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Abstract

The rapid spread of various sports games has changed the role of shoes from the simple protection of human feet to
more advanced ones like competency improvement. Accordingly, intensive research efforts are being focused on the
development of high-competency sports shoes by taking kinesiology and biomechanics into consideration. However,
the success of this goal depends definitely on the reliable evaluation of the main functions required for sports shoes. As
the first part of our study on the landing impact analysis of court sports shoes, this paper introduces a coupled foot-shoe
finite element model in order to fully reflect the mutual interaction between the foot and the shoe, not relying on tradi-
tional independent field experiments any more. Through illustrative numerical experiments, we assess the reliability of
the proposed coupled FEM model by comparing with the experimental results and investigating the fundamental land-
ing impact characteristics of sports shoes.

Keywords: Sports shoes; Coupled foot-shoe model; Landing impact; Finite element analysis; Ground reaction force;
Center of pressure; Acceleration and frequency

1. Introduction

In the past, the role of shoes was to protect human
feet from unexpected injuries during walking, running
or jumping, because human feet are inherently sub-
jected to various reaction forces by the ground during
such foot motions. However, advances in the foot-
wear industry and the rapid spread of various sports
games have changed the role of shoes to playing
competency. In sports such as tennis, marathon, bas-
ketball and volleyball, the competency depends on the
shoe quality. The major aspects of sports shoes influ-
encing the competency of sports players are function,
comfort, durability, weight and so on.

A sports shoe is mostly composed of outsole, mid-
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sole, insole, upper and several reinforcements.
Though, its detailed shape and construction are dif-
ferent for different sports shoes depending on the
playing conditions and the dominant foot motions
[1]. In this context, the design concept of shoes can
not be unified and the shoe components must be de-
signed so as to compatible with the sport. In addition,
the influences of gender, body conditions, and play-
ing technique of the player can not be disregarded [2].
Thus, the design of high-performance sports shoes
depends on the evaluation accuracy of the major as-
pects required for each sports game.

Roughly speaking, the research on sports shoes
dates from the 1930s even though the methodologies
at that time were not comparable to the current ones,
relying mostly on subjective intuition. But, since late
1970s, these studies have been expanded and evolved
into the fields of kinesiology, biomechanics and
sports medicine by many subsequent investigators.
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Clarke et al. [3] investigated the effects of shoe design
parameters and the ground stiffness on the character-
istics of running. On the other hand, Hennig et al. [4]
introduced the capacitive method to obtain a visual-
ized foot-print pressure distribution from the analog
signals. Cavanagh and Lafortune [5] analyzed the
ground reaction force by applying biomechanics.
Whereas, Frederick [6] analyzed the kinematics of leg
and foot motions and applied to the shoe design. Later,
the advances in sensor/video camera, image process-
ing system and material testing equipment realized
not only the analysis of the detailed and quick loco-
motion of human leg and foot [2] but also the accu-
rate estimation the material properties of bone, tissue
and shoes components [7].

The finite element method was also employed to
limb biomechanics [8] and footwear science [9, 10].
But, most of these studies were focused on the defor-
mation and stress in individual bones, knee joints and
shoe components, and the loading conditions were set
arbitrarily or relied on experimental data. However,
when the research is aimed at the shoe design and
evaluation, the most important concern should be to
accurately evaluate ground-shoe and shoe-foot inter-
actions. It is because the numerical analysis accuracy
and the shoe design quality are substantially influ-
enced by the reliability of the impact characteristic
evaluation. Traditionally, these interaction effects
have been measured through experiments and taken
into the uncoupled numerical simulation as loading
conditions. This indirect approach is not only time-/
cost-consuming but also painstaking to accomplish
since a huge amount of experimental data is required.
More recently, Asai and Murakami [11] introduced 3-
D ground-foot interaction models to resolve this prob-
lem. However, these interaction models are still insuf-
ficient to accurately evaluate the impact characteris-
tics of sports shoes because the ground-shoe-foot
interaction has not been fully considered.

In this context, the goal of this paper is to introduce
a coupled 3-D foot-shoe finite element model [12] in
order to fully and accurately reflect the ground-shoe-
foot interaction. 3-D foot-leg and shoe models are
constructed by considering the major bones, joints,
tissues and shoes components, and the interaction
between both models is coupled by the surface-to-
surface contact algorithm [13]. Through illustrative
numerical experiments, the efficiency and reliability
of the proposed model are demonstrated and the ma-
jor landing impact characteristics of court sports
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shoes are investigated.

