URVE FITTING PROGRAM
Engineering stress O MARC Analusie R arch Corporation
. 92992
.8as2] o
. 6912
-8372]
. 3832
.2292]
L0782
-.o704a] e
-.232a]
-. 3064 //
-.sa0al
-.B000  -.18%0 ~ .1900  .S53%0 .86800 1.2250 1.5700 1.9150 2.2600 2.6050 2.95d
ERgineering strain input salcular
c10 = 2.071970€-02
c61 = 2.3a1048E-02
o111 = + QO00OVE~+ 0O
20 = 3.88738BE-03
e300 = QO0O0QVE=OO
e F Ty
creinsarine SERLSL ITTING FROG £XD +omC Anaiweie Resemron Cormorasion
-e91Q — B — — mgen —
.7ooz)
.ezea
.490x] = “/
- 3676l
-2360 "/
-1osu
~.ozaa)
o6 = tos0 2. nsd
1

(b) Ogden model I

CUKVE FITTING PROGRAM
Enginooring atress XD MARC Anealusis Reswarch Corporetion

2.ez7q

2. as0n]

z.omax]

1. 6a7a)

1. 231:[1

.eanz]

.soeeal

-122m, oy

350 .5800 1.1980 1.8100 72,4280 3.0400 3,6880 '4,2700 4.8080 u.qu
=train Vi AT Lmrml

(c) Ogden model 1I

Fig. 3.6 The coefficient of strain energy determined by curve fitting
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sng§2?z§é§§42=9§%%" Sterm €3 MARE Anelusis Reswarch Core

1.e83q0
1.61 e
1.3d499 s
1. 04

.egal»

.5992 e

.29 ks

o o5

.o3ilo

—.232

NHE8O000

(a) Type A

ErhglLneeri
2,25

[l

&
il
¢
b

<
o
0
LBy

XY MARC Aneluyels Recesarch: Corp

1.947

1. 6841

e

1.394

1.19

.83

- 53

0RO N NS

n

.29

~-.03

1]

—+3d

sCrain
mhrain
strain
tearm
T arm

e rm
(SIS 80

(b) Type B

Ehgt;egﬁléidicggggnAB""“ L MARE Analueis  Rassarch Conp
1.6
‘1,34 71a.
1.1
)
.6 us

Corm @
tarm

torm
bulé modulus

L AOBBS7E~ 01
. 24098SSE+01
—.224897E+02

92E-01
. 24461 9E-149
- 895429E+08

=

(c) Type C
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. .CU FITTING PROGRAM
Engineering stress
95,

@MQRC Analysis Research Corp

.3337 Jr.—"

495-,d145=.0796 .2554 ,5903 ,92531,26021 59521 9391%.55512.
sStial £ caléulateé

E;éZneer ng n ETa

Istrain = .11046IE+0]l stress = .673600E-01 ogden strs = . 68730
lstrain = +115400E+01 stress = .694600E-01 ogden strs = . 73402
Istrain = .117890E+01 stress = .704000E-01 ogden strs = . 75829
term # 1 mu = -.126498E-06 alpha = .112135E+02

term » 2 mu = .273710E-01 alpha = .336748E+01

term # 3 mu = .329730E-14 alpha = -,224887E+02

bulk modulus = .921725E+05

(d) Type D
CURVE FITTING PROGRAM
Engineering stress @mnc Analysis Recearch Corporation

2.3622

1.961¢] /

1.5592]
1.1585] rr',a‘ﬂﬁfr”-

.7573] o

. 3564

-.0452]

-.4464} .

-.847a} !

-1.2488]

-1.6501J

—-.7471 -.1124 .5223 1.1570 1.7917 2.4264 3,0612

59 4.3306 4,9653 5.600
Engineering strain - d

calculate:

ogden strs .39
.410158E-01

strain = + stress =

strain = .603750E+00 strass *= .792200E-01 ogden atrs =

stratn = .618750E+00 _stress = . .B07200E-01 ogden strs = .422308E-01
torm « 1 mu = -.427741E-04 alpha = ".611110E+01

torm w» 2 mu = .3697432E-01 alpha = +333333E+01

torm ® 3 mu = -.296160E-14 alpha = —.222222€+02

[bulk modulus = .123509E+06

(e) Type E

Fig 3.7 The curve fitting of variable specimens using Ogden function
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A5 FFQ A& o] &F 1F ARAA AE LA

51 k8

MY EAUA TS 442 A7) A ABole QoM AFS vt 2
o]l &% A% - ¥ENY} AYAY Tl Yok

a8y, 2 Al dY FRL F3Y L FEH F48 A7
of glou, AY exte FasI AYFANE dEsE] AY ALY €A
7} b7 e} Qe AAolth

oty AWL olgsE ARAFANE BIEL SAHY o
extensometerd) 437t Yol FuldAo we BHFH T L AHLol
Aol Agol ad Aol mrte Z3Fust WEe Pad wyol Yo

O23a8 48P AT E EANFANE A} A9 v
o] golgte 714 oM ARE AT HolHE AsA Hu, dARE
2o grol A whAE ol EAEA Hol AW B & 4 7XA Bk

Ao el ALHE 43 AQANYHRE 1T S Bole BAY FAd me
NY AT JFL AAA Bk

meld, B AFNE ANAY EH(strip)e] AFARNEG o] gdq At
v Ao dAHE 24 o8 92N olgsted BHEHAL, 4
AE A gEBI ARALe)o) mpago] AY Ade] o= PEo) FFE 71X
=X o&am o9 A WES AA A

AgAEdHe] dd $F2AHHL ANG ¥ 23He) A BE g

i)

R QAFAY ALHE AR o1FYH FFPo] Jow, YA
ANgols 72 o}3d¥ 33 AlWo| ALEET. Fig. 320 § A¥H =
BaFEu AW F8 ANFe FAN wEt F7he) Aol UASE ¢ F U

a%e wdY ASGFE T AHM FT(EES £F) ¥¥E @A o

=]
T
2=

B

o
=
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o817} BR3H, HPEL AHY FHAA(HP ) LA ¥ extensometerE
ol gste] SAAT. FAFAE Abole] Al FFL A WY Tz A
FAHojok a0 ol dAR RFY WA FRAH

9174418 Al extensometer®] Ab§& WEAolzl st U] BE WAZE
% ol FA 2Ate) vt AeH, 53 Lol old AL P meojre
ZHE AdAE HAHEA Gu7E HastA 9

YRt oz vjPZF 4 extensometers HOIAE &= FX7F dE AR
Hi gloy | stAo] A4Es] 1rtoln] A HA Fok HAZE Yol
cutgA 9g BB ABAG/AE 4% 28E A load celld MY =
4L 9% LVDTS<S 71835z F&5o g,
28 AFAFY FEHo| gtd f7ixe] Fro AFAE ZHo] o}y
o

stg 971 AAAe $-¥dE #A dolHE ey Uohy T o}y Y
M@} extensometer® AHE3A R, AAZEY mopel ARE o gste] B
2% HolHE 92 5 ok |

of Wle HAZ Alwel Fue AW ATo) $AS TAND e A%
22 7ot WaEHE 42 SR $¥% WPEHY WAL Aoyt

E AgefMe ddS AT met AE e HEE X7 dFHA &
oy 39 E% 2Ax el FAHA g EAF] dd. 2HY, <9
og a7t FAE wtE 283 o extensometerE A X E}
AlE A g Fgde] Bolg Aol Qe T AMUE o8
AFAIY wHo] F&3A 284 F gio. _

-1y BAE A5 A FTaYd 488 FFL
=% MARC ver K6.2019, ©gEUAdFE EAA4 + F Ogdendt

e gesay ARery TE @l ARABT A4 Ao
542 BadZ AWe 98k 2P AU TP T4 52 7|
2 Astol7] 4Eo Fig. 38(a)% 2o 12%¢ 299 o, Fig
38b)e WHEL ZHstE BAAY Aol ¥Y BEe Fu 1Yo
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SLED

7] A,

27}

Tdst A ArAAHo] FAHZT Y& &
Table 355 ZAAE AHA(Z10mm, F7 2mm)ol] AFsF

et A4

AR2HEY 7T T3

A AZ

A9 freedd

HE

g 227 #Usn
o WAE FEHA ¢
9 AHE BHs] Aokl xdde) WAE FED Aol

Fixed® A%
djo] &S

WY Bgg wolZch

O —
Tt

_‘?‘_

% BFolH,

Av Eottt Fig 3. 8(c~f)=

393

TR

189 BAS
ol@y AW o] A Aol W
2go] AAAYol FAHES &7 A x#

e
32

.
bz o
oz

N

fixed= AA1Z® Ao Fero]

= A)H e Zo]lE 40~100mm7tA] WA 7|HA ZHo] g Z9
TAWMEEo] 109 w Z AlHEY

Table 35014 & & = uie} Zo] o alzé‘% 735 Aozt AojH el w
2 old® AWML ol gatd] TH SA-WPE BAY A7} FAFS & &
Rqew, Fig 39 2akgtE =438 1go *1, AlE9 Zo] 10mm¢l A%
4dol& 100mm (A7H] 10) o]Fe g 3tH A5 1.0% °HE ¥E T AT
* g & o |

Table 3.5 Results of FEA for each specimen

specimen | dumbbell r(;:;%niulmar r?igabnftnﬂmar rimw relx__:staoniulmar
. stress, stress, stress, stress, stress,

strain (&) (05, MPa) (0, MPa) (0, MPa) (0, MPa) (0, MPa)
05 1.34 1.36 1.36 1.36 1.35
1.0 2.75 2.716 2.76 2.15 2.75
15 4.43 4.44 443 4.43 -4.43
2.0 6.44 6.45 6.45 6.44 6.44
25 8.79 8.81 8.81 8.80 8.80
3.0 11.47 11.53 11.51 11.50 11.49
35 14.45 14.60 14.55 14.52 14.50
4.0 17.68 17.95 17.85 17.81 17.78
45 21.12 21.51 21.37 21.30 21.26
50 24.67 25.19 25.01 2492 24.86




(a) Half model (b) test section (c) 1=40mm (d) 1=60mm (e) 1=80mm (f) 1=100mm

Fig 3.8 Deformed shape of dumbbel and rectangular tension specimen(e=1.0)

g
2. i L} 1 ! I 1 1 I I

mrypyr [ R

B J A T N
la i |—v—1=100]: g ; g o

Predicted Erorr (o -o,) / ©,)

T 1 71 1
05 10 15 20 25 30 35 40 45 50

Strain ()

Fig 3.9 Strain vs. predicted errors
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5.3 #5412

ARNHH Nojz AWUL FEae APozA gt
°

)= o]

T - u

U YRR WAE TIS AT PRl $ILF 4B
._% =

Fart 3t

AFA e 23 SH-UPE BAZREH ¢F 9 EAE dSsi= A
& A} 43 2 Aolg BY £ Aol F LA o

UEAHE Table 36014 Beuiel o] A wat uid xol7t gl
G oAEE 2 #x 52 53t I1SO 77436 95 g4EAES 4E%
3} ABE SA3 HAFAZ FEHY &8 A Fe(ErEY FA)z B
z WS Ad9gstn Ut
H-218E AAES 47 ANAE FTAY Y
B Atolg) upEe AssE] Asd Ay &

T

N ¥
ol ByHolw, AR} ¢F
A 5 F&A Y Aol FHH

SRS AlLslE AR EEEo| AR wet sautel FAo] ol
9 A3 wlAH L AAsIE EVbsEn.

Table 3.6 Standards for rubber compression test

KS R 4026
Standards ISO 7743 ASTM D575
JIS K 6301
Thickness, mm 12.7 £0.13 125 =05 125 =05
Diameter, mm 290 =02 29.0 =05 286 *0.1
Speed, mm/min 10 10 12

FEWI AR Alole np@e] 9@ §F-¥F BA ANE ¥ Lo}
By fstd $RasdAe FRAAT A4S BT ARGFE A%
St $Y8t], AW 271 A7 286mm, A 125mmol T},
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AlE Fgol FuFeolnzg AW dde 12%S 23Y ZUIe AL o] Ls)
of 2d83ty e, full-Hermann formulation 423 848 Algsgc).

F 84 F£ 300/, ¥HESFE 33670019, EWe ANIYHR g= AA
(deformable boby)2 AA3IPon, F EA Alo]lx ZEnl3(Coulomb
friction)2 7}4 38l th.

Fig. 310 ®3¥&o] -059H, ﬂ%ﬂ]?ﬂ 0, 001, 0.05, 0.1 2 05 ¢ wWe}
H5d(bonded)3ele] ¥E &g RoZFt nl@dASI} 02 ASE ¥y
ol W3 ALY P4 Yella gon, nEASFs} ARDSEE uto
28 1o+ %(bulging)o] Bolde& & 5 Yt}

mlm

-3 cree00

Biopl ot

il sommrer. 5

(e) u=0.5 (f) Bonded

Fig. 3.10 Deformed shapes of compression specimen depended on frictions

Fig. 311 2 3% tHfL 33-¥3 BAZ, PHAAST AA5EE W2
Adejol A HEES ¢ 4+ QoW mEAST Fe A E nhEAs
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709 RSt Mmed FIE Aolg Uk AL &

4
P
o

500 ;
—e— u=0.0 :
4009 _ o p=001 | ;
| —e— p=0.05 |-t
~~ :
g 300....| —e—n=0.1
—a— u=0.5 :
T - :
8 —v— bonded :
200 4 -
- A ;
l...... O R ey .
100 4. .. R LA S 3
...
O*L‘u‘ﬁ:i ‘ T T T T

Deflection (mm)

Fig. 3.11 Load-deflection curves of rubber compression tests

Fig. 312 wz o] &A% A 4FAH Adse & =458% 19
oz A, waY3 e o W]l nF AW WIH L
o2 g3y 9&S BoFy g ulEFHo| AASLE o WFgS oL
oJZuUx ¥yol gL dAEgs & F Uth

Fig. 3.13& mt&d 3 Ago) 718X 45 dHe] Aol d5UFe
2 AAFEE ¢S v BASF FTE 718 AHE RAFEHD o] B
stejel g2 o g RAIZE Ho nlaAYPE FAAA FE EFHE S 7 A
o wlEASFTE 09 AEig FAR skE-EY BAE S 5 IO

Fig. 3.14% wt#2A$7F 242 0059 019 o mt3ASs gdF 71ed
e Agete] &AL W WY 25 RAEH.
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Fig. 3.12 Force distribution with flat platen

Fig. 3.13 Force distribution with tapered platen
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(a) #=0.05 (b) p=0.1
Fig. 3.14 Deformed shape with tapered platen
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Compression Stress, kg/(cm*cm)
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o
|

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Compression Strain

Fig. 315 Compression Stress-strain curves of compression analysis
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H Az o g g 23 /\1635101 LA @2 Aol a8y, 9%
TS AEERE AVUYRE HEY A9 2 oAU YL B U

AN Fole DA D(simple shear)® £4 AW (pure shear =& planar
shaer)e] 8127, Fig. 3159 ZtZte] ¥y Y2 HoZvh AWAFozHE
538 ADSEH ADAYEL BB g8 M2 Aoz Hge &
At

