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Abstract

Cardiovascular diseases continue to be a leading cause of death worldwide, often
requiring emergency percutaneous coronary interventions (PCI) for treatment. Among
these procedures, the treatment of bifurcation lesions and the use of stent overlapping
techniques in multi-stenting procedures have become common approaches but pose
significant challenges. Patients undergoing such procedures have a higher incidence of
in-stent restenosis or acute outcomes compared to those treated with a single stent,
primarily due to inherent limitations in these techniques. While several finite element
simulation models have been developed in academia to aid evaluation, most of them
idealize the artery components, reducing the overall reliability of the results. Currently,
the assessment of patients' postoperative recovery heavily relies on physician experience
and long-term follow-up studies.

This study utilized publicly available patient coronary artery datasets provided by
the National Institutes of Health to construct realistic patient-specific models for PCI. The
research consisted of two parts: treatment of bifurcation lesions and stent overlapping
techniques. In the bifurcation lesions models, two different commercial stents were
combined with two treatment techniques (Simultaneous Kissing Stenting & Crush
Technique) to evaluate the feasibility of implementing these treatment strategies. For the
stent overlapping techniques, a well-defined VYW stent was used to investigate four
overlapping scenarios: single long stent deployment, non-overlapping double stents,
minimally overlapping double stents, and fully overlapping double stents. Additionally,
the robustness of the model was tested in this part to assess its ability to withstand extreme
conditions. The VDISP subroutine was employed to significantly reduce the time required
for stent positioning at the lesion site, and quasi-static analysis was conducted to examine

the complex interactions between the stents, balloon catheters, and diseased arteries. All
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simulations were successfully completed, with analysis efficiency improved by more than
twofold compared to previous studies.

In terms of the model results, this study conducted comparative tests on two
materials: normal artery components and hardened plaques. By comparing different stent
brands and treatment techniques, the study evaluated postoperative stent plastic strain,
overall geometric structure, maximum vessel stress, and lumen gain. It provided
quantitative data and visual references as a basis for each treatment strategy, enabling
analysis of their strengths and weaknesses. Through this comprehensive assessment, the
study aimed to identify the optimal treatment method among the existing options and

enhance overall medical effectiveness.

Keyword: Finite element analysis, Patient-specific modelling, Percutaneous coronary

intervention, Bifurcation lesions, Stent overlapping
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Distance From Proximal Tip (mm)

W33 H8 I iRE e ek HEM G H
3.1.2. § R3]

A PClip g sh i T A L F e gpimd 3% 5 2 F
Ak 0 Bl PRI A R i e o LR Y F SRR B A s P
BEFEEOPClInR » 7 b L EIVERE AABURH e AR R R 2 o
MR g R AeB] 310 d ¢ R enfl4L q/fr,ﬁrﬂﬂ__l_ o) ﬂ%mﬁm}ﬁs\ F TR ent
R R SN I R S E 7 S 'T‘ R o B E DA = (Profile) o
i e ﬂ}:}ﬁ; AR e g R F kent < 2 %}i%[ﬁ]f% » BEIE X UV _2mm T
Amm> £ B 10mm I 40mm ¥ F o
EEEEE SR

BB CEA R E vk 0 AR B BT MR 7 4 (Micro-CT Scan) = 48
FohenB oo o dof] 34 4T > PR FRE F RN 24 o Frkde b o 2
BV A LA BERE > §AELY Bt (Folded)® » £ §F MR R 1F" F i o
4o 3-4(a) 5 ¥ - RIES et B (Semi-folded) % 3 > F1 5 f $Rend 337 @0
EF o FFHRAY BB RL  ELERRGRTRR SR A Y
B4R B34 (b)) A TR TG B BATS A S LAmmo B RS

RIE bR D 07 mm: F Q& RS EFpt L 12mme.
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o)

