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Abstract--The models of the foot available in the literature are either two- or three-dimensional
(3-D), representing a part of the foot without considering different segments of bones, cartilages,
ligaments, and important muscles. Hence, there is a need to develop a 3-D model with sufficient
details. In this paper, a 3-D, two-arch model of the foot is developed, taking foot geometry from
the X-rays of nondisabled controls and a Hansen's disease (HD) subject, and taking into
consideration bones, cartilages, ligaments, important muscle forces, and foot sole soft tissue. The
stress analysisis carried out by finite element (FE) technique using NISA software for the foot
models, simulating quasi-static walking phases of heel-strike, mid-stance, and push-off. The
analysis shows that the highest stresses occur during push-off phase in the dorsal central part of
the lateral and medial metatarsals, the dorsal junction of the calcaneus, and the cuboid and plantar
central part of the lateral metatarsalsin the foot. The stresses in push-off phasein critical tarsal
bone regions, for the early stage of HD with muscle paralysis, increase by 25-50% as compared
with the control foot model. The model calculated stress results at the plantar surfaces are of the
same order of magnitude as the measured foot pressures (0.2-0.5 MPa). The high stress
concentration areas in the foot bones indicated above are of great importance, sinceit isfound
from clinical reports that in some subjects with pathogenic decrease in the mechanical strength of
the bone from HD, these areas of bone are disintegrated. Therefore, thisinvestigation could
possibly provide an insight into the factors contributing to disintegration of tarsal bonesin HD.
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two-arch foot model.

INTRODUCTION

The bone changes and paralysis of foot muscles occurring in Hansen's disease (HD) or diabetes
are found to alter the pattern of internal stressesin the foot. As HD advances, its paralytic effects
cause changes in the geometry as well asin the actions of muscle forces, giving rise to an increase
In stresses at some sites and possibly causing tarsal disintegration when the mechanical strength
in those regions is decreased. Direct measurements of the internal stresses are not possible in vivo.
However, these stresses can be predicted using an appropriate numerical model of the foot acted
upon by the important muscles. The analysisisfirst done on the foot of a nondisabled control
followed by the analysis on the foot of a person with HD, with early bone changes and foot drop
caused by the paralysis of certain muscles.

The foot models available (1-5) for stress analysis are two dimensional. The few three-
dimensional (3-D) models available for stress analysis (6-11) represented only part of the foot
skeleton and do not consider actual geometry or the role of ligaments, cartilages, and foot sole
soft tissue. Therefore, it isfound to be necessary to develop a 3-D model of the foot, taking into
consideration al the above details, along with important muscle forces and the actual geometry of
the foot.

This paper describes a 3-D, two-arch model of a control foot, taking into consideration the actual
geometry of foot bone segments, cartilages, ligaments, foot sole soft tissue, and important muscle
forces, for stress analysis during quasi-static walking phases of heel-strike, mid-stance, and push-
off. Once the areas of high stress concentration are determined, the study is extended to model the
foot of a person with HD to find the combined effect of early bone changes and muscle paralysis
on the pattern of stresses devel oped.

METHODS

Foot M odel
Normal Foot with Foot Sole Soft Tissue

The 3-D model of the foot, consisting of two arches (the medial and the lateral) with the soft
tissue of the foot sole, is developed to simulate quasi-static walking phases of heel-strike, mid-
stance, and push-off. The geometry of the foot is taken from medio-lateral and antero-posterior X-
ray pictures of a control foot. In both arches, the individual metatarsal bones in the medio-lateral
directions (three in the media and two in the lateral arch) are combined. The bones, with their
respective cartilages, are constrained to move by their respective longitudinal ligaments, modeled
both on dorsal and plantar sides, and these ligaments are distributed in the medio-lateral direction
as per anatomical data (12,13). The complex cartilage between calcaneus and talusis also
introduced with medial, lateral, cervical, and interosseous ligaments. Ligaments are provided to



connect the medial arch and lateral arch in their respective places, as are the important plantar
ligaments, such as spring ligaments, long plantar ligaments, and plantar facia (12-14). These
ligaments are also distributed over alarge area as found in the anatomy of the foot. Thus, the
model consists of eight cartilages between the bones, each with its respective ligaments. The
predominant muscle forces acting on the foot are taken into consideration per the literature
(15,16), and the points of insertion of the muscles on the model are decided considering the
anatomical data (12-14). The forces in the muscles attached to the lateral arch are also modeled in
this two-arch model. The thicknesses of the soft tissue used (heel=18 mm; metatarsal heads=13
mm) conform to thicknesses reported in literature (17,18). The soft tissue of the plantar side alone
Is model ed.