ISO 1827 <3td deHIANEEo2 4F ANDA)EB(quad lap shaer
test) S At Aok AW 4x20x25 mmA 7] 9] LR B4R E SmmF7) 9
Aael] HHste] Aztsin], 7o) FPAP) I AW 03B PSS Zo)
7] f1ste] F7 o dol9 HE 016 olstE Asn o}
Al@EEE 5% 1lmm/minoln, &X

g5t7] A 5¥9 dulstF e Tty T2
st ok MYgHL RipeE
3 &

S|
T FEude 292 U4 grod,
_\'i:_
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F4 g x
AUEYEL 249 99 @9 128 1% SAZ Y golu
AP e 27t Foe] HA4Y RZoz AP 2 WPBNMY 24
: g a2

J

Az goln, ol FHa7| Slste] B} A T
st 84 T2 #4H% okad Be) Algo] HEHT Yok a8y, ofagy
L Ago] Fojxy] WEBo] 3 B} A A WIHE v U

| [1] [}

= al /il
U'/L _____ L ) /
(a) Pure shear (b) Simple shear

Fig. 3.16 Deformed shaped of shear test
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Fig. 3. 17(a)& 1SO°l Atd A& 7|22 ¢ AW AFdP Fo| 2¢
We] HYsy S/ASHETE nAFET WS AR oY B o8
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(a) ISO specimen (b) Modified specimen

Fig. 3.17 Equivalent stress distribution of shear test specimen
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A24 Strut Rubber Insulator

Strut rubber insulatore Z 2 7FFE As F Y 4E5H WA Alo]d
AARF7E FEH Qe AFA 72 B SHAMEY 829 At
o dA8 & 4w E AAd ZANA FE &S sz U477

oL B2 YA A4S AU o ALY HIYE 93 Fig 417
Zo] 229 FoiH 8 4 E(axisymmetric element) ©] 8389 =3 st o,
Full-Herrmann formulation quad 484%& AM4-3t9 2740709] A= 225470
9 842 FAH UG

@A) BAXZ BASTE 21,000 kg/mm’, Eol& HlE 0322 3%

2“1, AHEE 1R e HARFE v dFHe s el ABAEL
Za dojA a4 ¥§4(Ogden model N x1=-0258E-05, @1=7.175, no=
0.0709, @2=3.017, 13=-0.15E-08, @3=-15.63, B= 2.14E+05% °]& 3} % t}.
BAAZAoZ Jd EE AZYE ¢4 AAHE FEOBZR
BEF FEAZLeH st g5 sF5(EE, A7)l AR AoE
Ak k5ol AR wet HEFo] TAE AeE JAHE FAA 25T
Folo] HE2H A= HZEA(contact body)E XA stR 0w AAk 7é-\—}«] A
S Fol7] A o] 49 82+ £ ¢ FA BN

il

i<
f

]
|° N

X Hoo

lo

Rubber
Steel

Fig 4.1 Finite element model of strut rubber insulator
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Fig 42~44% strut rubber insulator®] AM&Zel wet ¢FLFe=
pabgko 2 5mme WS FUS W WIEEH SHEX X W

87 AEHE 29
29)(Fig 41¢) (B))
a5, 973 AE $A

(a) A partion (b) B partion

Fig. 4.2 Cauchy stress distribution under compression displacement 10mm

2333001

0.153
0.138
0.123
0,107
0.092
0.077
0.061
0.045 ™
0.030
0.015
0.000

Fig. 43 Cauchy stress distribution under tension displacement 5mm
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0.446 0245 L5
0334 o1a3
0223 0122
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Torw S toun

(a) compression (b) tension
Fig. 44 Max. princinpal strain distribution under compression/tension displacement

Fig. 452 €8 FFol 2AHE A A, & f23&9 87 & 23
AMe WAdste] wE APEY WslE BaEg. ¥ 113e 2 BAs 3
5 Adolv, W 23103 2491¢ THI ME HEHE BoA g
X HE A AL Ad ¥¥E FE SMAE Aot aYonRE Wy
AFel 74 2 e 2H 810024 M2 HE2HY HHxE HozN
Fig. 46914 Rz vhe} Zo] A2 AYM B& 299 & Axshgh

Strain Strain
0.949 - - - 2437

B L
o
oo ment ERUEENCZ)
. 0 Lo e
e — s e S
N RO s “:_,.X./w, 0388 N
047 Displacement, mm 10 o Displacement, m §
(a) compression (b) tension

Fig. 4.5 Displacement vs. principal strain under compression/tension load
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(@) A partion (b) B partion
Fig. 4.6 Fatigue failure of strut rubber insulator

Fig. 472 AAHANEH F32L HHo2RE F& 3F-¥Y BAME]

R8s dYE 2R RdS oA ABRAEE T Lo 37A 9
e FPstnr. o5 2dd mE dF-d99 DAV IR g2A Jegde
I & gov] AY-4E HolHBOE Ogden 458 T8 A4 A% A
Aot b & dAEAT. 2 olfie B FFY A Wy Fgo AF ¢
FEE7F XA olm Ogden model II7} 59 A& & #AE 7+3 2 v
gu F=d gle ez F35d.

1000

O
o
500 - 00

Load (kg)

1 --o- - FEM Using Ogden Model (1)
-1000 P —o— FEM Using Ogden Model (II) .
)

- -0- - FEM Using Mooney-Rivilin Model

-1500 'Experimental 4
1
v T T T ol T g ¥ v LI T 1 T T
-16 -12 -8 -4 o 4 8 12 16

Displacement (mm)

Fig. 47 Load - displacement curves
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AgEWAC] 2F AFel vlal An AR F 35 o
o,

2o 2R YRe| 2 AFEHol wAH HHHe| Fobd ezt Yo
ole] ngMozN 7% Fol 945S A (swaging NI AL (3¢ 54
L T 10-15 %) WES FFNIE PHL ol gt WAY FPA
2 WzsRy 39 G838 Hsts FAL AAs D48l

W, A5t WPoz ZHL W) AG W FPE F1 oy o
W Fe) 2719 P HAnRY FHo] 2 9FL 71A9 A AT
2o Ao FoF 4A W57 Be)

E dFdME A% T/M w2EE tidez 24A9 I3 =Xz
(bridge angle)2.2 R@HAE ¥l ¥zl =7 st mE AY R FAG 7|
Ae AF¥S ARG

Fig. 482 28# Z=7 Z+2zb 80°, 100° ¥ 120° 49 #43F T/M wv&
EQ 384 R BRAEH gAAHE 2Hstd FHEFE 7R 128
a3yt 294 EHE dotR7] H AT FJo|= upg 2249 HH
FAFoR dA AAE FAeH, g FAdE Axdsr A WS I
olZo] UA WAE T F AFTAAY WHHE NS

(b) 100° (c) 120°
Fig. 4.8 Finite element model of T/M mount
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3.1 T/M wh&E9] 2435 B 43
Fig. 495 2974 %o & HF Fo|= FHFH ojeF& RATH, B
g7 227t ARFE )5 Fo] AFE & F A EBF, 247 Fol 10 -
12 mm 9 @ o]FL AUAE Holn TA Foj=Ee e BAY °l
dde WS volx Fyo n%7t 2E3d 37 AAAET A d¥2E o
A

St 2e FolE 288 2EW} S nRE F2E AYoRNE HAYY

Fig. 4102 91%¢ 2A4F § WS gtojZe] WS Fof Wz Moo
BAE F8 Axod, ¢F £ Bex Ak Hstd & 9FE ¥A gy
A% Z(olghZ HMYME A FErt AZFE Aol FollE: & &
et =g AR 2L FA9 V&7 & F A AL AL & U2
o, ol WZe s 2Evd HEH7) AFe g Yehdo. B G
=7 AANE R FUAE AA 22 5] AL o 4A 9dd 5 Je=
2 Aol Zardte A¥S Holn Jith

Fig. 4117} 412 9%3% 400 kg9t 4535 200 kgol 28 o WIE
2¥e pozg. HAYWUdE 2ANAL nP7 A AHLEA dA
A NE E3] sheo] BAHE 99 F AAs D Aok

n
o

T || —a— sovriggeangle | .l . i 400 - ,- P
£ - o, : : : : :

= — 100° bridge angle | . - : : 4_\

L —0— 120" bridge angte | : . . : /A

5 : e & A 200 |

2 S A Y g u/

& LA : S I

= E

E —a8— 80" bridg angle
"': 200 —e— 100° bridge angle
E —0-— 120° bridge angle

-400

-5 0 5 10 15 20 25
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Fig. 49 Translation of tube center Fig. 410 Load-displacement curve

for swaging amount
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(c) 120°

g. 411 Deformed shape of tension load 400kg

(b) 100°
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Fi

Peiraipal Tow) Sriaia B oher

Frlachs 2t Tawt S1sain B ajmr

Puivelyal Todal Suain Kage

(c) 120°
istribution of compression load 200kg

(b) 100°
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Fig. 4.12 Strain
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#44 Hydraulic Engine Mount

WgEE e BAGoRA S0 e F Ut 22 L AL AAsd
£A72 P4 AAZD FA AR AAe) AX e FAX d@L B}

¥ &)Y el M= Hydraulic Engine Mount® % HEEo] tidl AL 43
o | ¥

o whE bsd $9lo) WYE BEE wRad sE a3 ¥4

) 8] & Flg 41301]*1 HE B3 2ol & gA¥AAE Ay g
oE 93] 2xY = A 8 A (Axisymmetric Element)& o] &

Full-herrmann formulation quad 4845 AlR3lgon 1E EAx= IN
44445 ANE3Ren FE0 AsE BAASTE 21,000kg/mm’, E 949 H]
= 0302 ndasg.

Fig. 4.13 Finite element model of hydraulic engine mount
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4.1 Center Boss %81 # 7 o] 45mm (71& AF)

Center boss 99 27 o] 45mmdls 71EAFol 3 F3as A4 A=
£ Fig. 4.14°] YetiAuo.

Fig. 414 ()% ()= ¢= W9 5 10mmE ¥L 3¢9
qF1 glen ()% (de Y FHFPEC TAHE=
A RogF Qloh

1€ AFY A g T FES A8 A 6093 FEoA 2
a7 2AHA=H 2P BE ule} o] FHFRQoA LA

e : 10 r
Tiae © 5.0000-01

3.59Ge-01

2.879e~01

2.150e-01

1.420¢-01

7.198e-02

-5 .100e-08

(c¢) Maximum principal strain (d) failed portion

Fig. 4.14 Principal strain distribution of compression displacement (Original)
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4.2 Center Boss 27 °] 44mm (12} AAA7A)

B
i
i3
kl
>
b
2
N
(B
o
it
)
M

N

Fig. 415914 R vhe} Zo] WPE ¥
oF HelolH WFE gol Wol Fo=E AL ¥ F+ Yo |
TR, UT FPARAAE 10088 ol glA F2 szt BAHe &

AFRT UT FPol Tt A ¥+

e ;10 rre
Tie : 5.0000-01 StaRC

3

6.770e-01

6.090e-01

-2.2780-03

(c) Maximum principal strain (d) failed portion

Fig. 4.15 Principal strain distribution of compression displacement (Modified I)
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4.3 Center Boss 2173 0] 43mm (2x} A A7)

12 A A o]o center boss AF S Imm o 9 43mmE 23 A7)
A% 99 A2 Fig. 4169014 B ule}l o] HEE BEx e 3
FeoF HooA 7|E AFHTY HYE glo] Lo] ZFol=E=

¥

o FHEE & R
As = UG
¢

T FHE 13093 o) FlA A2 BAst 2AH], AFY WF FH A

2 .kite-ny

*.30e-01

451301

2.%e-01

22001

?.%4e-n2.

2.880m-01

1.21a-m

-8.:91w-03

1.888¢-01
1.231e-01
5.752e-02

-8.111e-03

(¢c) Maximum principal strain

23700

2317001

Leaneoy

15703

1. g

»ex

S.adean

2.2

-2.mpp-0y
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(d) failed portion
Fig. 4.16 Principal strain distribution of compression displacement (Modified II)




4.4 A3} vx2

Fig. 4139 A, B, C A #&& Fig. 414-169A4 UYellE= A3 o
Hydraulic Engine Mount®] #<¢F H92ZA o FHEPEo] dAsl= &
ER A o}

Table 4.1 Fig. 4139] A, B, C Al F¥o| tal* center boss9 27 o]
45, 44, 43mm< ¢ ¥ 10mmolA e ¥ 9 Hd FAHE e Uy
107, center boss Aol ZolSo] weh A, B, C A 2¥ ZEA Ao
THIE ol A=At

Center boss®] Z 70| 45mm¢l AR R4 Ho FHEFo] LA 27
Td o] Golston 1 Zx center boss A7 44, 43mm AL By
Y 222 JyF F90] Fol A Aoz Alg€y,

Center boss 27 44, 43mm<] #Hd WHEL center boss A4 45mm}=
22 BY & § diodA Ad Ay ge] 2Asddonz YT $£90] 71 9
Ao 2 Atmd

Center bossd A4S EUO2ZN A2 WT Al AlYS 9+=38l= A @
AL HEE Fto] A2 Fo] YT o] ¢ FAHEE JF S Al E
23t AAIY S FEMa Ao ol st

Table 4.1 Analysis result of hydraulic engine mount

H 2 10mmol A e Hof
Center H 9 10mm ol 4] 9 =
2 A( ) 5] =) (ke) seE
CAS Boss 27 (mm = (kg A B C
1 27 45 133 0.719 0.680 0.678
2 27 44 130 0.661 0.677 0.650
3 2173 43 127 0.597 0.648 0.630
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51 fe 2 293
2 d7de W Izl M2 gE A 7HA FEe 458 ¥InFE o
Foz fasdde FHst & W did sF-we BAY FHUIE

AR ue} jRE 2Ey RRA 1F% 1
Fo HFFo] dASA =Y of A+ HMIA HZF 22 (Deformable Contact
Body)Z A Aste 343t}

FEasdiade 2239 Plane Strain 84 F o]&3o Tdysged
Element Type2 1% 29 7%+ Plane Strain Full & herrmann
Formulation Quad 80 (noded)g& Al&3t1ow - 9% plane strain
full-integration quad 11 (node4)& A}-&3tth.

A HHL dFY FE5REE 1A F UEY 55 2 ¥y E
Tt stE-HY BAY ZF Ao Ui HYE EXE
ol BAASE 21,000kg/mm’, X4 H
o, 1% EAL Ogden F-2HE 7% ’%-’F =3 /‘}%3}9&‘:}
Control Arm Bush® Lower Arm G Bush«] H S Z ugo g HA
€ g1 1o, Rear Axle Bushd A% z%& 71Fo2 120° 8o o
e zta gle AL dA ¢ F Ut

Lower Arm G Bush® y% W#og di¥4E& wi A=, Control Arm
Bush$} Rear Axle Bush®l Z-¢-& y& W& i3t AL L gl7] W& 7
wagoz MZ g F JHAY B4 @S A 2 AoR -

rlr
»
i

.f~‘
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L.

