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Fig. 1. Structure of the lower extremity model.
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Fig. 2. Structure of the foot model.
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Fig. 3. Configuration of foot-joint model.



Table 1 Material properties on the transient dynamic analysis.

Parts Young’s Poison ratio
Hard Tissue 7300 MPa 0.3
Soft Tissue 1000 MPa 04
Ankle Joint 10000 04
Fibula 73000 0.3
Plantar 1500 MPa 04
Ground 61 MPa 0.3

- '.;; Dummy Weight (60kg)
<8

1Tmis

Fig. 4. Initial condition of the vertical drop simulation.
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Fig. 5. Comparison of the vertical force on vertical drop simulation with that of semi running simulation.
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Fig. 6. Anexample of the stress contour on the deformed shape in the dynamic transient analysis. Initial vertical
velocity was —1.0 m/s, and initial rotational velocity was 8.7 rad/s. The time interval was 30 ms.
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Fig. 7. Normal stress and shearing stress of the metatarsal and the navicular.

Fig. 8 The stress contours on the deformed shape at outside impact.

Fig.9 The stress contours on the deformed shape at inside impact.
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Fig. 10 The comparison of the vertical contact force in the case of the outside impact with that of inside impact.

Fig. 11  The running model using the lower extremity model.
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INTRODUCTION

Foot loading is one of the most important factors in the
analysis of the interaction of human motion with sports
equipment and sports shoe design (Bartlett er al., 1997,
Hennig et al., 1996, Milani et al., 1995). Several researchers
reported the important role of the first metatarsal head and the
hallux in fundamental human motions (Eils et al., 2001).

However, it is not clear the stiffness of the foot complex
during foot loading. Knowledge of the dynamic stress
evolution is one of the important keys for understanding the
foot and footwear interaction. It is difficult to directly measure
the internal stress and shock wave in vivo. These stresses and
shock wave can be predicted using a mathematical or
numerical model of the lower extremity skeleton.

The purpose of this study is to develop a biomechanical lower
extremity skeletal model using the finite element method and
to analyze the stiffness of the foot complex using the oblique
impact simulation in order to improve sports performance, to
prevent sports injury and to design sports equipment.

METHODS

The basic shape of the finite element lower extremity skeletal
model was described using a commercial lower extremity
skeletal model for computer graphics and anatomical data. The
solid model was defined after simplifying the commercial
model (Fig. 1).

The axis system of the model is chosen such that, with respect
to the foot, the X-axis is horizontal and in the external-internal
direction, the Y-axis is vertical along the tibia pointing in the
upward direction and the Z-axis completes the right-handed
rectangular coordinate system.

The hard tissue parts of this foot model consisted of 23 bone
models such as the calcaneus, matatarsal, etc., and the soft
tissue parts that consisted of 15 joint models such as the
talocalcanean (subtalar) joint, calcaneocuboid joint, etc. The
meniscus was included in the tibia model. The eight ligaments
of the foot joint and the four ligaments of the knee joint (ACL,
PCL, etc.) were also defined. The other ligaments and
retinacula were not geometrically represented, consequently,
the stiffness of the soft tissue parts were estimated including
the function of the other ligaments and retinacula.

The finite element meshes were made from the solid model
using a commercial pre-post processor (MSC.Patran), and the
linear static analysis was solved using an implicit FEM code
(MSC.Nastran). The dynamic transient analysis was

Figure 1: The finite element lower extremity skeletal model
which was defined after simplifying the commercial shape
model.

performed using an explicit FEM code (MSC.Dytran). As
material properties, the Young modulus of the hard tissue was
15 GPa and the Poisson ratio was 0.3 (Furusu et al., 1999). An
isotropic linear viscoelastic shear model was used in the soft
tissue. The Young modulus of the soft tissue was 1.5 GPa, the
Poisson ratio was 0.4 and the short-time shear modulus was
536 MPa. The initial vertical velocity at impact was —1.0 m/s.

For comparing the lateral side stiffness of the foot complex,
oblique angles were defined as 0.26 rad. rotated in the
inversion direction (outside impact) and —0.26 rad. rotated to
that (inside impact) (Fig. 2 & Fig. 3).

RESULTS AND DISCUSSION

In the vertical drop test simulation, the contact time of the foot
model and the floor model was approximately 22 ms, and the
vertical peak force was approximately 8400 N (for the model
weight of 60 kg) suggesting that the experiment represents a
good approximation of real life (Nishiwaki and Nasako, 1998).
However, the vertical peak force for this boundary condition
was much higher than that reported for an actual running
human (Nigg, 1986; Lafortune and Lake, 1995).
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Figure 2: The stress contours on the deformed shape at
outside impact.
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Figure 3: The stress contours on the deformed shape at inside
impact.
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Figure 4: The comparison of the vertical contact force in the
case of the outside impact with that of inside impact.

The vertical peak force in the case of the inside impact
simulation was about 6650 N and that of outside impact
simulation was 6010 N (Fig. 4). The vertical peak force for the
inside impact simulation was lower than that of the outside
impact simulation, and the timing of the vertical peak force of
the inside impact simulation was later than that of the outside
impact simulation. Especially, the initial ground reaction force
of the outside impact simulation indicated a small value. These
results suggest that the stiffness of the inside is higher, and the
dispersion of energy is lower, than that of the outside in the
foot complex. It is considered that the characteristics of the
stiffness of the foot complex involve the role of the first
metatarsal head and the hallux in fundamental human motions.
Obviously, the ground reaction forces of these simulations
depend on the quality of the model structure and material
properties. The material properties in this study are based on
simple assumptions.

SUMMARY

The purpose of this study is to develop a biomechanical lower
extremity skeletal model using the finite element method and
to analyze the stiffness of the foot complex using the oblique
impact simulation. It is considered that the stiffness of the
inside is higher, and the dispersion of energy is lower, than
that of the outside in the foot complex.
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