B34 77 CT# 5 £k (a)° &£47dr(Folded) & # ~ (b)7 =3 L & B (Semi-folded) % % [64]
: S I
d g e giFsR > A Y % % Abaqus ﬁ*] * Fh(inp file)ie (7 p 2 & enipe
¥4 4 - Abaqus %]/\;ké,ﬁi FURKETEEOGRAETE foF BAF i 58
20 P EET R R FHAF B FRAFREFIER S LSS
» FIP T R REF S i‘@labiﬁlr o
~#* 7 & * Matlab(The MathWorks Inc., Natick, MA, USA):i& = Abaqus ﬁi%J » Fh
B o B Lo L7 B[ 3-4 chRt 248 T 32 (Region of Interest, ROI) » 7 i B § 5k
e 5 #f 41 (Edge Detection) » & * Matlab p 2 ehg @ # iv > B4R B Tl an
i R (838 7 2 B (Binarization) Fas o KL KB im O 0 F IR B AGE T AT
o T e P EH R Y LR e gt o R F A e RERS Y B F B
TR RS BAT R PE R R PRI R A 2 R
BRI RIpAg i P15 F 3R ks § B b3 g 1 > Tt Rt € F
ERpEr DY BRI ER RS OEELF > I 2 A5, £ (Spline
Interpolation)é3= 34 7 M B~ {7 3% T 3 2 R & B Bt L KB Bl BL X e
AT R F RS B Y REER AL 0 A e ehE 0 (Aspect Ratio)
AfEn PELT AR LEERLL AW ERE- [ AR UL RERE IED
AP 2 4[16] -

R e Y A Matlab = & > 3BT SR B IF S F IO edT e
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E FEEAfreft B RETNE 7 EERSHEB oo X2 A RGN IR 2
t6 e Abaqus 4 17 o F FRECAIhge Rt = e 6 HEER A E %~ % (M3D4R)
PERRAELRE 2% 5 140 B~ dhe 5 120 B 0 BB e fc s 16800 B o 4oB)

3-5 5 o

B35~ F Al eRplr T LR

HRL T
PCI % i i@ % chjf 3 4l (eps 2 % L83 &0 (DF ks p IR
A R e S A4 B (2)%‘71{%/"5& & JB 1 l-‘i'-}a - T ER R Aot 4 TR E

L A4 KPR F R TH i Q)F AR F RS L EEY
R D S et PAERA T BAREN AL R R TEALG T L
B A F IR AR IR T S 2 e v B % > X 10 et (Compliance) » £
FOORRIEAN AR £ R - BILF -
%@ﬁm%mﬁgﬁﬁﬁ%ﬁ%’ﬁ%ﬁ%@ﬁgﬁgﬁg@mﬁﬁﬁﬁ%

R RARE- 2w G F SRIFIEMTY ARt B iehf Bho 4 B R AL R 4

k23 1 MPapF o ptaE g ﬁq‘g” R R B DR LA AL miER
B g A EFsRfoies § S F 10 Flpt A F A W ¥ €/ L8 & (Semi-
compliant) ¢ 2298 f& 4 (Noncompliant) s 3 & = = Tk & #% § 3R P 5k jiren < jiv iz
#x[64] -
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F. 3-1~ L Rodd 3k 2 8 i i 4 (Compliance chart)[66]

Pressure AL o
(atm) 150 | 200 | 225 | 250 | 275 | 300 | 325 | 350 | 375 | 4.00
4 1.36 — — — — — — — — —
3 1.41 — — — — — — — — —
& 147 | 191 | 223 | 234 | 260 | 281 | 3.14 | 332 | 361 | 385
T 1.53 195 | 229 | 241 | 267 | 289 | 322 | 342 | 370 | 396
B8 158 | 200 | 233 | 247 | 274 | 297 | 329 | 350 | 3.79 | 405
9 lel | 203 | 238 | 253 | 279 | 3.04 | 335 | 357 | 386 | 4.12
10 lod | 206 | 241 | 257 | 284 | 309 | 340 | 363 | 393 | 4.18
11 167 | 209 | 244 | 261 | 289 | 314 | 344 | 368 | 398 | 423
12 170 | 212 | 247 | 264 | 293 | 3118 | 348 | 373 | 402 | 429
13 L.73 | 2,14 | 251 | 267 | 296 | 322 | 352 | 377 | 407 | 433
14 175 | 216 | 2534 | 270 | 300 | 325 | 356 | 3.82 | 412 | 440
15 1L.78 | 219 | 2538 | 273 | 303 | 329 | 359 | 387 | 416 | 445
16 — 221 | 261 | 276 | 307 | 333 | 3064 | 392 | 421 | 450