Figure 1 shows two views of the geometry of the skeleton along with that of the sole soft tissue
in the medio-lateral view. The soft tissue under the media arch is modeled with an arch shape as
seen in anormal foot. The bottom surface of the soft tissue of lateral arch is modeled as a plane
touching the ground.
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Figure 1.
Schematic diagram of the left foot skeleton, with plantar soft tissue; a=dorsal view; b=medial
view.



Huiskes and Chao (19) have reported that in the case of quasi-static loading (and probably in
vivo loading), both cortical and trabecular bones behave approximately in alinear elastic manner.
In arecent work, Keaveny et a. (20,21) have reported that trabecular boneislinearly elastic until
yielding and has equal tensile and compressive moduli. These elastic and yield properties are aso
characteristic of cortical bone (22-24). Although no Y oung's modulus data seem to be available
specifically for the foot bones, values measured for various bones of arm and leg show little
difference (25), so avalue in this range can reasonably be chosen. Clift (26) has reported that
under short-term or instantaneous loading, some useful information can be gained by modelling
the cartilage as alinear elastic material. The stress-strain relationship for ligaments show
nonlinear effects for very small loading, followed by alinear portion that applies over the range of
normal physiological loadings (27). Hence, in this study, the foot bone material, cartilage, and
ligaments are assumed to be homogeneous, isotropic, and linearly elastic. The Y oung's modulus
of the bone istaken as 7,300 MPa and Poisson's ratio as 0.3 from Nakamura (1); those of the
cartilage are taken as 10 MPa and 0.4, respectively, from Schreppers (28). The stiffness of the
ligamentsistaken as 1,500 N/mm from Patil (4).

The transfer of load to soft tissue using the elasticity theory has been studied by Bennet (29-31),
who investigated soft tissue failure and dermatological problems experienced in fitting prosthetic
devices to persons with amputation. Although he realized that there are numerous complexitiesin
real tissues and variations with anatomical locations, in order to simplify the analysis to
manageabl e proportions, he assumed a constant Y oung's modulus and Poisson's ratio for soft
tissue. Similar assumptions are made by different investigators (10,11,32). Hence, in this study
the foot sole soft tissue is assumed to be linearly elastic with a constant Poisson's ratio (to reduce
complications) as done by other investigators (10,11,29-32). The Y oung's modulus of the soft
tissue istaken as 1 MPa (32) and the Poisson's ratio as 0.49, that is, nearly incompressible (1).

The foot model is discretized into eight-node, isoparametric, solid brick elements and six-node
wedge elements representing the bones, cartilages, and soft tissue, and into two-node spring
elements representing the ligaments. The elements have three trandlational degrees of freedom per
node, defined by first order interpolation functions, and the state of stress is characterized by six
stress components. The governing mathematical equations--strain-displacement, stress-strain, and
equilibrium equations for the 3-D model involving finite elements (FE)--are given in Zienkiewicz
(33) and therefore not discussed here. The stress analyses are carried out using the commercial
software, Numerically Integrated Elements for System Analysis, (NISA; Engineering Mechanics
Research Corporation, Troy, Ml).

Heel-strike Phase

The heel-strike phase is characterized by a 30° inclination of the foot sole to the ground (34).
The ankle joint force (FAN) is simulated by 2.25 times the body weight (35). The muscles
modeled in this phase of walking are tibialis anterior (TA), extensor hallucis longus (EHL ), and
extensor digitorum longus (EDL; 15,16). The inferior extensor retinaculum transfers the forces of
TA, EHL, and EDL to the medial and lateral sides of the calcaneus and these forces are also
considered in this model. The foot model (as seen from lateral side) in the heel-strike phase acted
upon by the muscle forces and FAN is shown in Figure 2.



Figure2.