{.
(a) Control Arm Bush (b) Lower Arm Bush (c) Rear Axle Bush
Fig. 4.17 Finite element model of bush

2 FRezdY 23 ¢ 22
ZF AR s +x, v D +455 Wgo g WIS Fof HHE £P3}
gon o AL e APE 2¥E T

Control Arm Bush® 7ZA 9, 3% W3k iAo A A3t € 465 Wige=
mihAol7] R +x, +y L +45% W HHE FAFPYCH, Lower
Arm G Bush®] A%, z #gog 2% giAol7] fFol +x, +y L +45% %
3ol it 483t4tt Rear Axle Bush® A%, x Wgo =z diAolnZ +x
wapst sy el A4e FYston, 2gm 60E Mvig Yol
Bt Eg 465 W2 E x ¥y B g §AE AR dAdHo 46
ware] A e Saatx 2o

Fig. 418~420& 14 & £33 Z+ Aol gt F HYPE EEXE
9. 2 Ae 5E AYHFE AL UE FA2A o Bt AA AF
AMe) Wz . B Bojs 7 X ek

Fig. 421~423¢ Z wxu%e] a3 Wid dg &3F-d9 AxolH,
Table 425 2t WAILTS 5% W] @ wAd FAL ALY ABE
BelZET)

Control Arm Bush® Z$¢ x ®&e] Aol y %ol nis] A a9, 4H5%
ol A xo v e Alole) e stEe & 5 ok
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Control Arm Bushe y 3ol uls) x Waog & 7o g5 By
o AL & 4 Aok |

Lower Arm G Bushi y W& Z4ol x W& 4o 20 Axe] e A
Un), y Wgos & Z4o] a7gE Belo] Ayae o & o

Rear Axle Bush® x, y W83 1wl 9o 240 As Eda ge
AYL glom, BE Wgoe FAS P40l ATHE Rejo) A Aew

F 98 ¢+ rk

a) +x direction (b) +y direction (c) -y direction

(d) -45 ° direction (e) +45 ° direction

Fig. 4.18 Principal strain distribution of control arm bush
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e
Princineg Totar Strare

(b) +y direction

ey Sames

a) +x direction

a) +x direction (b) +y direction (¢) -y direction

Fig. 4.20 Principal strain distribution of real axle bush

Reaction Force [kg] soo L

400 4+

200 +

f }
T 2 3 4 5 &6

Displacement [mm]

Wl

—e—Type A x-direction

—a— Type A 45°-direction
—4a—Type A y-direction

Fig. 4.21 Load-displacement curve of control arm bush
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700 —e— Type B x-direction

soo L | —®—Type B 45°-direction
—a—Type B y-direction

500

400

300

200

Reaction Force [kg]

100

] 1 J

00 05 10 156 20 25 30 35 40 45 50 55
Displacement[mm]

Fig. 4.22 Load-displacement curve of lower arm G bush

Reaction Force [kq] 800 1

600 4

400 4

200+

2 4 6
Displacement [mm]

—e—Type C x-direction
—&—Type C y-direction

Fig. '4.23 Load-displacement curve of rear axle bush
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24
35
14
47

733[kg/rom]

87
104
85

78
100

1w [kg]
258
-151
72
-105
42

141
261
313
256
233

-299

-45° 33

9l [@3mm]

%00

a

+1

A
T

+45

Type A

Table 4.2 Result of reaction force-and stiffness of variable bush

Type B
Type C
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Lo

}o Ogden
o} 773 o)
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©
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A64d Lower Arm A Bush

A-E Ak HHEEo 2 AR EE Lower Arm A Bush: Fig. 42404 R =
Bhe} Zo] F402 d YEo 1R} 7h8 H¥se Fay yzuemg g
T A AFY WAl WHe 1R SARY
Z7] gEel 42 719 REFo2 zYsojol g uR FAo 2y W
FEFE 7AA =Ho o] 299 F4L Lower
Arm A Bush 479 228 W5 & 4 iy |
2 @7olAE Lower Arm A BushE Z¥3}7] 41¢ 1% 47 =2yss=
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Table 4.3 Analysis results of variable models

7\EFS mod1 mod2 mod3

Ay wEg 3.34 275 2.46 218
Cauchy = 050 038 033 0.29

%;f';%z) 2,054 1,594 1,364 1,151
s X y 32 34 35 37




(a) Original model (b) Modified model

Fig. 426 Result of finite element analysis of original and modified model

(a) Original model
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(b) Modified model
Fig. 4.27 Optimal configulation of lower arm A bush
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Fig. 4.28 Configulation of diaphragm
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Fig 429 Deformed shape of Type A diaphragm
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(a) E=1.0 kg/mm’ (b) E=1.0 kg/mm° (¢) E=1.0 kg/mm’
(at 0.007atomosphere) (at 0.1 atomosphere) (at 0.21 atomosphere)

Fig 4.30 Deformed shape of Type A diaphragm
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Fig 4.31 Deformed shape of Type A diaphragm
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Fig 4.33 Deformed shape of Type B diaphragm
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Fig 4.34 Principal Total Strain Distribution of Type B diaphragm
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Fig. 4.36 Deformed shape of original diaphragm
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Fig. 4.37 Principal cauchy stress and strain distribution of original diaphragm
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Fig. 5.1 Fatigue life prediction procedure for rubber components
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Fig. 55 Finite element model of the specimens

- 104 -



Hosers

(@) R = 10mm

(b) R = 20mm

[y
fies: 100mene

E

£ 16200000
2ot
10t
10020000

s70em

(¢) R = 30mm

Fig. 56 Deformed shape and displacement distribution (Tension, lateral)

Donetosamnet v

L ot

Fig. 5.7

Deformed shape and displacement distribution (Compression,

- 105 -

lateral)



Fig.

i

H

"
- £ o0ne

1 LR

1308000

TN

REETY

FRUNE

Veptrmment ¢

59

Deformed shape

and displacement distribution (Compression,

- 106 -

vertical)



Load [kg]

60

—=— Ogden (5961) |

40 oo N SOOI SO SO S = SR
b1 I T S LT S P e T R PR R R EEPES At it el L L b A E b
[ 10 DU SURRURRURE SOUUUUINCUCUURRUN - -z SRR SRR SRS RUSPSSRL SRR
220 e e e
(D7, T AU SUURUUPOLS (0. O SO SO RN SN
7210300 VOO SUUUEY S0 SN AL S SR SN SRR PSR

—

-20 -10 o} 10 20 30

Displacement [mm]

Fig. 5.10 Relationship of load and displacement (R = 20mm)

Total Strain

I —0O— Min. Strain
1 —m— Max. Strain [T T g
S e i e A
+ 6/[3/ A ; ..... é

.' - 1 I I T

5 0 5 10 15

Displécem.ent [mm]

Fig. 5.11 Relationship of strain and displacement (R = 20mm)

- 107 -



ne : 10
Tims * 1.0008+00

2.4948400

2.0984+00

1.7034+00

1.308as00

8.123e.0¢

a.18%e.01

1.2v40.00

oo 1

Prinoip i Tolal Sirain Max

Fig. 512 Strain distribution (Tension, R = 20 mm)

Fig. 5.13 Cross-sectional view of strain distribution (Tension, R = 20 mm)
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Fig. 515 Cross-sectional view of strain distribution (Compression, R = 20 mm)
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Fig. 518 Cross—sectional view of Cauchy stress distribution(Tension, R = 20 mm)
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Fig. 5.19 Cauchy stress distribution (Compression, R = 20 mm)
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Fig. 5.24 . Rubber specimen fatigue testing system

Fig. 525 Grip and specimen for the rubber fatigue test
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Table 5.1 Fatigue test results of SRI

AR ID | AdeFE (kg) | A2EF kg) | FFIE (kg) 3 2 =3 (cycles)
1 250 - 1500 875 549,500
2 300 - 1500 900 398,400
3 350 - 1500 925 360,700
4 400 - 1500 950 246,000
5 500 - 1500 1000 156,300
6 600 - 1500 1050 26,700
7 700 - 1500 1100 9,000
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Fig. 534 Typical example for fatigue failure of mtal part
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. Table 6.1 An Example of the Properties of Rubber

S = Al 23 T
Tmax({kegf - cmj 30 - 35 35.70 37.10
oL Tmin(kef - cm)] 6 - 8 5.30 5.20
Tc 90(min) [ 1295 - 15 152 | 155 .
DI ts 2(min) | 05 - 08| 060 0.70 | 130°Cx6MIN
R Mooney.V 25 - 32 27.0 30.7
T5(min) 13 - 18 16.13 16.17
73 & (point) 51 - 55 54 55
A&7 = (kgf/cn| 210,/ 279 266
AL A& 0%) 500,/ 565 562 | KS M 65189 | Az 2
e Moo (kgf/em) 257 21 20 =3 N=5EA
Mgog(kgf/cm’) 55/ 51 48
H]Z(SP.GR) | 1.07+0.03| 1.006 1.072
7 sheet type -
= ZH2x 39
i e ¢ |BAE)
== c/set type - =
¥l
o}z 25 12 12 70C x22H
HE 97 4 : = I N=3EA
£38(%) 50 47 43 100°C X 70Hrs
go NO NO | NO |40C%50pphm
= CRACK | CRACK| CRACK | X 20% x 168Hrs
e 'RA A1 (%) 60, 65 66 JIS K 6301 | N=4EA
Ks(Kgf/mm) 20.15 2083 | 2-4mm F7
20,02 0 15Hz £ 0.5mm
A ) 30.05
¥ Kd(Kgt/mm) P/L=80ks | I K
= gl/mm g3 100Hz +0.05mm 6394
. 3831 | 3803 o /1.-80kg N2#
15Hz*+0.5mm
tan ¢ 0.1361 0.1216 P/L-80kg
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Table 6.1 An Example of the Properties of Rubber (continued)

N9 8 F A e A% 2d |da
74 =¥ 3H(POINT) - +10 +3 +4
AARE WsE(%)| -25 -3 -2 70°C X 24Hrs
Ag Ase %) 5 | 10 | 7
74 =¥ sH(POINT) - +10 +5 +5
AAZE WMIE(%K)| -25 - 0 -1 70C X 72Hrs
g WEe%) 5 | 3 | =
A =¥ 3HPOINT) - +10 +5 +5
A= W3E(%)| -25 - -8 =7 70°C X 168Hrs
Hineg wae%) 95 - | -14 -18
2 AEESHPOINT) | - +10 | +5 | +5
AAZE Hs&(%)| -25 - -8 -7 1007C X 24Hrs
A& W3E(%) -25 - -14 -18
A =4 3HPOINT) - +10 +6 +7
Q1A E WEEE(%)| -40 - -25 -30 100°C X 72Hrs
g Ase0s | 0 - | 2 |
Z =¥ sHPOINT) - +10 +9 +9
AA7}E Wshs (%) -70 - -57 -60 100°C X 168Hrs
Al-g W¥35(%) ~70 - -49 -56
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6.7 Edit Form for the Properties of Rubber
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3.3 LFRF dojeuo] X

I glem olg V|22 39 1F o
AEY, =AY, £F SPEC, ¢9E, A4 18=Z 59 FEEZ TAHHY
Ak,

AFEE dolgHlo]lae LFEEA doeuojas utAstAE AA A
A 715€ 7Nz en, Afrs 2 dIZE o/FWY T2 1LFEA
glol e wo] 29t FrAMSHT

nEREE] AR nFEA dolHEe A2 AV Ho Qg 2FFF
olelwlo] 2ol A Yste HlolEE & F LT AA FE Fol AT oto]E
g 293td 22 AR uid dHolHES F5F LT EA dHolEHolxr}
At

Fig. 6.77 Fig. 682 Ztzt I ERE dojgjweo]29e HAY 9 #HY 3HS
BHAFET}

R
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Table 6.2 An Example of Products of Rubber

CODE No: HMC-C-03

ANTI-VIBRATION RUBBER LIST

2 ZF A o 4 F = £4 SPEC’ HNEA GRAPH(ZHA])
ﬁ%zé:AF‘;AmiEuﬂvl Hco) 1495 AP D) 13l ALEIE-2T00 S ——
# 2% ¥ (ps/rom): 110/6000 HE4 | 0% 15Kt | 6IB~BZKaUmm . 4 ) g S
2 Y Torque: kg.m/rpm): 14.8/4700 24 90+05mm, 20Hz : & 160/ i_ o
N4 5 (km/h): 185 WP-E4 | 90£180Kg 1X10° 200CPM 4
F43 Fhkg) 1095 Creep84 : L
CYLINDER No: 4 2943 | e = T e
IDLE RPM: AR (F )| 21812-29150
-ENGINE® LAYOUT 324

- 34
Simoma  mmowr 744
Creep®4
e g 2% ]
! 2/G AT "e AR (89| 131-A98(21812-28250)
Iu i Weol 6 L JBA 120+15Kgf : 153 ~19.8Kgt/mm
- 11 $84 | 120%05mm, 20Hz : $9& 18ol8
‘:" - W4 | 1202220Kg 1X10° 200CPM
Creep®-4
n 2244 | oo
AR (9| 621-A12(21834-24000)
AW | 9%5215Kgf : 8075~1045Kgy/mm
J_ S84 | 95+05mm 20H: : FA& 16018
%44 | 952190Kg 1% 10° 200CPM
Creep®4
S Wl e oM lwF lam = i LAY | mes BB
?l.sf- 1 1412 COMMENT [ « B(1L8AT ENG. MT'G), C(1L.BMT ENG. MT'G)€ $UAEY
— 131401 [131-296{ 131-A10 -
;LB‘ ATF 131-499 |621-454{ 1 31-44|
H MY (114D b1 31-498] 131410

MARK

l A ENG. MT’G‘(_LS ALL) B: ENG. MT'G(18AT) C: ENG. MT'G(L8MT) D: T/M MT'G(L5AT)
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Fig. 6.7 Search Form for Products of Rubber
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A4d 235 2 &

7 dlolefulo]A AA=Q RubBaseS 70435t} RubBased =3, 7]

i ¥ FRII5L g 2ol 848 5
1

D IFEY H ZF5RE 540 B3 dolgujolx 2

2) dlolel =2 ¢ A& 4T GUI A

3) nFEFY A &g

4) 23dole Ao @ Az L Ay "

5) 4uolH o A %X

2. #871%

D A4 dlolg 27], 4

2) B3 L dolg F7h A, A%, A4

3 nFFZF Ad nFEA dolge dA

4) B8]y AEFFo] & Curve Fitting T2 2Yd QA

5 HFFx

15 doleiuo]A AlAge Hoigt A9 HolHE AFsn LA BE
< 7h5stAl stof, 4E diolEef £4& wWAT B vt ojlg A4 AF g
o7t flE ARdE 2F9 EHS 428 £ e FFL /A2 Yo o
S ABAHY 27 dolHdo)a A2de Ry YHME WA WRA
A SR &2 B dolHES dolguolastsle o] Hasty, Algxt
88§ Fol i@ oA o] =¥ (Feedback)H o] oo} Al2elg W3}
cd ¢Id=He RHo| Fasittn A gt

- 143 -



44444



‘x.||7xl— 24 %

2 ATAAY FRR dojR F38 F3} F @ < o9& g
D 15 A5 vjdd 54L& vehle Azds 23 94 AsAY 9y
< AHsIAoH, & AlHY 43 4 238 FHeLdY dA) ANFEe

2) Asar BT F2 ALHE 6712 tE 1F A5 I A2AFS
AAet WY AeE AR en, 2R 2E dig 4F 54 #3 A
Ut PCoA AHEE 5 3l ¥4 DBMS ol &3 1F 2E dAAA IS5
A9l 483l Data BaseE F=3th

3 2F A R FF9 WY HUHE 94 F7Y APAEL dAFHe
o, 7824 F NEAYE Tty dF5-%, HP¥E-FY, "4y x
- BALNEE Tl JZFFEAE AT 7|9rE FE3 .