AFT 3 % Fulerum 1% 3 f s 03] etk HHR Fulerum s 200 s 2 f 5k
FRHGE ERF - F TR T4t 314977 0 £ 319 FES fd BHE G
I AL 4 (Nominal Pressure) » T gt B 4 35 43 F IR BF > & IR 7 DR PR 2
e E j5 (Labeled Diameter) ; & % ¢ %4 B 5 § 3% cn3g 2 R % & 4 (Rated Burst
Pressure) » # SR Ak P> H 2 F €1 A1 ITRA RET R FREH A - F

BRI ERFHRENNE AT > T 67 RAL o

20 KB sheni AL > DeBeule % 4 @ % F s e et o R E R R
4 2 7 4r & %32 2 (Thin Membrane Shell Theory) » & d& 7 3 41 @& * chfd L 842
[67][68] - @ smahenié * £ = B BER L > ¢ M SRR £
4 (Isotropic) * #=ig (Homogeneous)» &k 3K+ » BR F R ERI&RE ¥ 2% > K 2
FHRER L GBI E Dy PR EER DY/t =250/ AEREEOHHT > § 5f

SRPE S AF RS FALLIB AR R KT FHRES S 5 0o
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(b)

B13-6 4 7k2 (45 2 ()& G f o 44 15 F[16]
FAVEFRARALWIRRS pFo RS L 0atm e E S Dyo 0 3 ET B
d & BLMPAERE > BET G RO e B AT I TN

_ Dy =Dy
€o0e =D — (3.1)

B P oggee & 1 AZ(HFE) & % (Engineering Strain, Nominal Strain) - £ % ¥ g Bl
3-6(a)7 hgF e 4 T, £ YF=07#:
v

2 D
209 ¢e(tpl) = f _Pcos 6 x 7bL dé (3.2)

HY L3 FER P LFHEENE BN (32T 7§ 3T

=
fF
A
9
3
=

N R
PD,
=— 3.3
JB,ee th ( )
BF Y Rpsfbpe w2 4 T30 PR I6O)KEER 2 4 T gk

LYE =0 X B EREER R e T A7 S aDyt, 0 T T F 4 T frhe

- -\

v

T
az,ee(”Dbtb) = PZ (Dl% - Dcz) (34)

A Dei f ibiaED S ehd s BN QA)FmET W

1 (Dg Dcz)
o =92 ¢7 35
nee 4Dyt (3:5)

B w R ah ooy R g7 252 2 BT A EE
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#Lenie & 3 47 3¢ (Constitutive Equation) » ¥ 7 3 = e B % 5

€gee = E (ae,ee - Vaz,ee) (3-6)

B Efev A u L4 S HCBcfoi ot o 2 F 8 F &4 (True Stress) ~ &% (True

Strain)fr1 A2/ 4 ~ B¥2 s el o™

Otrue = aee(l + gee) (3-7)
Etrue = ln(l + gee) (3-8)
1 &L 5oz = (Hooke’s Law) 4% 58 (3.7)fr 8 (3.8) w4 - 1 e = cnE F
T

09 true = (Ge,ee - Vaz,ee)(l + Ee,ee) (3.9)

i e b g R R

€g,true = (1 + €gee) (3.10)

1% 3 g e 2 58(3.9) 4058 (3.10) » £ e £ & 3-1 chg HOUESYE > T kW F
TR AIET] 3 mm pE o 17 G 51077 MPa s Bt BRIk i e B R
Au G 042 002mme ptize T F T e R 2 F o
313 FHH®ESn g AR
EAEHE S

B F A BB o F B R e F o T A R RE e
A eng A2 d 5K Bk B4 Ring BB Connector ghre i 25 A & B
LA E - g R P 540 W) 37 477 0 @ Ring B ALY { AT L
H(UnitCell) B et 7@ & 8 ~ g fpahe £ & % 1 & 5 Crown £ Strut- 2 ¢ Crown
@ P Rl e gt 384 > B Ring ¢ anH g4 dc® ¢ Crown i 4p