2. Problem description
2.1 Landing impact and its evaluation

Foot motions in every sports game are accompa-
nied with the landing event, even though its posture
and occurrence frequency depend on the type of game.
The impact intensity is usually measured by the im-
pact force (or the ground reaction force) which is a
dynamic force resulting from the interaction between
the foot and the ground. It can be observed from Fig.
1(a) that the landing impact not only gives rise to the
direct shock to the foot but also transfers up to the
human head through the lower extremity. The inher-
ent viscous damping of the human foot absorbs the
impact force and attenuates its transfer intensity to
some extent [14], but the damage and the injury oc-
currence possibility become considerably higher
when the player is in motion without wearing sports
shoes.

Landing impact characteristics like the peak impact
force, the loading rate and the center of pressure are
dependent on various parameters, such as shoes, foot
shape, landing posture, motion velocity, body and
ground conditions, and so on. Hence, the evaluation
of such characteristics is of great importance for the
understanding of the impact mechanism and its trans-
fer through the human body. The reduction of unex-
pected damages and injuries of the lower extremity
can be accomplished by using data from such dies.
Furthermore, it has recently become an essential pro-
cedure in shoe design according to the need of high-
quality sports shoes which can maximize the comfort
and playing competency [15]. However, since the
reliable evaluation of landing impact characteristics is

(@) (b)

Fig. 1. Illustration: (a) landing impact and its transfer; (b)
experiment scene.
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not simple but complex it has been traditionally per
formed by experiments with the help of the specially
designed experiment apparatus illustrated in Fig. 1(b).

Meanwhile, shoe design based upon the impact
characteristics evaluation requires a correlation be-
tween the shoe design parameters and the major shoe
performances. Thus, parametric experiments with
respect to impact characteristics and shoe perform-
ances are indispensable. In this regard, a reliance on
experiments may encounter several limitations in the
development of high-quality sports shoes which are
currently characterized by frequent model change and
shorter development period, in aspects of cost and
time. The inherent limitations of experimental meth-
ods can be overcome by the finite element method,
provided they are validated.

2.2 Lower limb and sports shoes

As depicted in Fig. 2(a), the human foot is com-
posed of a number of bones, cartilages, tendons and
ligaments which are embedded into the underlying
tissue in highly complicated composition structure.
Furthermore, each component exhibits inherent ani-
sotropic viscoelastic behavior. Therefore, the con-
struction of a detailed simulation model of the human
foot is complicated due to the complex structural
composition, the joint motions and the nonlinear ma-
terial behavior. From the biomechanics point of view,
relative motions of several joints such as ankle, subta-
lar are controlled by tendons as well as ligaments, and
are important because such motions are essential to
describe the kinematics of the foot skeleton. Mean-
while, the soft tissue and skin characterize the shock
absorption and the load transfer through human body
on impact. Due to these complexities, the numerical
analyses associated with the foot landing impact have
been traditionally performed with simplified foot
models, such as a simple rigid bone-hyperelastic tis-
sue model [16], a 3-D skeleton model without consid-
ering the soft tissue [11].

Referring to Fig. 2(b), a sports shoe consists of an
outsole, mid-sole, insole, upper, shoe lace and several
functional parts like heel cap and arch supporter. The
outer surface of the outsole is grooved in specific
pattern to improve the traction performance on the
ground. On the other hand, the other two soles absorb
the major portion of the landing impact while both
upper sole and shoe lace influence the fitness and the
contact intensity between shoe and foot. The specific
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Fig. 2. Schematic view: (a) leg and foot; (b) sports shoe.

functions depending on the type of sports are
achieved by inserting the appropriately designed
functional parts. Compared to the human foot, the
mechanical properties of shoe components can be
rather easily determined by means of specially de-
signed material testing devices. However, the con-
struction of a 3-D full shoe model in which individual
parts are reflected in detail requires not only elaborate
modeling efforts but also a tremendous number of
finite elements. Additionally, the coupling between
foot and shoe models considerably increases the com-
plexity and CPU time of the numerical simulation.
Nevertheless, a coupled 3-D foot-shoe model is pre-
requisite to secure both the effectiveness and reliabil-
ity of the numerical evaluation of landing impact
characteristics.