4) 4% AFAE LA ITF(Strut Rubber Insulator, T/M Rubber Mount,

Lower Arm Bush 5)¢9 H|4% @284 e T3 Wy 2L FA4L o
ot AAF AT A 285 A FHE dRstAed, 4 dne
AlZHEO g A g Ziet # XS PFsA.

5) LF-1F B ILF-F& o] EFo|ERZAH 54 HItE Y3 v - o}
2 AgrIE AA - AFsld wl@dAs 2 ul2 54 Datag @Rty on,
& A4 A 228 A52A 288 F A A9

6) LFEE uHg/HEY FF2LHAL ALZ2 WA - F Ay &
Solver)& PC&o2 7)i3te CAE 71¢9 153} 2 #v] dzte msigt
2 ATE F3A B AFE B3 nEF VIAREY 55 A A=

Fg FEF87 A 719ks gAY 27 F JAREE g 285HE A0

748l & Aztsta Jigd AFY F2 1:sE HIo B v ER3E

243 FA AAFE grsted V98 Aoz UEHY, ol A @

g0l o=t
CNFF J|ARE (Rea WALEF)Y CAE 24L& 7|9 +=
oxy ¥ S - dA Jge B A Z A 1, BE Mg 123}
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1.1 Korean Rubber Industry, Proceedings of IRC'99 Seoul, p. 21

12

g F--‘?—?ﬂ A 707d 719 223, ‘19 vy, 1998, ZFHIAA

13 ISO/TC 45 (5 ¢ 2FAF) 8F B3 A=, 1997

2.1 Frederick R. Eirich "Science and Technology bf Rubber”, Academic

2.2.
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24.
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31

3.2

3.3

34

3.5

Press, 1978

L. Treloar, "The Physics of Rubber Elasticity”, 3rd ed. Clarendon
Press, 1975.

Alan N. Gent "Engineering with Rubber”, Hanser Publishers, 1992.
PR Wi “TLRENEAPY, BARAILFHEEE, A69¥ A 3%, pp. 4
~56, 1996.

R
B @38 g A7), Vigante dydux F5e T Aae 543
o] BAAT, DI ASHE=THY, A6d, ATE, pp. 1341~
1350, 1992.
M.S. Gadala, ”Alternative Method for the Solution of Hyperelastic
problems With Incompressibility”, Computer and Structure, Vol. 42,
pp. 1~10, 1992.
Pero Raos, Yong Yi Ziiu, "Large Strains Analysis of Rubber-Like
Materials FEM”, Polimeri 14(6), pp. 290-296, 1993.
L.P. Smith, "The Language of Rubber-Introduction to the specification
and testing of elastomers”, Burrweworth-Heinemann, 1993.
R. P. Brown "Physical Testing of Rubber”, 3rd Edition, Chapman
&Hall, 1996.
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36 "B T WERBHE", HARTESRE, JIS K 630177,

3.7 "Standard Test Methods for Rubber Properties in Tension”,
ANSVASTM D412-80 |

38 "Standard Test .Method for Rubber Property in Compression”,
ANSI/ASTM D395-78 |

39 150 1827

3.10 "MARC User’'s Manual”, MARC Analysis Research Corporation. 1996.

311 "Curve Fitting of Test Data”, MRAC, Ver. 7.3, 1999,

4.1 Smith, E. H., Mechanical Engineer’'s Reference Book, 12th ed., 1994,
p. 7/146

42 AYF, “ZFRF A Fad Y 71€&4,” KSME Vol. 38, No.
12. 1998, pp. 42 |

43 Jankovich, E., Jomaa, M., "FE Stress Analysis of Rubber Automotive
Parts Including Friction,” SAE 910024

44 A8, 35 ASF, olF4¢, “Computer Simulation of the Behavior of

45 A7, 9, ojdF, “TLRA=E J¥YPY {FeIe L 293" KSME
AT =3 =FJ D), 1997, pp. 331-336

16 AAB, o192, HEY, “FEZUE FEY §B22 B4 R 47 W3
ole] §&,” SAE 73 %EHE]9638206 1996, pp. 323-328

47 MARC Analysis Reserach Corporation, Non-linear FEA of Elastomer,

48 AT, $3F, ZAEA, "NAAE FT84 A4S 0] 4F BHY w1

Fof Wy @AY ¢F” KSME A& =&3(A), 1999,
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49 YT, AT, ‘AL 453 HJnF A ATHY AT
Bl A AE A A4, 1999, pp. 317-324

410 ASF, 24 XA, “ A Large Deformation Finite Element Analysis of
the Rubber Diaphragm used in Accumulator,” IRC'99 Seoul, 1999,
pp. 227-233

411 AYF, £33, F5$, “AF A Strut Rubber Insulator®] &84 34
2 9249y sh” KSME 1A R F2YEEE FASsHIA=Ed,
1997, pp. 44-49

412 NAWADE AL FATINH, YRA=AFFAS, 1975, p. 7

4.13 MARC Analysis Research Corporation, vol. A User Information, 1994

5.1 K. Takeuchi, M. Nakagawa, H. Yamaguchi and T. Okumoto, “Fatigue
test technique of rubber materials for vibration insulators and thier
evaluation,” International Polymer Science and Technology, Vol.20,
No.10, 1993, pp. T/64-T/69

52 R. C. Riuy, SAE Fatigue Design Handboos, 3rd ed., SAE, 1997, pp.
259-278
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Metal Fatigue Analysis, PrenticeHall, 1990, pp. 239-260
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Testing, ASTM, 1996, pp. 520-534

6.1 John 1. Viescas A, o] & 9%, Running Microsoft Access for Windows
95 : Fz AA 2, dx -9 1996

6.2 ol&3}, 29 A, I A2 97 T2 9, Y, 1998
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o Wehrt ATHT YA oSS HAHoz B W LE 0F Yol Agof

2 AFqME 250 2§ =33 Ald o3 /"‘.tﬂ‘é‘}-j_y AR AERE AR
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oleld 24l WeE YE T wie] oet YA d ne )

W Fe® BHoZA o HWREH % wdold w3 BAA Tol B
ATHNA T A,
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&3] Azt Aot dEANE ZASE BRHOZE 25F AT A A
RY FAE FAse EFFEA(TGA Y €55 2 Y A8 o] (R#)
AW E TAPelE ARCRE)EE(DTA)E Bol L¢3tz ot

#

a9 A-1% A-20lE ZE 1R -F A 4% AE F4 4
As%e dehigc
2Y A-200M FHA F ME AR LR BE AL ERo=E nR(E
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4EE 2T O AL Aol APy AL dE FHAE T
2l Wad AUE TRE AREE(compound)Z ABED St g
AR Wl Utz dRssh ke Ae duEzes=d 22 (CHO),

A FAe 1o wel Fo)A(peak)d ARG AU|7F thA Aolst gl
oy A 272 vE £ Ut dvde dEHI AZEHE 25 o3l
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Fass SEE FHL o] SEE 400 °C ol olstz FrRIT
8 29 A-2004 2D Folag st AFsE L& ojste] EAl e
A EE EARA GEAZ TR 1 ARE E Al 2ebaRn.
= 2% ddE DRE Q¥ LEE £ A8 delaE gt
02N guAez 4AA Qv RAAY Lol PAY FEAYL ¢ & YN
Y 3% (epichlorohydrin rubber)4 o}a & -‘?—-‘E- dEde
EoEX gD 2 2% olstolA Astel 2d Folast 24 @7 o
Bol d8AozE 4o $48 A2 Hrta
Y n%eo B 57t A gL E3stn Aok A
b 1o ydgel By A 1R ofaY mPehe Hole of

TN 2= 50% FA #ase 2=
o] 3}oll A 2]
ol S 400 °C =vt 400 °C ol &
o g 18 (376 °C) EPDM (443 °C)
" A DT (380 °C) SBR (442 °C)

AeF223 =Y 2F(CHC, 326 °O)|EF
A9 E223=d 2F(CHR, 360 °C)|4 3
ol3¥ 1% (382 °C)

4
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1.2 9ol 2% kst B4 A5
3 A-30) 9w o Yol 2 WX 718 TR ity Z &
= QX9 AFEAHe WaE e 2Pl RE wiel Zo] NR,
BR, SBRZ 100 °C o] 9 &XxoA Al&3te AE Fed g & 5 At
Y A-4E WA LT %29 150 °C dx59 2L AEE No3 71E
of g2 150 °C =3t Ald w9 B4 AH3E Ut o] T/ E vms}
W 7E Fo49 ZE AstE 27 FoA 2t k% Mow 3 NBR, CR
M dAs o)A 7I§SdME B9 HAEHA gomg Mg w3t
7b dojur] ¥ n AE AstE WE AU A7) WEY B F wso) 9T
a3E Age 2L Yehia o

—
o
(=]

= LT
= = % Ssule? (1R )
& s e — CR
b 3 S SEPDOM
Voo 50 = \‘ g
7 50 = 13 !
% ey % 4SERTIN 7
= 1 BR3¢, ™~ [N\ 7
[ = NR—Yo o Al
3 ' 0 1 el s
P
757 100 125 150 175 7S 100 125 150 175
EEER () =itEs(c)

=3 Fo 24 x84

2001
- i‘\ GrgEss =2 2 (CHR)
NS G
S e el
o

. M
NBR  (CHR)”

o —
ol A oumﬂii’~
BIS2ANB/CHCY -

| S

450, NBR -
gm%of 822512 22(CHC)
& 200 | Nt Er
E2=gicang
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GIEDE
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Agol AHEE A vtLEE HAY E)(Type AT © B(Type B)S
hydro. type conv. type°ﬂ o 3 "]ﬂ’i S AA 0}93‘3}

ANPLEE -10 °C ~ 8 °Cz 0}04 A543 €54 R tan 09 ¥ E
71 A% Bn FJESNY. |

AR, =57t & HEA S W= hydro. type©l conv. type B
O 237 B4l FeA dEdou F type BF YEA WeEL 1A 2
A @i BT spec. B9 Wl S ¢ F A}

Type A9l 554 spec.& 3lkg/mm ©]3tQldl, &% F7lto] wet 53kl
o WolAle A e(3261~27.90kg/mm)o] ARew, WML a0z AX
%7 spec. WMl AT |

Type B9 T 54 spec.2 27kg/mm ©°|3to] A gt idle F3Ikoll A EAdo] ZA
WotA A% idle FANA 333 VH2R AAE AT £ AN

tan 09 Wse £E F7bol W Type AL 052~0422 71E spec.?)
0403 DESHGY O, Type BE 07~0382 2 F7bol whet g4gol =
A AstElo] 7]1F spec.ql 0.70144& TEFeA R AF FZH FF(shock) &
A U gag v & F AU

E A2 eE¥slel wE 97 weEe S4usE Jehilon 13
A-5~A-140le A8 F4& =A%
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® A2 =Rzt e A -weE 54
= & 454 (Ks) 54 (Ko tan &
¥ ;-10 01204016080 ([-10] 0 120140 (607180 (-10] O |20140160 1|80
130t 15kg 130kg, 20Hz+0.1mm 130kg, 11Hz£0.5mm
spec. ;
Ks = 145+ 1.5kg/mm Kq = 31kg/mm | tan 6 = 041
Type |hydro.
A 15.84115.77|15.41 | 15.77{15.58 | 15.74 | 32.61 | 30.28 | 20.74| 20.82| 20.25| 27.90| 052 | 0.44 | 0.46 | 0.47 | 0.46 | 0.42
type
conv.
15.16{15.34(14.93|14.70|14.21 | 1452|19.77{19.45 | 18.65 17.63| 17.10{ 16.81 | 0.08 | 0.07 | 0.05 | 0.04 | 0.03 | 0.03
type .
1~5mm 586kg, 8Hzt Imm 130kg, 8Hz* 1mm
spec.
K: = 123%1kg/mm Ky = 27kg/mm | tan § = 071
Type|hydro.
B 15.93{15.85(15.59(15.29[15.31 | 16.07| 21.28]20.96 | 20.50 | 20.91 | 21.24| 22.02) 0.70 | 0.71 } 0.68 | 0.61 | 0.51 | 0.38
type
conv. : i N
1524(15.08114.64|14.64|14.44| 1516 |17.76 [ 17.28 | 16.69 | 16.41 | 15.64] 16.17| 0.10 | 0.08 | 0.06 | 0.05 | 0.04 | 0.04
type
250[
Looad R Ks(Kgf/mm>
Kge> J
200 :. 115-145KQF
- ‘ 10C - ,| 1584
- (T
1S0+ ¢ y| 1977
A 20c
- ) y| 1541
100 AT is77
- 60T
- ¢ > 15.58
S0 8, | 1574
- ¢ ),
L ] 1 l i L l 1 1 l ] H | i i
0 3 6 9 12 15
Disp.(mm)
Y A-5 Type A9 hydro. typegl ZEA A




S0

Kd(20HZ +0.1)

3261

30.28

29.74

29.82

29.25

27.90

b

1Y A-6 Type A9 hydro. typed B5A4 A

1.0

tan(liHz #0.5)

-10C
(

5| 0.5139

0.4385

0.4574

0.4654

0.4550

0.4216

1% A-7 Type A9 hydro. typed tan § 4
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250
Load P Ks(Kgf/mm)
(Kgf>
200;— : délS—MSKgF
i p y| 1516
- oc
S0 ” y| 1534
i 20t
i ) ;| 1493
100 (4Ut ,| 1470
- 60C
i ( ,| 1421
[ 80T
S0 ( ,| 1452
VAT D DTS B R
0 9 12 15
Disp.(mm>
1% A-8 Type A9 conv. typed] AEA FA
50
Kel¢20HZ +0.1)
401 ~10C
) ,| 1977
30+ 7T
0 ¢ y| 1945
20 (eo‘c ,| 1865
*
10 | (40t ,| 1763
oL ‘ , 1 : ST | 1740
5 10 15 20 25 30 FEF
) ,| 1681
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1.0 .
tan(11Hz 10.5)
10t
; ;| 0.0809
I ‘ o ;| 0.0650
0. T Sl
| o049
40C
1 e )| 0.0350
OE , — (scn: ,| 0.0338
5 10 20
STl ogese
29 A-10 Type A9 conv. typed tan & =4
Lood ‘300 - Ks(Kgf/mm)
kg /0L
240 1.0-5.0mm
C -10C
210 |- ¢ | 1993
X [ii®
180 |- ) ,| 1585
gt 20¢C
150 [ ; 5| 1559
120 [- AT ises
90 b (6°t | 153
60 |- 80T
: ) ,| 1607
30 |-
V4N RTINS N TR WV TN DU TN NUVEN BTN NN T
0 4 8- 12 16, 20
Disp.(mm>