Lateral view of the two-arch model of the foot with plantar soft tissue in the heel-strike phase.
Acting forces are indicated by numbers 1-7: 1=EHL ; 2=EDL in media arch; 3=EDL in |ateral
arch; 4=TA; 5=reaction on the |lateral side of the calcaneus due to retinaculum; 6=reaction on the
medial side of the calcaneus due to retinaculum; 7=FAN. Forces 1-4 are distributed over
thickness; 5-7 over area.

The forces in the above muscles are obtained from the literature (16,36,37) and by force
equilibrium considerations; they are given in Table 1. The muscle attachments are not modeled as
single points, but distributed over an areain conformity to the anatomy, to avoid stress
concentrations at the attachment points of muscle forces. The FE mesh is the same as that used in
the mid-stance phase (shown in the next section). The model in the heel-strike phase has 3,412
brick elements to represent bones, cartilages, and soft tissue, and 116 spring elements to represent
ligaments, with atotal of 4,557 nodes. The following boundary conditions are used in the heel-
strike phase: the displacements at the medial border nodes of the heel region are arrested in the x,
(=horizontal posterior-anterior), y (=vertical plantar-dorsal), and z (=horizontal lateral-medial)
directions. The displacements at the lateral heel border nodes are arrested in the x and y
directions, and the other nodes in the heel region are arrested in the y direction; virtual support is
provided at the toes.

Table 1.

Muscle forces and ankle joint force acting on the two-arch foot
model with soft tissue of the foot sole for control subject in
different phases of walking.

Magnitude (N)
Forces Hed-strike Mid-stance Push-off



Ankle Joint Force
(FAN)

Triceps Surae (TS) -- 550 1,100
Peroneus Longus (PL) -- 132 234
Peroneus Brevis (PB) -- 64 96
Tibialis Posterior (TP) -- 290 453
Tibialis Anterior (TA) 516 -- --

Flexor Hallucis Longus
(FHL)

Flexor Digitorum
Longus (FDL)

Extensor Hallucis
Longus (EHL)

Extensor Digitorum
Longus(EDL)

Reaction at medial
pulley due to muscle
forces FHL, FDL, and
TP

1,350 2,100 3,000

-- 143 259

-- 68 130

114 - -

-- 645 613

Reaction at lateral pully
due to muscle forces PL -- 256 243
and PB

Reaction on media side
of calcaneus dueto 318 -- --
retinaculum

Reaction on lateral side
of calcaneus dueto 318 -- --
retinaculum

Mid-stance Phase

The foot model shown in Figur e 3 represents the mid-stance phase, where the foot is supported
at the heel and forefoot. The FAN is simulated by 3.5 times the body weight of a control subject
(35) weighing 600 N. During the mid-stance phase, the muscles triceps surae (TS), peroneus
longus (PL), peroneus brevis (PB), tibialis posterior (TP), flexor hallucis longus (FHL), flexor
digitorum longus (FDL ), and adductor hallucis (AH) are considered in this model (15,16).



Figure 3.

Media view of the two-arch foot model with plantar soft tissue in the mid-stance phase. Acting
forces are indicated by numbers 1-13. 1=TS; 2=FAN; 3=reaction on the medial pulley dueto
FHL, FDL, and TP; 4=reaction on the lateral pulley due to PL and PB; 5=PB; 6=TP; 7=PL; 8=AH
in medial arch; 9=AH in lateral arch; 10=AH in toe; 11=FHL; 12=FDL in media arch; 13=FDL
inlateral arch. Forces 1, 5-13 are distributed over thickness; the rest over area

The forces on the calcaneus due to the muscles FHL, FDL, and TP, as they go around the medial
pulley, and PL and PB, asthey go around the lateral pulley, are also considered. The forcein the
muscle TSistaken from literature (16,36). The other muscle forces are calculated from the ratio
of cross sectional areas of the muscles with respect to that of TS (37,38). The values of the muscle
forces thus obtained compare well with those reported in literature (14,37). The lateral view of the
FE mesh used in this model of the foot in the mid-stance phase is shown in Figure 4. The model
has 3,292 brick elements representing bones, cartilages, and soft tissue, 116 spring el ementsto
represent ligaments, and 4,403 nodes. The boundary conditions imposed in the mid-stance phase
are: the displacements of the nodes of media borders of the heel and metatarsal heads and toes of
the medial and lateral arches are arrested in the X, y, and z directions; the lateral border nodes of
the same regions are arrested for displacementsin the x and y directions; and the other nodes on
the heel and metatarsal heads and toes of the medial and lateral arches are arrested for the vertical
displacements.
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Figure4.
Lateral view of the FE discretization of the two-arch model of the foot with plantar soft tissuein
the mid-stance phase.