3. 3-D coupled foot-shoe FEM model

Fig. 3(a) represents the finite element models of the
lower limb skeleton and soft tissue, where the skele-
ton model, which is constructed with 4-node tetrahe-
dron elements, is largely composed of two bone as-
semblies and a combined joint. It can be observed
from Fig. 3(b) that the tibia and fibula are modeled as
a single bone, while the other bones as another bone
assembly. The minor joints, except for ankle and sub-
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(a) (b)

Fig. 3. Finite element models: (a) skeleton and soft tissue; (b)
ankle and subtalar joints.

talar ones, have been neglected. Two main joints are
modeled as a combined joint composed of a rigid ball,
several ligament link and cartilage beam elements, so
that the separated two bone assemblies freely rotate
relatively to each other with the appropriate rotational
rigidity. The soft tissue model is also generated with
4-node tetrahedron elements, and its inner surface is
carved such that the outer surface of the lower limb
skeleton completely contacts with the tissue model.
As both meshes are separately generated, their mesh
discretization patterns are not compatible along the
common interface, requiring the surface-to-surface
tying algorithm [12] to simulate their interaction.
Bones, tissue, ligaments and cartilages are assumed to
be linearly isotropic.

Referring to Fig. 4(a), three soles are modeled with
4-node tetrahedron elements while 3-node shell ele-
ments are used for upper. Since the outsole is manu-
factured with rubber-like materials, its hyperelastic
behavior is modeled by the five-term Moonley-Rivlin
model, with the strain energy density functional
W defined by

W(Cyl,) = Cyo (1, =3)+C,, (1, =3)+C,, (1, -3)

j2ri

, ; D
(1, =3)+Cyy (1, =3)" + Cyy (1, ~3)

Note that the material constants C; are deter-
mined by least-square fitting of experimental values.
We use the Blatz-Ko form model [17] in order to
describe the mechanical behavior of mid-sole and
insole which are manufactured with compressible
polyurethane rubbers. The strain energy density func-
tional W of this model is given by

W (1,1, 1) = G(1, /1, +2{JI, -5)/2 )

The assembled finite element model of the court
sports shoes is represented in Fig. 4(b), where each

outsole

(b

Fig. 4. Finite element modeling of sports shoes: (a) shoe

parts; (b) assembly.
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Fig. 5. Coupled 3-D foot-shoe model: (a) finite element
mesh; (b) schematic representation.

shoe part is completely bonded to its adjacent parts by
using the node-to-node tying method. For this, FEM
meshes of each shoe part are constructed such that the
mesh distributions of two adjacent parts are exactly
the same along the common surface. The shoe model
is constructed so that its inner surface is in appropriate
contact with the outer surface of the soft tissue model.
The interaction between foot and shoes is treated by
imposing the frictional surface-to-surface contact, and
the frictional coefficient x between foot and shoes
is set by 0.5 [18].

Figs. 5(a) and 5(b) show the final coupled 3-D foot-
shoe finite element model and the schematic repre-
sentation of its structural composition, respectively.
The most prominent feature of this state-of-the-art
model is the realization of the lower limb wearing the
sports shoes, so that any kind of foot motion that can
occur in actual sports events can be simulated with
perfect freedom. This model is highly distinguished
from the conventional simulation models which are
not only simplified and restricted but also rely on
experimental data for accounting for the interaction
effects between foot and shoes. As can be observed
from Fig. 5(b), the relative rotational motion of both
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foot and shoes with respect to the combined joint is
resisted by the stiffness of the ligament links, the car-
tilage beams and the soft tissue. The pre-compression
by the shoe laces is not considered for this coupled
model, but its effect on the landing impact evaluation
is not considerable. Furthermore, the viscoelastic
behavior of the low extremity is not considered be-
cause the main goal of the current study is to examine
the validity of our 3-D coupled foot-shoe model.

4. Numerical experiments

A vertical straight landing event of a human foot
from 4 =300mm above ground with the zero initial
velocity is taken for the landing impact simulation.
The total weight of the human body is set by 60kgf
and its dynamic effect is reflected by adding the total
body mass to the mass center of the foot-shoe coupled
model, as depicted in Fig. 6. To shorten the total CPU
time, the actual landing simulation starts from the
vertical position of 5mm just above the ground, by
specifying the initial velocity V,, =./2gh =2.405m/s
to the foot-shoe coupled model. A frictional dynamic
analysis was carried out by the 3-D explicit finite
element method [19], for which the frictional coeffi-
cient u between the outsole and the ground and the
penalty parameter &, for the material incompressi-
bility are set by 0.5 and 10MPa , respectively.