B> @ Strut B 5 dhre chta e B4 0 * StadidR T h Crown o
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Ring

Umit Cell

Connector —=—m——— Strut

Connector

Crown

e (oW Number

B 37~ & 2)ehi § 4 2% S5
AELPRF LT S EHRE R E L A E 0 L RS e R

Yol

W

R A AR E F AR B ARE P EBR E A T b
& f 2 2 enE i (Modeling) b o g * gy FiT 0 VA o

T F P4E £ R I 2 (Abbott) 2 7 eh XIENCE Sierra o4t B % # (Biotronik)
A0S0 A A E TR FEH S AT WA-B 38w o F Al pEURE
PP B REFRL F L% S EP§RHFH £ 22 (Frame Line Scan Merge
method, FLSM)#-4a 3 1} k e id iy chet st £ £ 2= B 5% 2 4[69] > 2 %
4oB] 3-9 0 Pt L B GE A ER DR RE LG LR REIKR P A
W fr P W L 28 RUGE TR AT R Bt pad ORI AT A0 iE S
AL TR L iz AR

¥ Image) E Bl AR e TR R0 E T EL B EA B &Ko
¥ L& 2 S dcde Strut £ % & (Strut Length/Width) ~ Connector £ % /& (Connector
Length/Width){= Crown =2 i (Crown Radius) - $% ¢ %2 R4z 7 St & o 4
Ao Bfs g * SolidWorks (Dassault Systems SolidWorks Corp., Massachusetts,
USA)+{= AutoCAD 2018 (The Autodesk Inc., San Rafael, CA, USA) = = 3D -3 = >

Z 5 4B 3-10 #1om o P RK T A T A 2mm e
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(b)

% %8 @) © (a) Sierra ~ (b) Orsiro[70][71]

F38- s34

Orsiro

Sierra

Orsiro

Sierra

B 3-10 ~ & % 4 % 3D #3[17]

doi:10.6342/NTU202302303
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Rl A

i F A% EREPER OGS o Crown i g KR S B g A F)p

Al

EPELT ARG R EN I FRIES RS F S R0 (Hourglassing) 5o
P AT C3D8l A2 44 ST etdls o 4of 3-11 foF) 3-12 =
o AR IR R HCAI[AT]R 2 o & AR AR A 4 - % (C3DBR) R iR
EESIEC AR F € B b S SORAMLE SRR SRRy g 2 A A

Y REIRSE R Y

doRgEn g TR0 A B F R LA HTERY A

R

B] 3-11 ~ Sierra £ ZE 1314 7 2. B

B] 3-12 ~ Orsiro & ZE .44 7 2. B
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% Abaqus % 71 # ik ~ 47 (Explicit Dynamics)p# » = F 2 chn % ¢ «f § BE =
AT B 0 @ R38R F) S 5 48 2 pF T 3 £ (Stable Time Increment) > 7 *~ %

TE G
ot = (3.12)

HP Lf 5 AFenddich B o cq » AL e 8 1Ei# & (Dilatational Wave Speed) »

B E(1-v)
%"jm1+vx1—2w (3.12)

PR OEGH Aoy IFRY o p s HERA -

GURAY e F T g B0 F R B AR o £ R LR X R
FRBERHTEEIAITER 57 AT NFTRfeA T ER LR EI G TR
F ORI RIE A TR B R ) o AT T arthRIER 5 F 4 % chvon Mises
Stress s BLEIp R > o B X F R R R IAL »Strut B R K2 B B & AR -
FEE P 10K - £ 54E4T S Strut B A SNSRI G 3 4 kA BE T 10 A
BA el 2 0 A A % T ac iRl S & 4o 3-13 o] 3-14 4757 » Sierra i F &
P EAZABET 126 F B VARG SR JTac @ Orsiro & F A E R RS

FRBE GBS VLI ea S AFEL R A AT R
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1325

1200

1075

von Mises Stress (MPa)

950

1400

1300

1200

von Mises Stress (MPa)

