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Nonlinear finite element analysis for musculoskeletal biome-
chanics of medial and lateral plantar longitudinal arch of Virtual
Chinese Human after plantar ligamentous structure failures

WU Li-jun.(institute of Digitized Medicine, Wenzhou Medical College, Wenzhou 325035, China)

Abstract: Objective The goal of this study was to develop anatomically detailed, finite element (FE) models of
the medial and lateral plantar longitudinal arch (MPLA, LPLA), and to investigate bone and muscle stresses
resulting from plantar fasciotomy and major plantar ligament injuries. Method Nonlinear FE models of the
second ray of MPLA and the fifth ray of LPLA were constructed on the basis of CT and MRI images of Virtual
Chinese Human "female No. 1". The models assumed a balanced standing load configuration. Three different
degrees of passive intrinsic muscle tension (weak, moderate, or severe) were used in conjunction with simu-
lations of plantar ligamentous structure failures. Result Plantar fasciotomy caused von Mises stress increa-
ses in the bones and plantar ligaments while major plantar ligament injuries caused stress increases in the
bones, flexor tendons, and plantar fascia. Increasing plantar intrinsic muscle passive tensions decreased
stress/strain levels in the both arches, and could adjust abnormal tension/compression stress flows of the ar-
ches to close to the normal biomechanical states. Conclusions This study shows that plantar longitudinal
arches are concordant combination of bony structures, plantar intrinsic muscles, plantar ligaments and plan-
tar fascia. After plantar ligamentous structure failures, plantar intrinsic muscles have to contribute to stabilize
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the plantar arches. This mechanism may reduce further musculoskeletal damages such as stress fractures

and tendonitis.

Key words : Medial plantar longitudinal arch; Lateral plantar longitudinal arch; Plantar intrinsic muscles; Plan-
tar ligamentous structures; Musculoskeletal biomechanics; Nonlinear finite element method; Virtual Chinese

Human; Biomechanics
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TabA Material properties of the nonlinear FE model of the plantar arch

By Type of the law Mathematical expression Constants Reference
L L I [ e E/E, =42, E /G, =120 E,=1200 MPa, »=0.4 [15]
(HRHE) E=1200 MPa, »=0.4 [16]
Y L I [ e E/E, =42, E /G, =120 E, =350 MPa, »=0.4 [17]
(HRHE) E =350 MPa, »=0.4 [10]
A LR M-R 5 W=C,(I, -3) +Co (I, -3) €y =0.12 MPa,C,; =0.06 MPa [18]
($E9Kk 1) (C10+C01)=%(1+V) E=1.08 MPa, »=0.49 [18]
B R B - E =260 MPa, »=0.4 [10]
W Neo-Hookean #8314 W=C(, -3) Ciy =1.67 MPa [18]
with C10=%(1+V) E =10 MPa, » =0.49 [20]
ifEditiges 25 o R M e b - E=1.0 MPa, »=0.45 [20]
INGEE 1] )P - E =5500 MPa, »=0.3 [21]
g 25 o R M e b - E =17 000 MPa, » =0.3 [1s]

e B, S PATE 4Ry ) B AR S R ELAT ARy 1 AR R G R BT IR v DI LT, 5 L S ATPE AR KB AR 1 552 A
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Fig1 The computer models of the foot of Virtual Chinese Human “female No. 1”: (a) 3D anatomical models of skeleton and skin of
Lett foot; (b), (c) Musculoskeletal FE models of the second ray of MPLA and the fifth ray of LPLA during balanced standing
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®2 THENNFEBEMAMMASE 2 T SIMINASE 5 H5IK von Mises Bz 1IEE S

Tab2 Peak von Mises stresses of the second ray of MPLA and the fifth ray of LPLA under seven biomechanical conditions