The material properties and the numbers of finite
elements which are taken for each part in the impact
simulation model are recorded in Table 1. Where, the
clay ground is discretized uniformly with 8-node
cubic elements and the fixed boundary condition is
specified to its entire bottom surface. Meanwhile, the
outsole is discretized with 6,574 4-node tetrahedron
elements and the material constants involved in the

mass element\]\ \
combined
joint ot

initial velocity
Vini= 2.405 m/s

—

|

acceleration of
gravity g=9.8m/s*

Fig. 6. Loading and boundary conditions for the example.

Moonley-Rivlin model in Eq. (1) are as fol-
lows: C,, =—0.00149, C, =0.11732, C, =-0.00182,
C,, =0.01720 and C,, =0.02. It can be noted that
the material properties of bone, tissue, ligament and
cartilage were chosen by referring to Dai, et al. [18]
and Yamada [20]. While the others were determined
by uni-axial tension experiments using shoe compo-
nent specimens, incorporated with the least-square
curve fitting technique.

The landing simulation was performed in 0.05sec
after the initial contact of outsole with the ground. Fig.
7(a) compares the time histories of the ground reac-
tion force (GRF) between FEM and experiment. As
mentioned earlier, the experiment was performed on
an AMTI force platform [2, 21], with the same condi-
tions as the numerical simulation such as the body
weight, the landing height and the ground stiffness
and the friction coefficient. As a whole, the numerical
prediction is in a good agreement with the experiment
such that the peak value occurs at the same time
t=0.036sec . One noticeable difference is that the
numerical prediction does not show the oscillation
after the peak, which is because the inherent viscous

160 4
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Fig. 7. Time histories: (a) GRF; (b) peak contact pressures at
outsole and insole.
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Table 1. Material properties of lower limb and sports shoes (except for outsole).

Components Young’s modulus £ (MPa) Poisson’s ratio v Mass density p ( kg/ m’ ) Element number
Bone 7,500 0.34 1,500 21,656
Tissue 1.15 0.49 9,500 82,578
Ligament (links) 11.5 0.34 - 37
Cartilage (beams) 10.0 0.34 - 6
Upper 11.76 0.35 9,400 2,865
Insole 1.98 0.35 2,300 4,797
Mid-sole 2.49 0.35 2,300 19,997
Ground 10 0.36 - 300
0.08 E FEV

damping of soft tissue and sports shoes is not consid-
ered in the numerical analysis. The peak value of
148kgf corresponds to 2.7 times of the total body
weight, which is consistent with the report by Mann
and Hagy [1] that the relative peak GRF with respect
to the total body weight generally becomes 2-3 BW.

Fig. 7(b) compares the time histories of the peak
contact pressures produced at the outsole and insole.
Differing from the outsole, the peak contact pressure
at insole shows a uniform increase with the lapse of
time after the peak point, even though the slope in-
crease is not significant. When focused on the time
t=0.036sec , the peak contact pressures are as fol-
lows: 0.0564kgf /mm’ at outsole and 0.0187kgf/mm’
at insole. Thus, the difference in the peak pressures
occurring at both soles is 0.0377kgf /mm”, so that
the relative impact absorption by outsole and mid-
sole reaches 67% .

Fig. 8(a) depicts the seven sub-regions of the out-
sole which are conventionally used to evaluate the
regional peak pressures resulting from the collision
between the outsole and the ground. The experimen-
tal results were obtained by the traditional EMED
testing method [22]. Referring to Fig. 8(b), the com-
parison confirms that the present coupled foot-shoe
model produces acceptable numerical accuracy. One
noticeable fact is that the numerical simulation over-
estimates the peak pressure in the rear-foot region but
underestimates in the fore-foot region, which is
caused by the limitation in the modeling of ankle and
subtalar joints and in the accurate determination of
the rotational stiffness of the combined joint.

Distributions of the equivalent strain at five major
model parts are represented in Figs. 9(a)-9(e), when
the ground reaction force reaches the peak value. It
can be realized that relatively larger deformations
occurred at insole and mid-sole owing to the lower
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Fig. 8. Regional peak pressures at outsole: (a) sub-regions;

(b) comparison with experiment.
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Fig. 9. Equivalent strain at 0.0036sec after impact: (a)
bone; (b) tissue; (c¢) insole; (d) mid-sole; and (e) outsole.

stiffness than that of the outsole. As well as, the im-
pact absorption from insole to foot is clearly observed,
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> (< 1073 kgf/mm>)

Contact pressure (=10 3 kgf/mm?2)

Contact pressure (x10 % kaf/mm?2)

Fig. 10. Contact pressure distributions at insole: (a) 0.005sec ;
(b) 0.015sec ; and (c) 0.0365sec .

because soft tissue with the lowest stiffness shows a
peak strain which is smaller than that of the insole.
Contact pressure distributions within the insole at
three different time stages are represented in Figs.
10(a)-10(c). At the time ¢=0.036sec, the peak con-
tact pressure is 0.0167kgf /mm* and it shows a good
agreement with the experimental
0.0163kgf / mm* .