1100

0

100K 200K 300K 400K
Elements

B 3-13 ~ Sierra &£ % ~ Z Je a7

500K

0

200K 400K 600K 300K
Elements

B 3-14 ~ Orsiro & 2 < % feactt A 47

34
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LT R B ARE R L AR R AR TR L% SR

o
f
A
P
ERy

2 N4 R A F 3k 5k A (Balloon-expandable) 2 2 f # 3 3k 4 (Self-expanding) -

ERR AR AR AL AN EHBELE L AT ED B F IRPFRITTAA
F > i % L-605 4-4% & £ (Cobalt-Chromium Alloy) 1% 5 s # £ 28 ot > % L
Sl s 203 GPa~ it 5 03~ B & 5 8500 kg/m? » ¥ 15 BB 58 4

BEBARE S wo@ 315 8 HEFR -

2000

1500

1000

True Plastic Stress (MPa)

500 1 1 1 1 1 [
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

True Plastic Strain
Bl 3-15-L-6054¢4 & £ X %7 - % B
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314 R BRERAL B

E¥ FenReHEl &R = & 0 d ha 07 4 2o a(Tunica Adventitia) ~ @
" (Tunica Media)# p *%(Tunica Intima) > 4= 3-16 #77 o 4o i < )l;%#;:gql o221
o F A G bl P B BB LR R e 2
A IT R g F A BEART K bR MR IR R 0 4 e R R T

B AL MR Y B R L F SR Tl F nE G D R RS T

Artery Anatomy

Tunica adventitia
Tunica media

Tunica intimae

B 3-16 ~ # 5% F w3 7 R RI[72]

3 RHaSE

Pt FRGET B OEF S FRFEL FRFRfp LR Y- @ ik
Bph T WEARRAF AL 0 FIY AT TR P e o TR A E AP A NIH P Rt
T eh o B Rk B 0% STL A% 0 28 A% AR A e W CT Foife B384 1
21 (Segmentation) = ;¢ & 11[18] 5 iz fE#-CT 4 B f & L o = 1 42
fhE e T ¥ Lo 52010 # L LE* 2 < ¢ (SIMULIA Customer Conference)
¥ > Gupta f= Sett & 4 rifwg ¢ * Mimics # %8 (Materialise, Ann Arbor, MI) » # CT ¥

TR Rl RS E B F R ehd ] boB] 3-17 #57 [73] ¢

36 d0i:10.6342/NTU202302303



B 3-17 ~ #5% i # 23 7 R RI[73]

)\_
-\ﬂ\&

gz 2w g P~p NIH % o lca_solid_0 > 3%x ¢ 7
5k B 7% (Left Coronary Artery, LCA) CT #f % > i%iF SolidWorks % » STL % & >

?.,'NN% F 2 4 g B LL‘(/EH;E&nA\}\ B_»g s 4o @] 3-18 FT T o Bt A R

e
IRy
-
il
=%
i\4
=
ad
M

RF (1) B 3-18 s F x4 o FERER Y AR L

Pro(Q HFLABEERPTEY AP LEELTE A E B
z

$hi F 1745 80%:iik iF

Eﬁﬁ%%ﬁﬁ&’ﬂggwﬁj“égﬁlfﬁ F)p i CT B st #i

‘%"’“

22 A P oW g SRR i i8R RS FNF IR IR S A
g l‘ﬂffﬁ'{ﬁﬁ“f‘”i FemR £ A ARG BB T 0 F R B 3w
*i‘} \"}: imj 'F FW °
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W3-18- A2 i =% 7 A

ER Sl

g B RPLREIR o TS R EAN MR p STL AR B kR
R AT AT e e S8 B R T L E R 7 Abaqus B & g ¥
FiF> R ZARPERBEARLTEAF e B3 ML eiiErira FIE R
3F b AR o

d 3 % STL 4% % ;8% ~ Abaqus s+ 82 i 2 % 42 (Orphan Mesh)=—
R o B E R S T AT L LM R S g3 2 Parasolid s 3¢ (Xt %)
#F i€ * Remove Faces = it #-ui Fhd B 7 F T AL FEA Bofo v LR
438 7 e Fe i 0 4o @) 3-19 P 0 R A KR 3-19(8)F L R P AR X TR A 4%
FRABEOFFEL 5 AF S STLRER GBS P UIMR(TRINA) 5y ERE

{7 et B (Verify Mesh) e £ 5 &2 > 4ef] 3-19(b)% & 374 o
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(a) (b)