Peak von Mises stress /MPa

B3 B 5
Normal P.F.1 P.F.2 P.F.3 P.L.1 P.L.2 P.L.3
iR =S 1.10 1.22 1.14 1.09 1.40 1.22 1.15
PRy 1.00 1.15 1.12 1.08 0.95 0.94 0.96
FHRE 0.37 0.86 0.47 0.36 0.93 0.51 0.36
o ] B 0.36 0.70 0.52 0.34 0.32 0.26 0.23
%2 e 0. 64 1.78 1.20 0.75 1.13 0.79 0.54
0P 0. 46 0.67 0.65 0.64 0.41 0.61 0.64
252 BhA
S L 0.99 0.53 0.51 0.51 1.32 0.89 0.55
41 R UL 0.01 0.01 0.10 0.22 0.01 0.07 0.16
Jrlyiiigi 0. 63 - - - 0.88 0.71 0.50
K HE X 0.64 1.49 0.97 0.51 - - -
PR 2L B0 4 0.09 0.09 0.09 0.09 0.09 0.09 0.09
PR 2 2R 0.04 0.04 0.04 0.04 0.04 0.04 0.04
HM B 0.71 0.71 0.71 0.71 0.71 0.71 0.72
HMu g 1.24 1.56 1.42 1.18 1.15 0.98 0.92
e 0.99 2.07 1.41 0.56 0.74 0.49 0.37
&5 mE 0.84 1.51 1.27 1.18 0.59 0.82 0.94
%5 pE 0.31 0.42 0.45 0.50 0.38 0.44 0.50
%5 i3] PR L 0.96 0.38 0.49 0.67 1.27 0.77 0.69
JNEEIE L 0.01 0.02 0.13 0.25 0.02 0.14 0.23
JRJR 0.67 - - - 0.92 0.92 0.74
KA X 0.99 2.07 1.41 0.56 - - -
A BRI 0.06 0.06 0.06 0.06 0.06 0.06 0.06
MU R g Bk 0.02 0.02 0.02 0.02 0.02 0.02 0.02

o SR, BEE INRIEA MBS ST, R SMUAS
FRE A KA TR AR, B F7 W fE R FE R IE R H A f
BT, ZEA B 50 KPa( £y 4.5% ) ; Bert, k4
JEUL/INEE LSS 7 42 T 220 ~250 kPa HIILIN I
W, ELJRSoY 10 kPa 38N T 20 &1,

VA E LI R S B RS R AR RS S T
EPREEAMD RIS S 3 2 R
BT, ARG 5 | A 5 B PRI AR AN, FR R AR e
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T 93% o IR BA LI 3l B8 38 W F 1k o A Vg
18, Bl BIE & AR EAE SR, WaR 3. F5h, 2R
BHR PR B R TBIE ., P E SRR

A KR AE 297 0. 51% ~0.63% o [l IRAR B I
INGER F BAL ST 45 4 B LA {3 A 5 R A
T 0B, g kN A= 2.82% ~3.52% , [FlHY,
AR M B R B AE N T 65% .
2.3 AMASEMINSHREADSERAXEE
B3 ONREI A R ST RN R R E, K
3 () 7N TR ) 2 S T A5 o) ) R MO0 R AR T /)
PR EhRERRFNIGE, REHER
BRT B B A AR H N oA, BB Sk ——
FANIKBL I, WOk —>—RRERN . A
Bz, AU A P45 TR B B A IR
FE RE S35, — I N SMU S J5 3 & E TR, 1%
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R3 THEYMHFEEBE 2 RIIEE S5 FHIMEHLSEM von Mises L TIEES 1

Tab.3 Peak von Mises bone strains of the second ray of MPLA and the fifth ray of LPLA under seven biomechanical conditions

Peak Von Mises strain (10 ~*)

