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A Study on the Design of the Keel in the Energy Storing Prosthetic
Foot Using the Finite Element Analysis and the Taguchi Method
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Abstract

In this study, new design method of prosthetic foot was suggested which can evaluate the
performance of prosthetic foot by implementing amputee's gait simulation using the finite element
analysis. The basic shape of ESPF(Energy Storing Prosthetic Foot) was designed which is suitable for
the below-knee amputee considering mechanical properties and kinematic properties. And, the
performance evaluations were performed using the Taguchi method with orthogonal array Lis. As a
result, average main effect of factors for the ESPF's performance were calculated and then optimum
condition of given shape was selected. Essential particulars for the performance evaluation from the
simulation result were the quantity of external work needed in stance phase, the quantity of transferred
energy from the ESPF through the knee, and the vertical displacement of knee at toe-off. Reasonable
optimum condition was obtained from the using performance index. From this study, it was found that
it is necessary for the design of ESPF to consider the geometrical data related to the magnitude of
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Fig. 1 Designed basic shape of prosthetic foot
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Fig. 2 Deformed shape by weight
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Table 2 Properties of the material for the keel in
the energy storing prosthetic foot (Carbon
/epoxy laminates CU125NS)

Property Symbol Value
Young's modulus
in fiber direction Ey 114.7GPa
Young's modulus
in transverse direction Es 7.58GPa
Shear modulus G2 4.77GPa
Poisson ratio Viz 0.28
Volume density P 1510kg/m’
Damping capacity
in fiber dlre%tlon P 0.01397
Damping capacity
in transversep direction P2 0.04912
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Fig. 9 Example of gait simulation
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Table 3 Dynamic simulation results
Items External Energy Displacement
work needed | transferred to | of knee joint
for walking | body through at toe-off
No. Q) knee(J) event (cm)
1 62.5 15.37 4.2
2 59.5 24.99 7.9
3 62.5 26.64 5.5
4 68.7 22.86 5.5
5 72.4 22.93 5.7
6 553 1654 7.0
7 66.2 15.34 13.0
8 68.6 11.03 9.7
9 70.1 41.17 3.9
10 73.1 42.39 22
11 70.8 17.83 14.9
12 58.0 29.53 44
13 56.4 12.82 12.2
14 63.5 37.65 7.2
15 78.7 31.45 6.8
16 58.0 18.61 84
17 65.9 23.09 9.3
18 71.5 21.22 11.7
19 76.3 19.81 11.1
20 70.4 47.25 6.4
21 79.8 7.36 14.4
22 70.4 13.98 15.0
23 66.9 34.26 4.5
24 78.8 23.99 6.4
25 722 21.46 9.0
Ae 7 F5A A 2= Ay ¢34 HF
e & F AN, Fig. 15~177 Zo] 7} A%

B} FEd 3 4 9Ae 7)o Z(contribution
rate)E 7 F AT EAENAH AR F
AABEL QAFE ARAdH F59 H4Fd o
o] Ao dFE MAX Y5 F F AU

29 9RQe YehE <
A¢-B-C3-Dy-Esol Bl HHzg 2 9
A Ay oF 829 AL Fig 187 Ao}
44 23] Y@ AU dZAE G 2
ol 9& & glrh
W=W+(A;— W)+ B, — W) +(Cy;— W)
+(Dy— W)+ (E;— W) = 50 Joule

. o]

3% - 542
Dynamic Simulation
75 B Level0 @ Level1 ELevel2 OLevel3 MLeveld
s
X
o
2
]
€
[
=
w
A c F
Factor
Fig. 12 Average factor effect for the external work
Dynamic Simulation
B Level0 B Levell ELevei2 OLeve!l3 MLeveld4
= 49
>
o
@
(=
w
=
]
£
[=]
%]
=}
<
c D
Factor
Fig. 13 Average factor effect for the transferred

energy

Dynamic Simulation
B Level) B Levell B Level2 G Level3 BLeveld
12

1

Deflection (cm)

0
8
6
4
2
0

D
Factor

Fig. 14 Average factor effect for the knee displace-
ment

- Contribution Rate (%)
U
30 29
25
20
15
10
5
0

| 14

A B CFactorD E F

Fig. 15 Contribution of factors for external work

oE£ndy AEHold AAZNEH, R3fo P
FAd& 42 e HAZF 2HNMY
da WY AAE Fig 199 AA A vlet 7
Az QRAS HAZ st FHA



FELLNNA BFAPEL 08T AN A%Y 9% §2 WA g AT

621

Table 4 Summary of main effects for each estimation item

Evaluation items External work Trans{gn];eéid;nergy Displacement at knee
Factors B D A E B D F D B A
(contribution rate, %) | (30.1) | (20.0) | 20.1) | Q4.1 | (39.7) | (30.9) | (14.9) | (41.9) | (19.1) | (185)
Performance L 1 0 0 3 0 4 0 0 4 0
increase ¢ | gz | 2 1], L3 4 1 3 1
1 v 2 1 1 1 1 2 2 2
! ! 3 3 3 2 3 2 2 3 1 3
decrease 4 4 0 4 0 3 4 0 4
5 Contribution Rate (%) 200 , —_— ——
0 39.68
30.9 100 1
14.94 P
= 100}
-200
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_30 L L PR L I
Fig. 16 Contribution of factors for the transferred Yoo 0203 0-(4)0~5 0.6 0.7 0.8
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Fig. 17 Contribution of factors for the knee displ-
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Table § Performance index for the selection of
optimum condition
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