23 A-11 Type B¢ hydro. typeQ—] AEAL F4
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8Hz +1mm

Kd [tané

21.28 10.6954

20.96 {0.7108

20.50 [ 0.6846

2091 [0.6127

21.24 {0.5141

2e.02 10.3803

7Y A-12 Type B9 hydro. typed] 54 2 tan 6 F4

3001
Load —-.F Ks(Kgf/mm)
(KgF> 70
240 1.0-5.0mm
N -10TC
210 (— 5| 1524
[ oC
180 |- ¢ 3 15.08
1505- .(20‘t: y| 1464
120 |- BN Y
50 [ (6°°C ,| 14.44
60 [ ST | 1516
30 [
S TP P VIS PR PO VN S O
0 4 8 12 16 20
Disp.(mm)

29 A-13 Type B9 conv. typee AEA ZA
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Kd

(kgf/mm) ‘ -E0_'2§_
r : 10 8Hz #¥1mm
S0+ _
i 0.8 Temp, Kd |tand
ao0f
i 17.76 10,0954
30
- 17.28 10,0782
20
16.69 |0.0589
10
oF 16.41 |0.0472
15.64 10.0398
16.17 [0.0349
23 A-14 Type BY conv. typed] 554 % tan 6 54
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2. 2XI¥ free mesh MAM7| 7fgt

21 A&
AL MUY BAE AT L4US olBde] AN AL 2w
BEe) Y4 942 Aesacl Bk ol g AR YL W4 4

olgt %ok ;A 98 A A 84v AAHYQA Ho] wpFASdER dis
o] S Ml 4 HH 59 FHY ALY 848 AHSET

Aol e w4 o] FE mapping Pl 93 olFojzt & AHEAIL ¥
48 2 M9 4748 HXE UYra 7 Hx9 ¥ d3ts 84 IEE AA
3 Fozx WHAE Adste FHEE AMEE Sk oleh T WA YL
AL WS AAstEY Qe E Aol e 2m A 92 IAA =
&9l Ho| go. 53 HZ HFH st=do 2HL wAHE A B+
o HAME & 22 34 AZE AA d@FAA HUA AP Ba® Az
o] MA A Azt fFRES AAIEA Hich olsh e EA¥EL 32

a7] Al E 9 YA AR PO free HHAE AT ANT F d= A
A7t 2ost. oy "ol & AFelM MEFE AARY 82 o]FoA
WA AE AW LA
2.2 W ABA
1) 3 44

Aol o ZAA e 824 BE7 AAEY Laplace WAL To] A
A A4 & AARIUE YRl U 84 UEE T3 o] HHo) A

 ax UE Hoh PR $EY Aotk ol¥A 42 B FeAW 13
of mel o AA AL YAHT HAY BY T I 4L AP
& HglolA 52 UFIL 3 A HE 84 UEo w IHS AT
Wirozl Ztzke] delel dia) ook e AYL Aol § oF UE & A
A HTUY 2 99 4 T 6749 WPOE ol FojA AlztHoe) Hu} 4
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AR AL oluf 842X AHIEH 6HAF 9L WY o) (pattern
matching)ell 28] 2 M AMAE 842 ys 5 Utk o9 2 Wy o
3l C}° ARYH dAME et

2) 98 =7

A2 A7t 4457 ABNE B2 GreiA] ode o 1 g} 3
Aol gle dHe F &7t Assjololol ¥t olg AsiEe 27 4 A%
Aol AHE AAY dE 28 99 52 Ui F AN e 44
g Y o] e 2AL WEIHES 5]]0]: s}, :

3) Y4 =¥

HAg w4 H49E A CAD Z2aPF5 & o] &5t AT F49 9
Z4A-g AXMF 432 o]FoR HolgE B o] &Y CAD interface
Z2aR5E ol&dd ¥ £ Utk AF AALY FRHo= AHEAT A
e 84 2EE AAAN £ Atk o] o] YE B 82E TYF =7
ZHA " @ B AT7olA dE wa Ad7s 23 49 dis) &
ARFEE Pemz yied 7o e FA EH?SHHE Fig.2.13}
Zol F /9 23 9oz FEH FH Hoh 7 23 d9d= A4E A
Ao A7 HEE FA3A HEBE & & 19 74]% Ag Wso 9s)
A2 et

B
(]

4) 8.4 45 AA

FLE 2719 845 AAHTE A7 ohEHE, ¥ Ut 24 ABAEE
3] AABWoUE YR 82 Wxo WHME HIE sjof stk F A
Aol Folz a4 Do o) W7 TxE AHde WYz AP R
e 2958 thea 28 Laplace A AS Eo] 9= Aol

viu=0 , in Q (2.1)
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9 A wE a2 BE, 0% 99 Uitk 9 N6 dig AA z2de

g =0 on I | (2.2)

of Atk 9 A4 I'e AW 999 FA, 22 FAY WA 99 UHE
Uehdth & 919 453 @A o] Fojh as URE HA R0
o 91e) Ag Fol YR WEE A& Aol ol ge WEY FHL A
7 Laplace ‘”Zé’i}g DE3E e A G A doln nErtsstgE
Aotk & a4 BEJ} AA G N FAG Astgle] T AW gL p=
O Aol T WAL 919 42 43 249 s E + Utk Aot

f8 aadol o5 a4 YRS Z7] AHHE S $8 222 Ui
of st BAlZE gt A7AE Tem e BHe ALgde 1 ExE 8
A#T $4 Fig. 22 (@)% 2ol 22 YEES Friaiua e 4L T3
Hae A7 was 4ANL 1 AL AHA 59 4Dy 842 hED
A 2 A25F 4 49T BAYE 228 AASE 1Y (b)Y gom
olEg WA tal AN AP B AFGME SN FATE 94
BxBAE) £7] LA2E AHESHAT (1LDAS 22 HEo| s &8 g
o Bz Yeud ges ol "ot

fvTN,- VN, u; d2=0 (2.3).

—

rr

A AelM Nz 849 shape function, ;& FHY 84 UEE Jeld
9. gl Ag =E 2z W AWaW e ge WA KT 2k P
2& deoh
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REGION 1

REGION 2

Fig. 2.1 Deviding the region with hole for mesh generation

[ Sun

==

(a) (b)
(a) an object and pre-sampled grid points (b) the active grid points

Fig. 2.2 Finite element mesh for density evaluation

KU=0 (2.4)

g8 P4 o] FolF 24 YE AL FT 84 oM A df
2 84 Bx7t Folx HelA 713 7L Aoz xS

&2 F AA 2oz ARG olde o dis 24 WEE FEH
a2 A% g 9F AAL A 99 Y F AAdY AL AAdsen
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5 24 AA

B4 44 HHe T wAZ AYEY R WA SAdAE shte o
A(HH Ee 90 o8 442 29 £8 ARAE Rolx, T A
At d¥e 84 AEd we FHol REAAE ol $H HSE
2 A7 Fe 99 AAMY 84 s we AdEG 24 BES 44
R % Alelol: the @AY T

J;u(s) ds = R= N—1 - (25)

LU X

A HelM RS AE 23, N & 23 Alold AAME BHY +, u(se
AR 22 AE ¥, v BAA, dse ZANE B T4 Zojg ny
= HEldg. folX RS AF o] HER Mg s B35 e N-]
o] #e I = oA AFF "R AT Zo| A Y g4 AL

AsMe AA AAdY QA5 Bgololor @k of e mEE B
AAN @ HtE 25 opd Fol: WASE AESY zo] NI
de A M eATE 2 THe A S8 s Be 20 WEA)
T §o) o
WAL Ao BEAVE AHE te 42 e
u(s)ds = Ac'z’é = constant (2.6)

A AN dee AHel FYSA LEH AN FJoHe 2 n)Foly
(dE=const), At M2 FFolh 9 Hol o) 223 443D A5
Fatgd g2 eAE WA WA Aol 2 FINJBE VE2YE 2
38 92 + 9o

A

j owd
4 (2602 thed 2L oA WE BHANoz JY 4 3o

¢

_él'g(u(s)_%) =0 | @7

| =
e g os) 5 Yok
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6) 9 —r-Q agd =7

A2AA Y B dsd G AAL ANY FAS ols) FAT o
g Ze g BEHs AdNE 99 AAY BWEF WY Y AL
AN 1 % AR ABaE JAL BYHoE HMaser I 5—@3_

Ll

g AAsE AR e oA A FHo) 2A AGE AR
B slEo] Aol B LU B wesol ¢ AseH AxE
$ Fig 230 29t 3¥AA o 2 % BAY AEH, y, 7,5
ya 7t A s o U@ ¥ AEeln F el 9@ wael AY
B thedt g 4o &s wAR |

8; = g[(%—yi,-k)er(%—rjik)z] 2.8)

A7 e T3} 2 BY 71EL AT |

(i) WeF g7t =BT Fod of YL Bea Ad FRoM A9t

(i) wrek "R BIFAE(y, ,7p Ya » 73 60EEH FE Rl 3

o® FHoAN MA@

(i) 99 T 2742 2% 73 SWREE &7 M Z3, F HAR

AR} M e AARS BuM FEHoZ AYR.

o] W AuE FAA 3 EeMol AANF maletx A BU
wob AAMT mAHE 5 oAA HHe e My 01%—4 EREREE
2gyol Adsd 2dMo) thsl d¥E A4stn dde ¥ A A 1§
oz 2aw & 2 250 Ua 2L A8 '

7) | e A
Bdo] gaslxy Ul E¥E o9
7o) Ut} 47he BPoz ofF
o)Fol7 G Tl 4708 A
o Agoz ooy A .

a7} B2 67l WHoR o)FolW A}
1 ddge gt H9 6709 P

o]ol7 gHoz tirojol @k 67
.24 (@ 22 39 Ade= v

rlO l‘m r_% [‘lO
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Bl = en Zze] dde a9 (b9 2ol 2 A9 A4y gdoz 4
T 7 Atk ol Ao o RE dHL ALY f7 242 BgH

8) 34 /WA 3} bandwid

W A7 4858 F 2459 HA4L A3 Il QU o]d g
A9 YF& 7*1]7']5} 849 A& MA37] Y8l Laplacian smooting &
1Y EFE AT F HAFY YXNE FA wd A 94X FF YH 2 o
SA71E Rolth. o] FHAAA HAA HPo el o5 L sty A HF
AX7L vt ER o9} 2 AL B 3] WEIE Zo] £} o] AFAE
539 WEL Pt AAZ 33 o]y wrEAME BH] AHAA o]FFo)
A #Zaste A & F Ao

5'-
)
br
1)

iz

NODE J

NODE 1

Fig. 2.3 Schematic illustration of the geometric entities associated with the
splitting criteria

o > > } —
i . S . I ‘4
T - 7 o

(a)

(b)

a) sdbpatterns (b) final elements

Fig. 2.4 The three subpatterns that are used to generate the final elements
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Y FHT 849 §F 84 PP bandwidth’t FA| A gady &
g 24 4 ALFE st w9 bandwidthE o F& o]
23t & dFodA e Atd B2 $HF Collinse HHe AHg3tar

23 84 A

q71ME Aed FuSd wat ALY AHYIE o]gs] BrA oo
el MAS Adste 1 el AEs%Y Fig 250 B9 AL 9wy
9 T ool dal 44" wHolth 19 @9 ALE F 4000 FLI
222 A4S YHAES & Rolth B ATNM A AAAAE AR
d9 did BAHIIE d3=E 84 FE ANAY 5 YEE YT 1Y
b)e ASE ¢ FFS s Dl By AU 84 AEES 29 3
L gL 5o 947t AHHEES F Aot F AL RE 4% 924 2
2 Agsrlel Age Aoz B 4 U

SRR vt

i

-
-

111111

(a) uniform density given (b) higher density given near fillet
Fig. 2.5 Generated mesh for T-shaped structure by developed pre-processor
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% of BHA LA 4% BAE ANT AS, Dot 247}
4% @4 AFE poln, 2 YY) WAY whe o, A 2o HFL
Hhe B¢ WakA gegd sHddd Qe dd ned e 9Y 3

._"':
KU=R (3.1)
AdelH Re WY WEZ AY Ry EWA Ry 271 $0 92 9
9 0% %ol 9% W R, o Wolth 2L g B go| Foluh,
R= Rz+ Rs— R+ R

R3_zf H(m)T B(m) 71/ (m) (3.2)
Rs= %}fsw S<,,)HS(’")TfS('")dS(m)

R,= %}fv(m)B(mnTz(m)dV(m)
= K= 24 922 e go| ot
=3[, B"TCPB™ av® @3)
yin

# AdA ™A me 848 JUEtWW, HE shape function, BE ¥ Y-

FE-TH BAE Uehlie PFHolth 9 AHozRyg A

A Y e Ug AT & Ao FH YA S o83 v|AdY EAE

A Mg F e olfE g 2o

(i) 244 328 Ko Z2Hdg we R U 4EE 849 g HAHo o
8 Pz WHYst T A AHEE 5 gk

(ii) 248 B C FEE& ALz vHyg AFL Hole LA ds)
ME AHEE 5 gloh

o
(E
i
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(i) 330 7AAAE 23 AAZA WAL A2 EAY B A8 4
gle. - |
YA w4y EAY AN AL ool U BAY WY YoE e
Aolth. @8 sHFol AR Y2 FelWom FEHE @ K46l o
2d9 249 9Y Yo ohed 2ol yehd 4 Yok |
‘R — 'F = | (3.4)
9 Heln A2 AAAE BYPo] B4 AT F A Yehdn gt
A ‘Re AZ telAe 9% sFold  FE AR M W S o
@ 44 a5 vean. o o
‘R = 'Rz + 'Rs + 'R¢ (35)
ofw WA $AL 27) ¥ nY, R,='F ot} %,

‘F=3 BT T v - (36)

ol Btk o714 QubEel Ay sAe) FLdE A7 rolAe] Mo}
Yek BAlY RIE oA golo wAY AFY A #Fo] ARAE =
£ old B9 BAHNoZ FojA: WY WA st Rolojor @i,
AL 3 WEE Ul Azl BE EFgkez FdeA Hed, A
Mol A AL #Fe) Wt WE A W] WSS U] 9% 7]
Fozd MR S 749 ghol Bk BAe AFol WAt 3
Zol AL A2ol HBP WAYY A Y BHAL 4 FRE
1xEE AaA AIZE W 9ol dis] 9AAH SR (incremental step-by-step) Zo]
of @t WAIH MAWE EFHOZ ow Al folM B AT YT
ARG W HAEA AR A7 2R M 5 W, Z A AR B T
stz wHolth (340 BRE 44 At BY wAAL ted 2o

rlp — AR = 3.7

A7l *URe 29 Wy TusTT sARATh A rolAe HE

g3 glomz R S A% A3 e 2ol £

2
ool

iz

&
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MR = 'F4+ F (3.8)
AAANA Fe A7E ol A t+4 74A2 B9 S8 Wl e HAHY
& yedr o ge %‘;]"‘i 744 ¥} (tangent stiffness matrix), ‘Kol
s st Zol 2AE 5 3ok - |