Bl 3-19 22 i g @=4thE ~ O)ei&TRE

PR R B L AT F B A TS RS L T

FERPPE AT RS FY AT bl FRRAI S DI 05
b H 46 # (Virtual Topology) st iie o & 3dr f chgie » aF 'A< 3 245 ¥ ¥ 44

EE U

Be* iRt R BB LR LR DEHO A ST ~ SR R 02

AR g SR RT > et & 4o 3-20 f5F o

Virtual model Resulting mesh

Detailed model

W 3-20 ~ AR #H L S5 LT
H L& i * Virtual Topology shp #5 1“2 S5 i > 45 Fi&F 2P o R ¥

FBched 3-2 4700 0 MEfS A * B W F a0 0 ¢ 7 Combine faces/edges = & x E A i

FR R B % o] 321 4T o KR 3-21(a)F 12 B 4R 40T ] 3-19(a) -
i F S P ARICR AL A R 0 A AR 32L(0)T M E R L EA R
T REAFRFLEI S FWEL LA FHIL T
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£ 32 2B p R i BERIpER Y S8k

Candidate Entities to Merge

Edge shorter than 0.1
Faces smaller than 0.1

Faces with aspect ratio larger than 1

Faces with corner angle smaller than 45
Faces representing stair features thinner than 0.00038
Redundant edges and vertices (Open)

Keep blends if the following two conditions are met

Subtended angle larger than 60

Radius smaller than 0.0095

(b)

(a)

B 321 A2 i FEBREIFE L@ 2% )RS T%RE

7

%ﬁ”i*ﬁ?uﬁii@iﬁﬁyﬁﬁﬁy&%%’ﬁ%%ﬁﬁ%iﬁ;
BASEE S FAT R BE S R A MINA S AR - AR SR
& (SBR)E A jrae P R 3K 25 & ¢ drvon Mises Stress » w F & 2 =
SN ek EEEx o 2mm ] 0.007 mm F & o XS % o) 3-22 T o
FERELINN8KEF B4 SR B RESRERLAS <) S 012mme &
BB 7R ER - AR P EE S e g e
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0.126

—— —e
=
e
é 0.12 |
]
L
)
v
2
=o0.114 |
=
g
[ ]
0.108 ' '
0 30K 60K 90K
Elements
B 3-22 ~ s 403 A A Ak A 45
MR

AT L BREED A ROFERRET S A RE L AR
Fladh v AWML g2 R A1 » AR 4T e 6] DT
B o 1395 Holzapfel % % a3 > o g laien® — & f 07 & % 5 382 4
(Hyperelastic Material) {7 3 % & 77 [74] o B 3B 40 g R4~ 5% B 7 i
T T A4 R f"? TR I AR RH RS BRRY A F RN
Mo ettt E gy B Bd v R R R L A4 o Abaqus 4y

KR T A TR E S U v g * kfy a3 ¢ 2 Polynomial
Neo-Hooke ~ Odgen % - &3 HCAI[17]¢ > ks F ez B 2HH N6 0 @2
Holzapfel % 4 %< 5g#: % e 3 > 1% Odgen %% it 5 it & - K & F bl
i

AT RO FA ALY - B ERA RS T AR TR R ER
ez Ko By RS et o 30 i % Gupta fr Sett & 4w 3 [73]
HEHE A B 54 Vorp & 2007 # $7E30 A 6 5% (Abdominal Aortic Aneurysm,
AAA) i} AL ET[75] > RIgR B Ergt 3 0 CT #Fde e F 03 X 3l BB (52 5

Ao B TIPSR do ] 3-23(2) #T o 0 A e AR WA E L AR

doi:10.6342/NTU202302303
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ARG g X~ RALR DAL 1 ok i(Stiffening Effect) 0 2 T 2 AR > FlEH S K B
oA R 0 2R Y RFRHCT g g T - L an B @ Vorp
SRR Lk R TR B Y R i § AR e o
Z I 4ol 3-23(h) > FHRA R IREITRER L F 8 7 MPa - i i
0.4 »F7 7 s F HAIRR R i ® KT

