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Finite Element Analysis and Optimal Design of Shape Memory
Composite Material Stents using Taguchi Method

Young Bin Kim*, Suji Kim*, Heechan Song*, Heoung-Jae Chun*'

ABSTRACT: Shape memory stents are used for treating vascular conditions like myocardial infarction, angina, and
arteriosclerosis through their shape memory behavior. These stents are inserted into blood vessels to expand them,
and their performance in terms of flexibility, elastic recovery, and deformation is influenced by their design. In this
study, parameters affecting stent structural design were analyzed using Taguchi method, aiming to design structures
that consider flexibility, elastic recovery, and deformation. Reflecting the actual conditions faced by stents, ISO
standards were incorporated, and finite element analysis was conducted, considering shape memory composite
material properties obtained from tensile tests, specifically hyperealstic properties. Ultimately, statistical significance of
stent structural design was evaluated through ANOVA (Analysis of Variance), and an improved optimal design model
compared to the existing one was proposed.
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2.1.1 Polycaprolactone(PCL)

~HE 24" B BA HEES P47 &
43} YR 544 7173 9lofof st PCL 44 Al
A5t PCLE A e)ahd Ao AEINE 515 S A
& o2 AReld Bevrch =2 548 /AT glo) o
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7-5_}7(4 oz z—a__% 0] o;lx] ow—q_ A]__Q_Q XHE: =

Z12F 80,0000 &=L 60°C, W= 1.145 g/mLo]|T}.

2.1.2 Fe,O,
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2.2.2 Q1A Al

ASTM D6389]| w}e} 9k A& 7| (Instron 6800 extensometer,
Instron, USA)E ARE-31o] Q1A A|E-S =3 gt} Type IV
2 ARSI, 2 AIHE S A RS H s
7] 913 50 mm/min®] &= =2 HAEES 439}

Fig. 1. Micro compounder injection machine

Fig. 2. ASTM D638 type IV specimen
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Fig. 3. Stent design parameters for strut connector structures
for initial stent design
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(a) Compression simulation

(¢) Crimping simulation

Fig. 5. Abaqus simulations. (a) Stress contours in compression
simulation (b) Stress contours in Three-point bending
simulation (c) Stress contours in crimping simulation
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Fig. 6. Time-displacement for the quasi-static (a) Compression
time-displacement analysis (b) Three-point bending
time-displacement analysis (c) Crimping time-displace-
ment
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23.5 AHE A3}
B Ao A 374A] BAFS: 2 H sl AAE Ak &
HIE HH3E QI3 SAgo] W] W Aok 2712 ASTM
2 IS0 3o wheh A E e thaa) o] LEljof Rl

Max. fcomp(N)’ fﬂex(N)

Min. f,,.(%)

St fomp> 0.5 (N)
Jex < 3.0 (N) 2)
e < 5.0(%)

L,&[0.9546, 1.0551]

R,&[0.5112, 0.565]

R,E[0.071, 0.0784]

R,=[0.2801, 0.3095]
W,E[0.1544, 0.1706]
W,&[0.1504, 0.1662]