F='KU | (39
AHol M Ue 2 H9 & dejoln, A 244 JEL dgx gol A
og, |

olN

lo

¢ o'F .
= 22 10
K S (3.10)
(3.83)3 (39S (36)40 YA T3 2L A9E deo
'KU = "R — 'F ' (3.11)

A48 W UE 2 & AT 9B +aeldY SARE Bed 2
=
A= U+ U . (3.12)
2y f4oE AL 2AME (3949 Ak o8 = exB AE 27}
ATk maby AAGME 235 AFG NS A7) S8 B2 YL ol L3
G #2 PUG  #% 2ade 2ok YEHA BB WL Newton-
Rhapson ¥l 7] 23 Wi E o]t} Newton-Rhapson o] #0)= A2 g3
2}
t+AtK(i—1)AU(D — t+AtR _ t+AtF(i—-1)

@ t+atg=D : (3.13)

(for 1=1,2,3,...)
A A9 27 2HozE g gEC] AHEET

t+AtU(0) — tU
trag® -t (3.14)
a0 — g
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3.2 INCREMENTAL TOTAL LAGRANGAN FORMULATION
Légrangian Aol A ZHddel o 93 t+21t ."‘]Z}—q Hy AL
e 2.
f,mV t+At1;ij 5t+Ateij‘dt+mV = AR (3.15)

A4l U= Cauchy stress tensor, T4V AIZE 4 Aol Ao B
3, Sgese 7HE WSl WE AYE WME Y deNoz Foj
o},

00u; o0u;
6t+dteij=_%—( PR + aH—AII ) (3.16)

AHd A Su;e t+ 4t AN A wiRd EIlEE s W9E YEY
o, x4t N3 AW Cartesian FEE e &

Hatp f t+Ath Su; AV + f t+ 4t f 6u;-9 d'tas

i+ dl l+dl

(3.17)
olgl, 7] UL = 4+ N w9y Rug 9y, A=
t+4t ANk 2d 99 939 traction, TS, & tractiono] #&st=
W, duy & TS, MY s WE Yl A 4 Al A9
qME (31525 ol&3std Y F& 5 e, 2 olfE 4+ 4 oA B
A wjz) 7} vl=je]7] wEo|t}, (3.15)2 0] 22 Cauchy $38L Ex7} ¥ag
o] @x] AT = 1 ko] Adte SAo] o] t+ 4t A o] A7
tll A o] ZHo|l At At F¢He B4 WA o3 ¥ WIS g ol H

2 &7 dEoltt. wAM HAE EAY S Y] WRE YL A
EJY F oA, Ao Al 3] A(rigid body rotation)o] disirx]= @3}
32 e 83 WYEL AHE¥Y. Second Piola-Kirchhoff $3 %}
Green-Lagrange Mg Eo] 2 Aot} o] FrxE AlLsd &3 o] ¥
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de.

f t+AtOSii 3t+d'o€;',' d'v = ttap (3.18)
v oo A , ,

Ashed A8 1E WA et
Aok & NS, & 4 ) S8 AR 09149 Wae Ages &

B\

A HolX #Z ofg) HAAE By
}o

o
ro

#olth. S;E second Piola-Kirchhoff €3¢ Yeh® Cauchy &2
s 22 @A Ao

0 )
oS = —,5 X '+ 9xT . (3.19)

TE WAZ YEgY gen 2o

0 )
68!7 = tp (t)xi,m ?xf,n tz-mn (3.20)

A4 M  9X = inverse deformation gradientZ YEl ™ deformation
gradient (X & te&3 o] Heolg}

[ 8tx1 atxl atxl ]
aoxl aOX2 aoxg
0%y O, 9%

ty 2 2 2 A

o X = aoxl aoxz 80x3 (3.21)

atx;; 6'x3 » atx3

| a"xl 6°x2 30x3_

% e, € Green-Lagrange ¥ 382 Uiy ohes 2o B

e = T(XT 4X-D) (322)

o
i

S |

081'1' - 5( tui,i+ 6uj,i+ (t)uk, t'éuk,j) (323)

ANelA T v J2e vedn,
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N
lo
fu
N
2
)
D)
52
rir
i
o
N
S
o

2
Lo
v
2
rok
&8

B
L ABAA F 228E o8B W

)
oo
')
K
30
e
o

i 51 gtk & AFME AF7A AEH
Ay gulFE FoA AL oA E Al

s AEE ARnA T AEE dnIEFeS AA-EIA, E
WM A, sticking & sliding &3, A Alojo & Ad We, HEFH &9
o] wkE Fo Z7o) 3 o] 7t Holt

4 ®
el
(-
2
o
Sas
32
Y
ueJ
=
or
Jm
4
ol
on
o
(il
b
Yo
of @ & o
Ll
i
e
rﬂ'.
2
0
2

)
oo
N
_,_
<
Y
o
b
—‘—l
ofo
ol
i)

(2) & A9 AA s
HEo] 9e TAE &7 e ?J g o] &%
m =1 - ;Wk (4.1)
A HoA Me HZFol fle AFY incremental F¥ WA g 4
o AA EAES etk 2,W,E A& o4 EAM FEE ek
t}. o] && HE 2L Rzl 938 Lagrange multiplier
g AR ke HFo] dold H S derdh

mlo

fru
i
A
30
o
o

1) Sticking Zof cheh H&EH ZHf
ol¥ WA HE WA F EZAE contactord} targeto® FEEIH, HZF
2= contactor Ao target AIHAES AW six] Rap= = @0,
Contactor B4 k7F ()¥HA iterationo] Al sticking ¥&%g¢ @vtz zHE

AL e F71x Aol (a) (i-2)MA iterationdlA HF HAAo] UAH

poUA
lo
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contactor Z3 o] (i~1)HA iterationoll A targets FHF B (b) AF T4
op@d A 3lo] &elold S Yrlo] FET A @9 BF (OHA iteration A
Z we A ko HEHHo] 00X HWHo] AMAHEAN HEFHo| LA
Fig. 41& #73 A} BE °o]Fo/X target AIZWUE jot A k7t A5d 2H
& B3l Aotk THNA

A (o) ka1 kdt GED o kA, B (i-1)W A iteration$
o] 38 (global)

A ETV A" ke 7Y HEAH RE (global)

Aéi—l-) R

h=]

d“ D qadE jo Ao

—

7, s : target ¥HS W& jsoparametric FX (local)

n, n, - target AIZHES] r, s ¥ &9 HH
7, 7 ' x, v W3k &9 #g (global)
BUD :sbd HEAe 9AE yshie vl
A4 kell= ¥ ATV 2T o] ol W@ Hite B BE
o4& o o
Ay -1t oD Gy e 2D | (4.2)

b ok ® HE FHo=RH

A}gi—l): t+Atx}§i—l)_ t+Atxéi—l) (4.3)
d(z D‘”r[ t+At (1 D_ t+Atx1(4i—l)] (4.4)

B(z D _ ”T[ t+At (z D __ I+Atx1(dii—1)]
(4.5)

=;z‘[( t+4tx£i—1)_dl(ei—.l))_ t+Atx1(4i—l)]

SENERER

=N it N,y J ' (4.6)
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olty. & target MIHUES ¥ Z FA A Bile 477V 9 gol te
Zo| Eago} st
traeq == _ (] _ gli=Dy t+aty (i=1) (4:7):
trag D gl=D) t+diy (=D : (4.8)
A k A B WA iterationd o W9l FEE Jul, dul,
Auf @ 39, o) WS sda WE 4[V 7 AASok Bk E ol)
HZFo] o]Fojz Aejatd HEAH CE iteration T AR Fevh waba
Y=YV oltt ()M iterationdl A B ko FFol AT THY¥ W,
W= AT (Aul+ 45+ 29T auP+ A9 ul
(4.9)
oM, &L
Ry )tk dtg =Dy g0 O (4.10)
o) Bt W, 9 Aelx JaP = AH kA WEYe Wsolt ojgezy
B EuAr o ghs) Aasia
W,= t+AtA}£i-—l)T[(AuI§z)+ Aéi—l))_(l_B(t’—l))duﬁlt)_B(i—l)Augz)]
+AAPTUAuf + AE) — (- 89 du P~ B0 au ]

(411
o] A} ¢ o] HA k9 sticking HEo h3 T At

2) Sliding &0l st &3 Zel4

Contactor B4 ko HA ¢go] ntaAdary aW, o] AL sliding HFH
Aol e Ao AWt o A Tdde FEA sedy UV Y
gol (WA iterationol A sl Mze& Y @S A HER sticking HE9
Ao ua) 2sAch 28 YE2HL iteration B¢ WA @ge Aoz

st 47)-49NezRE 22 N A
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W, = !+4t,1 Igt)T[ (Aulgt)+ A}gi—l))_(l_B(D)AuX)_B(DA-ug)]

(412)
7 9w, o714
LR = Y04 g (4.13)
olth. = (4549 Yol el et 2L 2AAE e,
AB9= n T [ (duf®+ 4 - (1= B ) auf - B Vau ]

(4.14)

= slidingoll o3l
L O A GeD a0 (4.15)
AR }Ei)=_A/1 sgl)nsA » (4.16)

oltt. 9 Aeld MPe AV @ HEe 27 WsFgolnt
(416)4 A ()FE7 29 AL JAEY F/7t n, o W) o)) o
Folth. (419)% 416)8E (4124l Hdstn 4897 #AT BF A
o M4 ggde 9e & Aok
W, = t+AtA]§i——l)T[(Au’gz)_*_A}gi—l))_(l_B(i—l))AuX)_B(i—l)dul(gl)]
+ MO (- nﬂ(duéb_i_Aéi-n)_(1_B(i—l))dug)_B(i—nduéo]}

(4.17)
9 Ao] A ko sliding A&l e Teiso] A},

W,ol disl (417243 o] contactor BHY 92 D= Agsw
By wAAY F& PAHo2RY giYd N A4 PEL Qe v
@1nAeln ATV Age gUTD g g0 Abgsd HA ZA
ol wtiHol Bk hukshd WA iterationol M, (-1)MA iteratione)
A% F&ol YA HgA Hu, wd Ay FHe Vo gy
o]Zo)x)7] WEolth U AAZ AR & iteration Alole] WlFoz I
3 e golmZ UINAL AHEsE R BAZ itk T AN A% A
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4 SFUANE Fe82 oJ7E A 4 AHgstAch

3)

q8 22 x| %”é;él |
WEe g

ge AAE 4% 22 PN @IDFH @1DAE @A o
Qs Aol &7k He ML =0 o2¥Y dech do BaW dgR 2e
g dg 5 o
Hag oo wage -0 | [ 4UY
[0 ol vreme ) G

_[ _t+A!R ]_[ t+AtF(i—l) ]+[ t+AtRéi—l) ]
- t+at g (i=1)
c

(4.18)
9 Ao A
AU . ()HA iterationol A M$ FE HE; dimension (NEQX1)
A2? ()9 A iteration X HEH FE WE; (NEQCx1)
At gD G-y jteration 9 A B4 88, (NEQXNEQ)
tag G-D (-1 A iteration ¥£2} HE B4 Y, (NEQTXNEQT)
CARGD G )WA teration ¥ 82 el o@ Ay e
(NEQXx1)
AR RA oY HE; (NEQXI1)
HARE=D L (-1)A A iteration 9 ¥HE HEEH WE;, (NEQCX])
A G-D gy g (NEQCX1)
NEQ : A W8 ARE
NEQC : HZAAHA FHEF +& WA4Y &
(=2X (sticking 3% dH &) + (slzdmg HE 2H F))
NEQT = NEQ + NEQC
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Z} contactor A% kol thgk 3}o)
of £g gl 3lu9 contactor A wid $J9 FJso
Stlckmg &9 A

a7, (4 11)4 ¢}

t+AtK(i—l) ,t+AtR(i—1), l+AtA§i—l)

(<]

ot sl&sArt

R WA g EY gy AR

He £ 0A 3 FE g g2 YUKV o gy wy tayg6-D
‘2=
A t+AtAg-—l)
' I+AIA(I'—1)
H—AIR(i—l):' _(I_B(i—l)) t+m/1g—1) (4.19)
< _(I_B(l—l)) f+Al/‘ (i—1) :
—B(i_l) I+Al/1g—€)),
_B(i—l) t+AIAg—1)
d :
ky
-1 0
1_2(1—1) 7)1
0 0 l_ﬂ(i—l)
t+AtKéi—l) _ B(i-—l) O
O B(l"l)
symmetric 0 0
0 0 ]
(4.21)
¥4 8 HEE A48 28 ged o
du?
»AU(t') _ Au(ﬂ
(480 |- s (422)
A/l 0]

Sliding H£9

o
T

Aol nxd

HAR D wmig el (421)AF o

[\

HOZ (41NN e2XREH (41943

=g UKV gue de 4+ o
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@ o Aol & 24 Aol sl Wk &

FAAT Y =~ 4GV — g, A5V ] (4.23)
oln, & WE = |
' Aué’) .
4 U(z) ] Au,(c{) .
e (4.24)
AA ¢ Aul(sz)
437

olt}. o

8 (4194 289 YRV = wgs 2479 FHolw A4 =
EojME o] ¥ WEE & Wyoz T} olo] tHME e Mo AT
3h ot

(3) & =Z(sticking or sliding)3 o}& = 3o} 7}

(i-DWA iterationo] Zud HH WY AUV mgy gRUV o
TG, 714

ARG V= tHapG-D_ t+ap (4.25)
olt}.
WEW $8x P, & P2AA e FHY ARV Hrse By
of HEHA %< Ylout-of-balance)o] Bk W HEY WHe) A W=

g MARITD o) wy o)y HEHYe ARV =Ry g, o
27 H2Ee ARV =zRH Hrad, 18)4d A£®  Lagrange
multiplier?] F&°] 2% Hr7lHg AdAH A2A3E IS F+ Ao}

5 Aol contactor A|ZHES HHL mste, FHo] sticking TL
sliding 2% o= e, “YRIV 2 g HrstEd g Y&
< M&3Y. |

o]H Iteration % contactor A7 o] target THE F W3}

H
(4.22)49] FZHo] L thg iterationd] T FHAT = HZo] FAud T
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€ iterationo] A = sticking &7 o] 2291t}

1) Contactor MOHEO 2x =<
°}" contactor Aol HZF A = E& sticking T2 sliding %‘j%

Aol gleAd dg Boe FHY AA 279 v Aslel A& HA B

yul
kH
2
vl
X
IIQl'

i)

& ‘
B A WA gA= 288 JRY Y 22¥ contactor AAE WE EW

Y 2xE Adsts Aotk $4 £9 #8 AAH kM BE ®He =7
2 otE, WYARY BAS ¥o2 usd + vk $4 WY AR yw
MY EAe 49 FAE het ow
d(t D 1
ARG-D pm1 gk gt dity l)g-d(‘ D
20 )= 5 4 )
y y by dj(l-l)
i 6
ofm, uj3 EAS ALl yEL A FHOD 77)
AR(t 1) k k+1
[ R(t 1 ] [ k—1 t tk+1 ]
%1_)( t+a, (z l)+ t+dat, (z 1))
d(l 1)( t+Al (z 1)+3 t+At (z 1))_|_ d(l b (3 t+ 4t (i—1)+ t+At (z 1)
12 2 2 )
_C?(l_i t+At (z 1 l+dt (z 1)
¢ * ) |
(4.27)

olth, 9 HollA  FyfV e (-1)MA iteration T A ko x HFE U
Atk (4.26)% (427) Ao 2HE o) iteration ¥ EWH e =z 7y
¢ Atk o] AE2RE FA L WA ¥4Wy 49 £ Aded 3 kot
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&

k+12 o] Fojd AIHE jol W o g}EL @7 AWAE £ 4,

o] e F A L dFste FAN Y& Ao
o) o3l ANE e AINE Alojo] HAHAMET EASo| Aot

& AaHES Ao i FYE ), 2 AIHE RE&ste HAHH
Aage) e ogh WY £ PW WY BAY B, AIWE jI)
g gade ge

d(z D
T = h—t5— 45— (24 1) (4.28)

oW, FAHY &

) (i-1)
T’,,—hd

(54 1 (4.29)

o]l ®th. ¢ Aol 4V & ()HA iterationd A AZHE jol ZHolo|tt. H|
23 2913 2AY A% F #e o Zo] Addd.