B &

Normal P.F.1 P.F.2 P.F.3 P.L.1 P.L.2 P.L.3
Jisges 0.652 0.722 0.673 0.647 0.824 0.719 0. 681
P R 0.59 0.702 0.667 0.641 0. 569 0.559 0.572
FrpE 0.406 0.623 0.501 0.400 0.711 0.391 0.365
%2 B o JE] B2 0.365 0.582 0. 461 0.356 0.355 0.306 0.282
%52 W 0.598 1.160 0.822 0.463 0. 665 0.462 0.316
&2 BE 0.316 0.484 0.432 0.399 0.263 0.395 0.394
SMU B 0.469 0. 465 0. 467 0.470 0. 467 0.470 0.471
SMU BB 0.737 0.929 0. 841 0.702 0. 680 0.579 0.545
&5 W) e 0.724 1.400 0.949 0.529 0.583 0. 449 0. 401
&S W 0.495 0.997 0.745 0.697 0.384 0.484 0.555
%5 kg 0.328 0.308 0.300 0.302 0. 445 0.296 0.297

(a) Normal (b) Normal

the second ray the fifth ray

Stress/MPa Stress/MP,

0 012 0.37 0.61 0.86 1.10 . . . . 1.24

()P F. 1
the second ray

(dPF1
the fifth ray

Stress/MPa Stress/MPa
0 0.20 0.59 0.99 1.39 1.78 0 023 0.69 1.15 1.61 2.07

()P L. 1
the second ray

HPL1
the fifth ray

Stress/MPa Stress/MPa

0 0.1le6 0.47 0.78 1.09 1.40 0.14 0.42 0.71 0.99 1.27
B2 AMMASE?2RIISGHMINSE S BRFIRY von Mises EALMHILEE, (a), (b) EEEIAS(Nomal); (¢), (d) BERERBRE
(P.F.1);(e), (f) TEZRKRPERMBF(P.L.1)
Fig2 The comparison of von Mises stress distributions of the second ray and the fifth ray under (a), (b) nommal arch balanced standing
{Normal); (c), (d) plantar fasciotomy with weak passiwe infrinsic muscle tensions (P.F.1); and (e), (f), major plantar ligament injuries with

weak passiwe infrinsic muscle tensions (P.L.1)
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calcaneus

(b)

antar fascia

lateral muscle

B3 HENERESERAEEIBEEER, BB—RTKENR , BEEB>—RTFERAR. (a),(d) FEEIKE(Nomal); (c) B
EEEARBEFMRAHZKA(P.F.3); (d) REZENHRG EEGNAZIEZK(P.L.3), FSOMIRER, DBRER NS
B, QMR AL E MU EH A8 BRI AE, (e) ARHZRBREHIMIRE K= EF/NEHEH ( Gao,2004)

Fig3 The model-produced vector diagrams of the isostatic stress flows in sagittal sections of plantar arches under seweral biome-

chanical conditions. The arrows represent the transfer of tension(<—bright) and compression(—+«—dark). (a), (b) Nomal arch balanced

standing (Nommal); (c) plantar fasciotomy with severe passive infrinsic muscle tensions (P.F. 3); (d) major plantar ligament injuries with

sewere passive intrinsic muscle tensions (P.L. 3). The regions marked (D lateral calcaneus, 2) quadratus plantae and flexor digitorum

brevis, (3) abductor digiti minimi and its lateral muscle, are magpnified for clarification. (e) The tensile/compressive trabecular alignments

in the sagittal section of lateral calcaneus (Gao, 2004)

WA B A B )/ T8 A8 43 S 3 im 1099 F1 93%
WEA—F, ThEE AV EEREE (P E.
FIZL) 3 — N 138K 53 AN AE B 42% F0 - 43% , W A8
WEA PSR 31% F1 - 27% , [ J1/ 754 Fe
B EREAR, X P BB T T SRS MUARER AT

AHOR SCHR A8 5 L AR T R R i, 5 e R
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AR T TR R 48 01 B 1 s ) i A T
RESE N o B, s B LB AR, EATIK L A i
{E45+ 5 0. 88 MPa #ij 1. 32 MPa [%Z 0. 50 MPa £
0.55 MPa, BAR FIERE( AL 2) . AT, BEA JLHE
Bk F1 A WA N R 5 JULIRR IO 3 £+ i Zh 3, 3 AT
BEA I T —E T2 B MU TRy AL SR B R AT AT 20 o

JE BRI B B R R UL A i PRORAE , 7T BE IR
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