I5 WHRA(f,, )& 2EE Y7L Bole) Ag B
TR 5 S B B 4 ek 2EET} o] A
T
B & SUE FAYE QI A 5 P
37 B9 AN B A 2= ek AR x| Lof oJ3) 2w
Eol A el Haslolns Hassol Ay o
& %] Qe sjof shth. QHEH, )e AHIET} FhEE o]
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slstal, s%E dA B=S A3} s Aol dasict
Table 1. Taguchi design
L1 R1 R2 R3 w1 W2
1 0.9546 | 0.5112 | 0.071 | 0.2801 | 0.1544 | 0.1504
2 0.9546 | 0.5112 | 0.071 | 0.2801 | 0.1625 | 0.1583
3 0.9546 | 0.5112 | 0.071 | 0.2801 | 0.1706 | 0.1662
4 0.9546 | 0.5381 | 0.0747 | 0.2948 | 0.1544 | 0.1504
5 0.9546 | 0.5381 | 0.0747 | 0.2948 | 0.1625 | 0.1583
6 0.9546 | 0.5381 | 0.0747 | 0.2948 | 0.1706 | 0.1662
7 0.9546 | 0.565 | 0.0784 | 0.3095 | 0.1544 | 0.1504
8 0.9546 | 0.565 | 0.0784 | 0.3095 | 0.1625 | 0.1583
9 0.9546 | 0.565 | 0.0784 | 0.3095 | 0.1706 | 0.1662
10 1.0048 | 0.5112 | 0.0747 | 0.3095 | 0.1544 | 0.1583
11 1.0048 | 0.5112 | 0.0747 | 0.3095 | 0.1625 | 0.1662
12 1.0048 | 0.5112 | 0.0747 | 0.3095 | 0.1706 | 0.1504
13 1.0048 | 0.5381 | 0.0784 | 0.2801 | 0.1544 | 0.1583
14 1.0048 | 0.5381 | 0.0784 | 0.2801 | 0.1625 | 0.1662
15 1.0048 | 0.5381 | 0.0784 | 0.2801 | 0.1706 | 0.1504
16 1.0048 | 0.565 0.071 | 0.2948 | 0.1544 | 0.1583
17 1.0048 | 0.565 0.071 | 0.2948 | 0.1625 | 0.1662
18 1.0048 | 0.565 | 0.071 | 0.2948 | 0.1706 | 0.1504
19 1.0551 | 0.5112 | 0.0784 | 0.2948 | 0.1544 | 0.1662
20 1.0551 | 0.5112 | 0.0784 | 0.2948 | 0.1625 | 0.1504
21 1.0551 | 0.5112 | 0.0784 | 0.2948 | 0.1706 | 0.1583
22 1.0551 | 0.5381 | 0.071 | 0.3095 | 0.1544 | 0.1662
23 1.0551 | 0.5381 | 0.071 | 0.3095 | 0.1625 | 0.1504
24 1.0551 | 0.5381 | 0.071 | 0.3095 | 0.1706 | 0.1583
25 1.0551 | 0.565 | 0.0747 | 0.2801 | 0.1544 | 0.1662
26 1.0551 | 0.565 | 0.0747 | 0.2801 | 0.1625 | 0.1504
27 1.0551 | 0.565 | 0.0747 | 0.2801 | 0.1706 | 0.1583
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Fig. 7. Stress-strain curve

Table 2. Ogden 6th-order

u a
1 -4701.16 -18.34
2 1022.74 9.34
3 -1264.52 10.50
4 29671.28 -18.75
5 -46439.1 -19.18
6 21991.61 -19.82
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Displacement

B6-DOF(Degree of Freedom) Constraint

(a) Compression von mises stress

\?'__
ol Fregdom)/Constraint

(b) Three-Point Bending von mises stress

(¢) Crimping displacement

Contour results (@) Compression von mises stress (b)
Three-point bending von mises stress (c¢) Crimping dis-
placement
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Table 3. Compression analysis of variance

Source | DF AdjSS | AdjMS | F-Value | P-Value
L1 2 0.000394 | 0.000197 0.94 0.414
R1 2 0.091145 | 0.045572 | 2174 0.000
R2 2 0.000004 | 0.000002 0.01 0.992
R3 2 0.000908 | 0.000454 2.17 0.152
W1 2 0.079016 | 0.039508 | 188.47 0.000
w2 2 0.000384 | 0.000192 0.92 0.423

Error 14 0.002935 | 0.00021

Total 26 0.174785

Table 4. Three-point bending analysis of variance

Source DF AdjSS | AdjMS | F-Value | P-Value
L1 2 0.000004 | 0.000002 12.03 0.001
R1 2 0.000009 | 0.000004 25.1 0.000
R2 2 0 0 1.39 0.281
R3 2 0.000001 | 0.000001 3.81 0.048
W1 2 0.000055 | 0.000027 | 161.11 0.000
W2 2 0.000029 | 0.000015 85.33 0.000

Error 14 0.000002 0

Total 26 0.000101
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Table 5. Crimping analysis of variance

Table 6. Stent simulation results

Source DF AdjSS | AdjMS | F-Value | P-Value

L1 2 0.31919 | 0.115960 10.09 0.002
R1 2 0.77833 | 0.38916 24.61 0.000
R2 2 0.03950 | 0.01975 1.25 0.317
R3 2 0.05057 0.2529 1.60 0.237
W1 2 0.02345 | 0.01173 0.74 0.494
W2 2 0.14754 | 0.07377 4.67 0.028