. guh - .
Tjn___ 16 {2( t+4tx£z 1 tfz_*_ t+ 4t (:_11) k+1)+( t+ 4t /EEHI) + t+dtxéz 1) tfz+1)}

(4.30)

) d(z 1)
Tjt_ {2( t+ 4t Igl 1 tt+ t+ 4t ’5;11) tf+1)+( t+Atxl§:-11) tt+ t+At (t 1) +l)}

(431)
g9 AN AHzeE @ AaWEs) geol dal BUY & o, v
Y4 488 & Aok

2) MadES HE sfx
T.9 o] ¢old 2 AadWEE HFo] sad Aoz u I o 4

© contactor IHES HA ¥ HA FHF S 002 o}
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3) MaHEI} o i,teratiqnoilﬁ sticking & &eids of

Aanes J4¥ T, %22FH, Coulombs w& PHE oj&ste A
aWES vp@ AF, T)E 78 5 Uk o W Ti=p T, 08 p E AA
nbg Agolth o] A FAAA. A3o] dolg & gith.
43 1. AONES] ubd Ago] PYAFe Fuo 2 A F T = [Tl
H HIHEE A< sticking AElo)th '
4% 2 AaWUES g Ao HAH Frug Fe A F T T
ol MIWEE sliding AHZ wAARG. oA AdlAE Ti=p, T 7}
gt} o] W g, 3 upd A% ol

MIAHEI} sticking FEIQJNA] sliding ZEIAA|e] )3 7]FL contactor A
Aol sticking A EHA A sliding AEIQA] AR 71F0] A}

g HARITV o) gig Hrke 9] FA Age] g3 @AZ o] FojrIch

A% 19 7% AaRE 9 HA 2 PN gdPe] AAFY Add FH &2
Ath(Figd2). ©) A% dHHL uz 4RV 9 3z 2uh
A% 20 A5l el HY EUEs ddP9) #AE Figd2d (D)ol B
A 2ok o] 2 uigh 2ol sliding W& HS, GHHL vz 2o
371E 7HAH MIIHE oA dAF Fro] "} Figd2d R AL #HHA
£93 P AYPo] Y Holh YA EAY ASelE (F+)/2s
Og oz Fejxe (2 uid doh

b= 27 (4.32)
t d](z—l)( t+Atx}§t—l)+ t+Atx£f;11) .

olAe aoks RE ged 2o = AE HAs Y= AL, "2
HARG-D - Wy Fuys R HH FUgozRE AA=D, ¥ 3
A7t olFolAE A AaNES] UM FuF HH FugL 0o )
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4) MOHET} 2ol iterationoll Al sliding &% &eit2 of

AZRES} sliding B% el AU ASNE & A3 W]E Aol of
FolZn o] F¢ & H2 wF AFE k.7t AHSEtE Aojth ¢ A
28 19 A$ AaNEY FHE stickingl 2 AFHY, A3 29 AL A
HE = A% sliding AElo] A fdt
5) Contactor- A& of Atef

U contactor A|IZUES] Fel7t ZH =W, o|o] W} contactor HH S 4
& AAE 4 ol Table 19 contactor A2 AElE Hrtsle 718 &
dath o] 715 93} Z contactor Ao Wil 748 XY £/ 2
A "tk & HZEFo] o]FoX A AAAY AP A WA FIHHA
@om, sliding &Y ¢ 17, sticking ZFL A% 2749 LA Ao F71
t}. '

)

b} contact forces

(a) geometric variables (b) contact forces

Fig. 4.1 Definition of variables for segment j
(right superscript (i-1) is not given)

‘b¢ 1

( H+ o ) T ( i+ 4 )
2 T , 2
t: l J) |
k k+l”

(a) case 1 (b) case 2

Fig. 42 Tangential tractions used in calculation of contact force vector

vl
T
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5. W tidE 3 IUE Ao dier sfa = Y

£ 1AdEd Raosgt &
WO/AY fRa2E s

52 Andre 24

284 24 AFL YA Eddo] o3 ZEEHY o] dux] el
2dd ma ¥ /e Az 2T g Az g BE AFeER
B o] AgE AalFe Aol dasid fFieds AN FAAdAM AFT

ule} o] Mooney-Rivlin form¥ Ogden form¢] ¥ @ oYz TS
Aoz Folxd

W= (L =3+ Cl =D+ Wik bJy) 5.1)

= gl[_zi[ (Lla"/2+Lga”/2+L3""/2)(L1L2L3) «a,/e_3)]}+ Wi (L)

(5.2)
§Wa= 5 2(§3—1)? (5.3)
B dFdME  Mooney-Rivlin formS &%Z¥ oS3 2
James-Green-Simpson HHE Egstgct
o W= Cio( 51 =3) + Cn( 6J1 = 3)*+ Cxo( oy —3)° -

+ Cor( o =3) + Coo 0o —3) 2+ Wi( 0J3)
el 4z 4 Fo|A Mooney-Rivlin form¥ James-Green-Simpson form
EL X ANE Zdd dis] du HAAE5HE HLEd JHY ASF

£ & F 3, Ogden formo UidA = Levenberg-Marquardt®)
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iteration methodoll 28] HH o AF+gE S & Ut Z AFol 3 curve
fitting =& A% Iz TEAA, 4 Add A FE AE EHE ¥
oJFH WRAM AFES At AEFES AT HHIE ATE
#L £ BdolA 1 g U+ U

30.0 o
/
4
/
é
/
. »
/ /
200 /
2
£
2]
©
£
E
<]
z
10.0
/ﬂ
eeseo ynioxiol test daoto
r 7 masen bioxial test dof
awarea plangr test dota
ceoee fitted unioxial data
aeawra colculoted bioxial dato
asrass fitted planar dota
0.0 A A i 1 2 1 1

" i "
1.0 2.0 3.0 4.0 5.0 6.0 7.0
Stretch

Fig. 5.1 Fitted data by uniaxial and planar data
(Ogden model with 4 terms used)

N

53 W9/ 8x AN

=

HA FAl W AF/AE

s
93] Treloard] U L HH W3

ot &
fo
k>
(U
e
ok
424
£
=
2
i
K
in
1o
o
ol\

Mo wo v

Pw Ay TAT @ sl FUwy a4s AEH WY EAS A4

ZAxtg B RAolth AF A4 A &4 FFde A ASFHEd A8 &
9= 34 2 BEa 92e ¢ 5 Ao
fol AZol 2 AEL 41 WA/AH 209, 93 248 AEHE
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=t s4E 400% - FARAA FF Aelm (50
= LAS i) A8 100842 & Aot A

Bde 2 EAHE

stretch). AA) FE9] .

)
o my rr a2

Sl of 52AS) 27HE BT FA MFEAY F=E AF G A5l
o3 ==, o) & Z= YRolA Poisson B9 T BAE ZEE
sttt
~ 1.
X = 7175 (56.5)

o}2tx Poisson Hlol o3k ¢ 049 ol 4o zto] HEE sjobsty, uto}
AH g AFE & FS 2 gl 23 Poisson H @S 4¥sA "o
Boh AAZHA Al gt e ¢ 3o HE: ZAdA nl b9 2o,

30.0
20.0
173
g L
>
=
=
£
o
=z
10.0
fitted plonor doto
°°°°° doto coiculated by FEM
o o A L A A A A ' 1 A 'y A
1.0 2.0 3.0 4.0 5.0 8.0 7.0
Stretch

Fig. 5.2 Fitted planar data and calculated data by FEM
(Ogden model with 2 terms used)
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6. PC 7|8 2D CHHY iAo =233

6.1 7 73

ALE 23t AE GngEy WY-¢d F¥aL FS=E olgsle Az
® Solverst a4 2} 7H§7£1§.§ A28 Pre/Post processors= Microsoft
Windows 95/98 71 % Hg #j4 Z2ad9 Y4¢ 223 ok Pre
9} Post-processort Microsoft A}e] Visual C++ 4.2/50 7B E& AL3) =z
4 H3AJ Windows API &8 o] &3t3tt. o F T3 25 234
RAEYS ttF0, Pre-processorE Solverd] 948 md& AZHQ 7%
o] g3l HastA At 7% Post-processort Solverd 2z 3+
agg e ol g EHde 7S AFUAY. FAAHL Z2aYe T
£ Table 6.1 3} Zt}. ‘

Table 6.1 T21Y2] 74

za2 Yy
Mesh-Generator
Pre-processor

Solver
Post-processor

ox o mo o

d
 foofeofi |1
Hﬂ.ﬂﬁ

6.2 Mesh generator

[\
)
dg
0%
=2
e
il
™
ofk
o
ol
o
W

o
R
oft

22 1 elementd 4719 nodeE ztE v
He 450z JNIT. =Y¥A AYsde) HejE 23 9o Windows
ZTEXE A9 A EE= Windows WellA 7t ofd
MS-DOS ZEZE AeolA A7 4 9ok Fig. 6.1¢ #AE 442
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6.3 Pre—processor

Z 2339 Pre-processore= Mesh generatorol A ZHAE w4 mdE ol &
7Y Marctt Nastrans 9] 5o ZA4dd vi#7F £3#d w4 bulk
< Import 3t Solver ¥¥ I}IS FHAGste 75 e AFHoz AL
Solver®] 432 oj¥ MS-DOS ZEZE AHold EJHor 4y & £5
A% Pre-processor®] Weld A7 g3t 2% 2Fete J5E A4
8t 31tk Fig 625 T2l 24 € Solver input 29 Yebdct,

6.4 Post—processor

Post-processor®] 7%, Solver? A3 udg EEo WY c}"}?:}', €Y, ¥
g 5L MANHoz o4 + AEE Contour B7] 715 S A Ysta, B
Pl S Animation 715€ ARG ABAY J)5e) FHL 2de
de FHE B 5 A EE WA 185 BES B4 2 £ YA 9
¥ Shape 7%, 229 WYPOR s WioN LA4F 3 = W¥ER
HE & 5 JA 3)F+= Contour £ECZ yHdr, o]9 —r7}73°] 7SR
= #9 715ES FY FdEA £837] 94 Zoom 715 E0l TEHA
£ View %% 187 @42 time stepe ZAHE 715, Lines 74 ut
e 7% Sol ¥ = Option F&o] .

o] & Byl T2 aWOF Curve fitting T2 o] ¢}, '_T’.—'?- /‘]3"°ﬂ

F28 & = AF9 FFEZE Mooney-Rivlin, Ogden 2term, Ogden
3term, Ogden 4term, James-Green ©] $ltT}.
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Fig. 6.3 Deformed shape Fig.. 6.4 Stress distribution
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ALy ZEade 7 az &7 98 44 TIYMARCH HZE gl
A5 8L 7187 8 w4 2de o] ). ALY o4 nye
dumbell 3% 15 AZA|Ho|y o] A5 Y By dyuolEtE Mgy =
23#3 MARCIE 2] ol&3dt. Ag ¥+= Z T2aYWe Curve
fitting Z22YL o] &3t Ty, AH AU ALgHA gn dAQd &
g o183t 112 29 dUth A24F L 2P g3 2o Table
6.2= Curve fitting Z2I1#E o] 839 29 Ogden 2 terms Ao},

() A3, 844 : 583, 520

(i) 7Faid ¥ : 200

(iii) total time step : 100

(iv) time increment : 1.0

(v) iteration method : Quasi Newton method

(vi) A Zo] : 50 mm

Fig. 65 MARCS 7igdd Tz R Wyd YL vads 13
olth. ¥ 2¥ EF 2002 A%E FYF e €Y YHE RogF1 9
. Fig. 662 Zt T2 9) Cauchy stress (x& W3 E¥ = gy
Adeltt. 94 22 ¥ EX YHE B9Fa glod Hue Hag =
& olF Z4¥ Aoz dXsPTt Fuz F LY By z Zaadg
Post-processor& o] 45}¢ ZA At Table 63& = Tz A, 3
A $¥3%e vehdh

o]

a

~ Table 6.2 Fitted materiadl property

pl 0.0352359 al 251586

17 0.00882602 a2 -1.94835
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(a) MARC

(b) Developed program
Fig. 6.5 Deformed shape

Table 6.3 Comparison of Cauchy stress

Developed program MARC
maximum value 7.73e+000 . 7.561e+000
minimum value 4.11e-001 4567e-001

(a) MARC (b) Developed program
Fig. 6.6 Distribution of Cauchy stress(S11)
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7. 3% mE s

e RMPE F &8 M W £9 dIo] "ed HAE T8 Y F
dAl EdE 3 23 EAE A A "ot ol 3Ad A4 2de
M= sdo] g, 535 nF REI go] YEy
1 oA A% A9 sl olFod & 7 HEo THAE &
ZE NEF olfre AA FE9 3% & HFoge AX
T el 34Y 2do] H5Holy| wfort o] HS 33
FEROE A F4E NFHoZ FHIEE 20070 olue
848 AHEsto M S Fste Aol niE A .
3AAAl N 2 Ao i FAAAL 2% M Ag 2=z L F gl
o 718 840 tiE ’ﬁl:‘f': T2 AW £ 84 FLHER AU E A
=34 ettt =¥ e v} 22 o|fE 34U HAE 84 F=d ¥
FA71A Fon, 24 FHE MY SHA g4z FAAY. A
2 3x9d =mde F t”-rl«l HA7EA] s o] o] FARAER U] F49)
=R Mooney-RlvlmJJr James-Green-Simpson 2 2<& Al&std o A
d Z=9 HFL Uy 24E o83 dF Y BAE ¥ A =
AR = curve fitting® Aol 9% TA)H wmsEs WP e ALY
o Y F3 8amde) P42 Fig. 7134 Zoh AALSHAL 8y Ao
FAolz, A5AAZ HY Fo| FAolth Fig. 725 4F vlole s} a4 o
H-UP g JYZoln. 2499 A9 w4 Y F
A e A AR s

ol R _lhl o rlo
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Fig. 7.1 Deformed shape & Undeformed shape
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Fig. 7.2 Comparison of resuilt data and test data
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1. ME
11 479 54 % A