(a) (b)
Deformed

Undeformed vessel

vessel

Blood Pressure

Modulus (MPa)
Strain (%)

2 < i i i L < )
4 60 50 100 120
Pressure (mmHg)

Bl 3-23~ (@) g Xk RED T LB~ (D) B4 i < Hlcfog % M % [73]
A A i IR A 43 Ebenstein ¥ 4 G g p ¥ s g RARR - H i

Fenp £ B4R > i X 8w /€10 GPa | 100 MPa[76] - ¥ i % %+ ¢ A I i%

¥ < Ik 4 = Calcified ~ Hypocellular ~ Cellular = fa#g %] » *F 7 @& * = fF 5 B3
4 en)is % % i (Polynomial Strain Energy Potential)$t = &7 Ir 4 &) s % sa it (7
WA S [46] 0 HBE £ T e

U= Z (T~ 3) (12—3)J+Z—(Jel—1)21 (313)

i+j=1
2o 'fr’]z Rk F-FE S FEenB R 7 % £ (First and Second Deviatoric Strain
Invariants) > C;; = D; Bl 5 & SEIEHR Gt Lok LB > 5 F 20 Hp o 3

B B ERIEE T TR S 0 Z M7 AN s RO B R B o & 3-3 477
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233 pETILL BN M R

Cellular Hypocellular | Calcified
Cy (Pa) -802723 165111 -495960
Co1 (Pa) 831636 16966 506610
Cy1 (Pa) 1157680 955388 1193530
Cy (Pa) 0 0 3637800
C3o (Pa) 0 0 | 4737250
D, (Pa™}) 691730 109844 1877934

AFE fed B HOREIET L A et o $ - fide b i S H ML F o
HHMEE S % 2 AR5 Moad > F B RS BE B ERS bd F
o BRSO E RS FOL R BERERE L S B RRARAAES L 2
EIVRE O AR A el AL T BT L0 g OB L o KT PR R
e Cellular 1% 5 5t # bt LR 230 R 5 0490 § 43 B p d R D;
TER A LA ERIRT A 2B 2 T RS

315 W2

e PClipfie ¥ > o f L 2% § BB 5 F N8 i Pl B0 28
M- HBEBERERNE TR T LA RSO T A H BB A
Rrdn F P CRMAL R E R S A RE R R R

B2 F e d| 7 28 Abaqus p 22 en & BRI B TR IT Ra FlAEF - B
GEATTHBDOEHE T Ao FE gt 38e K% % Abaqus VDISP @ * iﬂz T &
+ #2 % (User-defined Subroutine) » & — B &2k B9 Z R eni=fH £ > 2E 7| P &
FHBorsk o Hd 2 V4o R 3-24 Ao o
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3

i

%

Bl 3-24 ~ B2 F =047 2 B
B AR E TSR T

L Bk B S R A A
PECTS IR P

Ny 54
(xi, Y 'Zi)T =

>

LU

"

T N N
(xo » Yo rZO) + dtrans + drot
AT & ehte 52

(3.14)
s R TR (,y,2)T ALY PR s R
(X0, Y0,20)T % BFE? hT B 8 £ dirans o g = £ dyor oA R E F
SRR R

gl gve

- \

o

7 4% & Abaqus VDISP + A2 5 BHEE 0 & — B & B2 A 4R 1 -
dRE Foe ek B - EE R R T

LS FE P e MR T e

i=(zi—1) XN, +r (3.15)
PIER L S EEREL 2 A EFdhe g R ko &
kPR e h 8BRS N, BIEEE R Forie i ghikE

A dp B AR

7T 3% a0 Bk
B H A4 E

° B a L
Eephd £ R F 480 52 F B A AIE dypgns FENA
EET B AR AL ERER DL F Y SR FP T R F g T
(Tleni® B4t B B Eman T A REY WIS AR 2

HIBEEICEF b
44
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A EERERARGLE TUREE - RERAEZRI BN S R SR L
Bt T B B ET AT AT 5N

3 _ T T

dtrans,zi - (xc » Ve :Zc)zi - (xO » Yo 'ZO)zi (3'16)

HP (X, Ve, 2)l R 232k S B A5 B 15 ST e s BB R (Ko, Yo, Z0) L BT
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