It is important to note that the direct and simultane-
ous prediction of the dynamic responses of individual
components of foot and sports shoes is the major
advantage of the present coupled foot-shoe model,
because it is not possible by various kinds of the tradi-
tional uncoupled separate simulation models pre-
sented in the Introduction.

Fig. 11 represents the locus of the center of pres-
sure within the insole during the entire landing event.
The center of pressure (X,¥) is calculated, by using
the nodal pressure values p, at each finite element

node (x,,y,),by
_ ZP:-V
S 3

fzz“?éﬂ,

value of

<

center of
pressure

anterior - posterior coordinate(mm)

x -40 -20 0 20 40
medial - lateral coordinate(mm)

Fig. 11. Movement of the center of pressure during the land-
ing motion.
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Fig. 12. Transfer of the landing impact: (a) vertical accelera-
tion; (b) frequency.

The dotted line connecting two points A and B in-
dicates the reference line for evaluating the move-
ment of the center of pressure. In other words, landing
instability and over-pronation do not occur when the
center of pressure moves along this reference line.
From the numerical results, we found that the devia-
tion of the center of pressure from the reference line is
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Table 2. Peak accelerations (G) and central frequencies (Hz)
at four different positions.

Item Heel Ankle Shank Knee | RR*
Peak' 325 17.2 16.9 14.1 56.6
acceleration
Center | 194 251 247 135 | 885
frequency

RR: Relative reduction (%) = (Heel-Knee)/Heel*100%

negligible, not resulting in undesired injury caused by
the over-pronation. The detailed maximum move-
ment of the center of pressure is as follows: 3.49mm

in the medial-lateral direction and 14.30mm in the
anterior-posterior direction.

Fig. 12(a) represents the time histories of the verti-
cal accelerations at four different positions of the leg-
foot model, heel, ankle, shank and knee. As depicted
in Fig. 1(a), the acceleration sensors are attached to
the skin of a human leg and foot, so that the meas-
urement points are set in accordance with the experi-
ment. The heel exhibits the severe fluctuation in the
vertical acceleration with large amplitude just after
the landing impact, but the extreme transient response
decays with the lapse of time. On the other hand,
three other positions show a gradual increase in the
vertical acceleration without any remarkable fluctua-
tion. It can be observed from Table 2 that the peak
acceleration decreases in proportion to the distance
from the landing impact position such that the relative
reduction from heel to knee reaches 56.6%.

The frequency responses evaluated at four different
positions are compared in Fig. 12(b), where the heel
shows a wide frequency band with a relatively high
center frequency. However, both the frequency band
and the central frequency significantly reduce as the
measurement position moves away from the impact
position, with the relative reduction of the center fre-
quency equal to 88.5% from heel to knee. From the
acceleration time histories and the frequency re-
sponses, one can confirm that the landing impact at
the heel is significantly absorbed by the lower ex-
tremity.

5. Conclusion

A fully coupled 3-D foot-shoe finite element model
has been introduced in this paper, for the accurate and
effective numerical implementation of the foot-shoe-
ground interaction in the landing event. The complex
bone geometry, the ankle and subtalar joints were

considered in the modeling of the lower limb skeleton.
Subsequently, the skeleton model was assembled into
the soft tissue model. In addition, essential parts of
sports shoes were realistically modeled and assem-
bled by using the node-to-node or surface-to-surface
tying technique. The final 3-D foot-shoe model was
generated by combining the foot model and the shoe
model according to the frictional surface-to-surface
contact.

The validity and reliability of the proposed coupled
model have been examined through the illustrative
numerical simulation of the vertical straight landing
event. The GRF time-history and the regional peak
pressures at outsole that were predicted by the 3-D
frictional dynamic impact analysis showed a good
agreement with the experimental results. Furthermore,
a comparison of the peak contact pressures at the
insole between FEM and experiment justified the
accuracy of the present method. Several other im-
portant aspects associated with the landing event,
such as the equivalent stain distribution, the time his-
tories of the contact pressure and the vertical accelera-
tion and the frequency response, were investigated by
the proposed coupled model with perfect freedom.
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