2T Az Aol MAdde we 2 & Al W FRYHAT g
o 28y 2RARE FEYRGE 2 dS4 SAHol Feln niE vlEE
AE F&IE oS Holstt. B3 FuAAY S} FUEE, opFW Aol g
&8Ae 27, L%, 359 A7) Fol we} ofAEAo] A3 Wahsy] o
Foll Ttye A=A T HgAbHolA LHY AW A EHE AAHoR
FEslor & Wast Yok WA B ATgE YL R A9 u)
Z vE E4E Hgozs DRI o) EHE JALES AlAde] A
ES 48T $9S 23t AAo S8 5 Y= sux @k

AHE 1Rl 44 nTekd 54 NWEANE Adetm, 2
28 AYRAE AN, R SAANE 2HY + JuE

shel, ALE NGFAE o §3ted 5 nRAEY BN SHGE

THPH F8 ATFUHEES AHEY,
Dobd 54 AE3A A 2 a2 §4 &4 715 e
- G4 LAZAdAN vlAEGY aREAY ZHo] &o|F AP
H
- AEFA A gHEE AN BAH met 2 2
- AEAA AR Ve R
2) BtREA 24 A4Y 59
- AT AzE AGFAE o)L AF F8
- G4 hE3zAH QA g3 sfR &4 e}

- 2748 dolge 1 2 H4

- 205 -



3) ula B4 AQAA AN L ntm 54 23 A% AR
_gge enzhdA ttASH oteEy 2] fold AYEA
7ha |
CAERR AT Bdn AN 2AE st 2 2
S A@AA AR 7lE gu
) ThREY 27 A9 S
A7 ARE NEIANE o 8F AW S
C goe AFEAT Al U@ spesy st
_ 2739 dolgy +1 2 4

13 A3E

1) 298 nREAsY AW 7A32AF ALzAsNM ue E4& 793
gozn LFARI ol&HE ZIAN2"H Y 7|AL2e] ATE A&
Zstm, A4 YE AAY N g

9) LEAR vt E4 AYFA et SR MAVE S

2. OhEotZ A[ET|9| J7HE

21 N@7Y 7% BH B o727

SANYIE ¥ FR) ATF FEY HBEYE I 2AFIA
24T & e 715 BEojokeh
Ag7de SRan s ARG FUeSel B ouix L APz

#E A57F Solrtel (B M. S), Aol Bd AUH ANFAI BF
A7k AG71ZRE Yster 87 HEANMS), AE7IE EYR: FHz
Ed59 Fig. 13 29,
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Fig. 1 Black box diagram of the tester

AtAASE 2Ae7] dME AR NEAR Aol FeieEol glofok
3, ol § B Aojo] ZLE FAAY stAPL AW vlBAFE
ARG 4 gk vpE AsE 53 FEdolu £E7} 00 oldm BuHE
T Ew Alolo] EeotE Ttk T EA Aboldl FAHAY FAHo 2§
e AN AUeE e LAY AMAE, 1‘_ F&3} FAH25 2
AULE 75T 2 BEYF0| glojob drh AULET $E4HE
zAsm A7) A% 2R 71550 Yashy, omf@ BE J5E5S £
st AANSTRE Fig 29 2o

» Fixed dard
spocimen

Temperature,
Speed, Distance; .
*| Number of cycle |

p— [
P ‘I Friction
ﬁXi"B M

<
- I

( standard signal; Information : Temperature, Velocity
Distance, Number of cycle

Specimen

|
|
!
!
[ Control:
I
|
|
|

Fig. 2 Functional structure of the tester

AR e e £ F RW Aol #AHE 55 b A5 49
20& golFolobat, aem olge AW 2ACZE FFRHEY), &=
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L%, AE, A7), 4UA A} WTHEL Lelstd FRHoz &
E7b 27kstEA ohd AS7t RolAA B 4% WAE nEste Yehdo,
2E715Q AW AW Tl eTHE AYL FULTEA FEAE
EoiA ghotol stof, ol ol S0 FPL WA ¥ AW, By 2
747 oz £E7} Hojok Wk E @7bolojo} AL, TEAHoIA Hois
250l 7Hsatm, @ - Ho] folslof T oha R,
2 © ARE YA} sbsdtelor $ AUeSol BY 2FAFAY
3 AMnPeLel e BHHY 9%, nl2U] o FY THES} Ao
sel BAB)S stEEHe AR WaY 50| shsetelol shm, Ny
ANE BAF Jeist FAHolo} s, AR olEe 2uALY R v
o] mysojol @t A iyl BAY zHoZE e P9 AZol
s slor sta, 4% AP Holojo} ahm 15 zHo| folsjol @k vpa
A2AE AAME SHUBL ARYRT PAAoI, BT AL AN
o golstsl o8l & + st UAY A5E HEojordth AojEHANE
4Rzl AYAE 717 F Baslor st Aol ook AeHn
243} 71205 AFANAE T3 AAo] folaksl AHAo] Yojof e}

rlo rfr

22 AN&AFZA TA

Pl BEY A5 $HH aTzAd 92 GIE NAYAES neshn
MR A, AUeEe AU HALFoR, ARR 7E2A A P&
ARAR, £HYEHe 2242, FYZPL FYAYL 087 5}
2 FEAD, £A4EHY 22 2 VsAZS Q4AE o g
AY ARe Aoz wRLAAG. AGAAD S 2RE 8ol AR
Z¥E Fig33%} 2. .
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N
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& 23an vhag e &%

g3t 7152 AR

Main arm 4 Balancing Arme] F33t9, A AL nAHs L A
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Fig. 4 Appearance of the tester

Fig. 5 Parts of relative motion
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23 vEEEA JdudE

< A7l o3 EE vk R e, nhdYEe SHsed QoA

Ao egolds) THGE NUY AW 132459 BAGo] JFS HNA
Fege HoltHa AW s1ZAHe FEE FA8H FHeEe Yoz
W TARE wh2HE 247 A% JEAWo] By e W o
R

of A7] W&o, rt2goz g YFFol W T ALPo=N W
TYRWES Aol 245z, ol e EWd BIY 2EIHUA
N & o]&3t] ZHIEE =HYUTHFig. 6). ¥ 1Y 2L Yo 28
Aol 2Aste Aol AY FBHD (oo Ha]) FAHo] Ve Eatd
AdHoz HEHy] Wi, Hol npaHol] g Y3} $HHo] ot 3
°of EF Zg@ch FYo] At A Fe Tl o w@Ho)
7he gAgstd, 2Ed Aol Al sl EAHE WY g gL Yy
FAY JPS BF ¥ U gt 2EHAANRNE o] gdld =
AE A3 E w2 Adel olgstnA ¥ o, Yo o3 PPo] 9FQ
Qo Zganz, old o JAeE HESUL Fig 67 o] npza
F7b 2 gste A9 B 2eddAAs 2239 B9 A} |, @
HERES} I, $4AS EY W, SYZAES o3 dgse 417 go] A
At

2
rir

Fig. 6 Schematic diagram of the tester pin showing friction force and
bending moment
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Table 1. Contact pressure of tester ball

A A '

e ~ |4 | B CIDIF
HAEAE
» \ 45 | 45 | 45 | 41 | 415
(mm)

’ HEHA ' :

10 2 1590 115.90 {1590 |13.20 | 13.53
(mm®)

HEUH
(kgf/cmz) 641 | 6n {641 | 772 | 753
HEAE

495|525 |51 | 53 | 46
(mm)
@itﬂ i)

30 (mm 2) 19.24 1216512043 [22.06 {16.62
HEUA 1590 1413 1386 | 18.40
(ke /sz) 15. 1413 (14.97 | 13. 18.
HEAE

545 153 |57 {565 | 51
(mm)
Lk

50 2 23.33 12248 (2597 | 25.07 | 20.43
(mm”)
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Fig. 7 Measured forces and frlctlon coeff1c1ents [F‘ FI’ICthI’l force, P

Normal force, u Friction coefficient] (Test cond. : A, Temp; 23.5C, Load
20N, Velocity; 2.7mm/s)
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Fig. 8 Measured forces and friction coefficients [F: Friction force, P:
Normal force, u# Friction coefficient] (Test cond. : A, Temp; 60.0C, Load;
70N, Velocity; 13.8mm/s)
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Fig. 11 Measured forces and friction coefficients[F: Friction force, P:
Normal force, 2: Friction coefficient] (Test cond. : C, Temp; 60C, Load;
70N, Velocity; 2.7mm/s)

nRW FEEHN AU SHEASF FFLG oo}, R 1T A
po=S

& g zx43n4, 4% F99 N2H J@el 59 A3
o) LT NWL A Fejel BAZ ARl 4 3FS A AEolA, A

- 217 -



AA WFeE W UM =AY njRYS A alAASE AN
sttt AW FEFse EEAUL B FHoY FANYE nAddg &

E 8% % 2x Wge g AL 1T U 59 F9) 59 Ao
A=, AEE e AU Aolwre FHTA x| ZAGMT A
= 53 .
ARG vt e e B AU 59 Ag22X4 742 A22 242 7mm,
10mm<%] Az & Hejot), Tz]?_ﬂ,% 60N, $ X+ 9.8mm/sec °|i, 2= A
<o},

HEEd 2o 48 7] AHe] o8] W B nago] zgstm, o)
3 delle FIEWES Aol AsA HH, of Y& H2E W

F3E 2EYAACIRAY AP Eo) ) SrHoz APtk FAYLe g
o] #2d H2E WA T Mg 4XY 2=AL oL =AHUYG 4
A vlFH s ADEEE B3lo Doz £33 AFstn, PCoAM np2
A& A Ao

40.00

20.00

0.00

T T I T T T I !
0.00 0.10 020 0.30 0.40 0.50

Fig. 3 Test result of linearity of the equivalent friction force

32.2 54 A3 9 n2
Fig. 45 429 d9d ASS nezE 24 Aol 1] nol:

- 218 -



He} o] Agol o]8¥ RE AL stick-slipe] ¥ Hoz FAHE )
B datel BAstel, A A £59 ALAE wAAS go] YA
X3 Fr)Hoz st oYW %L 1T Y F5 AL HAe
olms AmA s} HANE Z4Z A A%(s)h FoHE AR FFHT

FANN Fa\ Va Dd
NN/ 7N/ \V
7 - 7
T 1
7 Y
SHE
-0 o~
-30 )
—in T 3
-n 1 A1
LY Z A LY
-€9 - 4 Wi AN
=0
Iy
I
Y AN
AV i 7
'}
.0 2.5 5.0 7.5 10.0 15.0 20,0 25.0 30.0 35.0 40.0
(a) material: 3840
7 N7 7 N
7 / L7
7 AY 7
7 1 7
]/ \
] T
R U]
[}
~-20
- 7
40 T yi X
-60 AV 7 X
AN AN AN XJ -
-80
A
1
I
AN VA T
J i Vi Vi N yi AN i
1 T I
1] AV I
i Al Fi
Y 1 'S
.0 2.5 5.0 7.5 10.0 15.0 20.0 25.0 30.0 35.0 40.0

(b) material: 4143

Fig. 4 Measured forces and friction coefficients(Continued)
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Fig. 4 Measured forces and friction coefficients(continued)
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Fig. 4 Measured forces and friction coefficients(continued)
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Fig. 4 Measured forces and friction coefficients

Table 1 Friction coefficients of various materials

Materials fo fx
3840 1.32-1.45 0.9-1.0
4143 1.45-1.50 0.97-1.0
4444 1.5-1.55 1.0-1.05
5051 1.25-1.3 0.7-0.8
5961 15-1.6 0.9-0.92
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Fig. 5 Rubber plate with tester pin
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Fig. 6 Test rubber plate and contacting state of the tester
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Fig. 7 Surface of the specimen after rubber-rubber friction
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Fig. 9 Surface of the specimen and wear plate(3840)

Fig. 9 Surface of the specimen and wear plate(4143)

Fig. 9 Surface of the specimen(5051)
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Table 2= 2+ AZE9] Alztel] @&

Table 2 Weight loss of' the specimen after rubber-wear plate friction

o2

TS BoFErh

material : 3840 , Original weight : 23.195g
NO Time Wi(g) AWg) | B] 1
1 30 min 23.009 018 |
2 376 min 92.166 0.843

(B6A1ZHI6E)

‘material : 4143 , Original weight : 25752 g
NO ‘Time(min) Wi(g) AWg) vl 31
1 30 25,630 0.122
2 360 25.062 0.586 20 rpm
3 30 w042 | oo | oOoke FIEEE

Fo '

4 157 24.800 0.242

Table 2 Weight loss of the specimen after rubber-wear plate friction

(continued)

material © 4444 | Original weight : 26.448¢g
NO Time Wi(g) AWg) vl 31

Zf] Al 7F paiy
2 30 min 25.547 0.901 u‘i E] el 2 A
. °F 20 AXx

3 30 min 25.206 0.341 e
4 60 min 24.995 0.256

375 min
5 (6A17H152) 24.442 0.553
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Table 2 Weight loss of the specimen after rubber-wear plate friction

(continued)
material : 5051 , Original weight : 31.400g
NO Time(min) Wi(g) AWg) v 11
30 31.300 0.100
2 360 30.694 0.606
10.05kg F7}st=
3 30 052 | olp | 0%ke THEHE
5o
4 157 30.109 0.483
material : 5961 , Onginal weight : 33.190g
NO Time Wi(g) AWg) H| 31
A AT zl
1 30 min 32.660 0.53 1<kl A A
ul &
. °oF0E AT
2 30 min 32.490 0.17
ol g
3 376 min 32.190 0.3
(6A17H68) ' '
4

27] 308 Bt ntRFoly, EHALY AelolMe] utRF WolA slm}
A wol WA AP A 44440tk WA, 4R 44T J1FE ALz
o, e AAEe tEAFASE A4, Table 33 2o,

DRGNS NF AR RB/ERAA) bR

7] 30% B vhmee AWe] 27 EW Jue] el Be Jye wg
2 2353, A4 Ao HolHE Ao wat BE olsl Hold, B
AT AMLATt QA ALelN ALFE 1§ & A ol AH A% AL
Aoz a5y §Ro, ARARNLE ZHALE AU gol A
H940] gle Aoz wudn. |

U

o

Al

i o

=

- 227 -



Table 3 Abrasion resis.tance index of the material (Standard Material: 4444)

k) %7] 308 E4AEE AH
3840 485 1.80
4143 | 6.62 2.48

4444 1 1

5051 ' 7.09 1.75

5961 1.70 1.89
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