Error 14 0.22136 | 0.01581

Total 26 1.57994

3, Table 4, Table 5= BEALEA HAylE L}E}IHJ_ k.
BAHE A AT} &S A ol A& R, R, W4 P glo] 242}
0.000, 0.0152& 0.05}.t} 2+ Zho ] E 5]041:} ol A}
o] H] %5}l 2o WS ZHAITH: 90| 95% o] 4
FASES ML Ro| BANOE AFHAY. 3 FT
AlgoM& L, R, W, W, 522 P gho] 2k} 0.001, 0.000,
0.000, 0.0000.& 0.05%2 T} 2R gho] E&E|gic}. o= L, R,
W, W, M4 B 95% o)A} o]z 9 71x|= Zlo| 25
o7 HSE A u|ett) b2 s A ol A= L3 R,
2= P ZFo] 0.002, 0.000& 0.05%.c} 2o} 95% o]Ak 30 4=
2 7HAE Ao AelE o] BAH o fejuigtel

ZFol 9t

3.2.3 Hetdl YA

2 Aol B4 I 5Y, FA4, do] HakeE 7
& FHOR L, R, Ry Ry W), W, RIsE o]-8-51o] HERL
A& ekt vlet o] A8 A 7HA] HA4 T4
ZAIEE Table 69 201 3 oA 275 53l vetLd
<= A/dskeich

Seompression= 28.69717-11.15927L, — 48.08159R,
— 24.43257R,— 28.40451W, — 60.13273W,
—0.1081651L,*+ 39.40889R,* + 164.4075W*
+24.5136 W, + 4.921377L,R, + 45.39174L R,
+9.156054L R, + 6.828191L, W, + 9.070217L, W,
+3.671577R, W, + 18.82264R, W, — 270.2703R, W,
— 18.05661R, W, + 114.9574R, W, 3)

fipp=— 1.147825 + 1.124776L, + 1.206233R, + 1.733033R,
- 0.1077083W, + 0.1767387 W, — 0.08642784L,>
- 0.4214978R,* - 1.30467W,* + 0.3300661 W,
- 0.8031476L,R, — 0.8480256L,R,
— 1.693608L R, + 0.6547245L, W, — 0.3381149L, W,
- 0.3926548R, W, + 0.7398345R, W, + 3.559115R, W,
+0.08865R, W, — 0.5501497R, W, (4)

Set No. Foreshortening | Three-Point Bending| Compression
(%) (N) (N)
1 2.7023 0.01662 0.9313
2 2.7658 0.01943 0.9905
3 2.7512 0.02232 1.0546
4 2.9423 0.01748 0.9699
5 3.1082 0.02108 1.0103
6 2.9715 0.02325 1.0954
7 3.1043 0.0182 1.0419
8 3.222 0.02082 1.1072
9 3.5619 0.0244 1.1968
10 2.6504 0.01852 0.9103
11 2.6747 0.02162 0.9787
12 2.6385 0.02105 1.0302
13 2.956 0.01884 0.9662
14 3.0262 0.02233 1.0258
15 2.821 0.02146 1.0878
16 3.007 0.02072 1.0477
17 3.064 0.02368 1.1129
18 2.6759 0.02148 1.1987
19 2.5439 0.0205 0.9156
20 2.51 0.02002 0.9736
21 2.5164 0.02297 1.0379
22 2.8368 0.01987 0.971
23 2.8286 0.01977 0.9655
24 2.7758 0.02286 1.0886
25 3.2366 0.0215 1.0478
26 2.823 0.02056 1.1166
27 2.7214 0.02383 1.1971
Jorimping=112.8036 — 105.1298L, — 111.4492R, — 226.0955R,

—20.04142W, + 48.3323W, + 19.72819L > + 14.57932R*
—356.3148 W~ 49.21793 W, + 88.67719L R,
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—59.05344L, W, — 90.2202R, W, + 193.8642R, W,
+1538.298R, W, + 517.0365R, W, — 232.6676R,W,  (5)
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Fig. 10. Coefficient of determination results (a) Compression R?
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Table 7. Stent optimization results

Initial Design Optimum Design
L 1.0048 L, 0.9869
R, 0.5381 R, 0.5506
R, 0.0747 R, 0.0740
R, 0.2947 R, 0.2953
W, 0.1625 W, 0.1701
W, 0.1583 W, 0.151
Compression (N) 1.0402 | Comp (N) 1.0854
Three-Point Bending (N) [ 0.0221 3PB (N) 0.0206
Crimp (%) 2.8510 | Crimp (%) 2.7957
Performance Improvement
Compression 4.34%
Three-Point Bending 6.67%
Crimping 1.94%
Error Analysis (Expected vs. Actual)
Compression 3.36%
Three-Point Bending 3.52%
Crimping 0.43%
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