Push-off Phase

The push-off phase is characterized by a 45° inclination of the foot sole to the ground (34). The
FAN issimulated by 5 times the body weight (35). The predominant muscle forces considered in
thisphaseare TS, TP, PL, PB, FHL, and FDL (15,16). The forces at the medial pulley from FHL,
FDL, and TP, and at the lateral pulley from PL and PB, are also considered, as shown in Figure
5. The forces in the above muscles are obtained from literature (16,36) and also by force
equilibrium considerations (Table 1). The FE mesh used is similar to that shown in the mid-
stance phase, with afiner mesh at the medial and lateral metatarsal head and toe regions. The
model has 3,840 brick elements and 116 spring elements with 5,122 nodes and 15,366 degrees of
freedom. The boundary conditions imposed are: the displacements of the nodes of the medial
borders of metatarsal head and toe of the medial and lateral arches are arrested inthe x, y, and z
directions; the displacements of the nodes of the lateral borders of the same regions are arrested in
the x and y directions; and the displacements of the other nodes in the above regions are arrested
inthey direction.



Figure5.

Lateral view of the FE discretization of the two-arch model of the foot with plantar soft tissuein
the push-off phase. Acting forces are indicated by numbers 1-10. 1=FHL ; 2=FDL in medial arch;
3=FDL inlateral arch; 4=PL; 5=PB; 6=TP; 7=reaction on the media pulley dueto FHL, FDL,
and TP; 8=reaction on the lateral pulley dueto PL and PB; 9=TS; 10=FAN. Forces 1-6 and 9 are
distributed over thickness; the rest over area.

Foot Model in the Early Stage of Hansen's disease with Muscle Paralysis

Since persons with HD have deformed feet, in addition to partial or complete paralysis of certain
muscles, the analysis considers the shape of the foot from the X-ray and the muscle status
(regarding the degree of muscle paralysis) from the clinical data. The left foot of subject CHN
with drop foot from early stage HD is considered for the model. From the radiol ogical
assessment, it is seen that there is areduction in thickness for the cartilages between talus and
navicular, and navicular and cuneiforms. The X-ray data show a change in the geometry of the
navicular known as beaking of the navicular bone. From clinical datait is found that intrinsic
muscles and the peroneal muscles, PL and PB, are completely paralyzed. The dorsiflexor muscles
TA, EHL, and EDL are aso completely paralyzed, |eading to drop foot. Thereis 20 percent
(grade 4, see Table 2) paralysisfor TP. Since the dorsiflexors are paralyzed, there exists no heel-
strike phase; hence, only the mid-stance and push-off phases are model ed.

Table 2.

Muscle power grading as per Medical
Research Council of Britain.

Muscle
Grading Muscular Condition



No movement of the
muscle.

Slight movement of the
muscle.

Considerable movement
and contraction in position
toward gravity but not
against gravity.

Considerable and
appreciable contraction
and movement both
against and toward gravity.

Contraction and
4 movement is good, but not
against resistance.

Normal contraction and
movement of the muscle.

Mid-stance Phase

The foot is modeled as two arches with the inclusion of soft tissue of the foot sole. The mid-
stance phase is simulated with the geometry obtained from medio-lateral and antero-posterior X-
ray pictures of the foot. The paralyzed muscle forces are taken according to clinical report, and
the remaining muscle forces are obtained from literature and by force equilibrium considerations
(asin the earlier models). The normal values of forcesfor FHL, FDL, and TS are considered. The
forcein the TP istaken as 80 percent of the force in the normal foot model (per clinical report of
20 percent paralysis). The reaction on the medial side of calcaneus, dueto TP, FHL, and FDL, is
taken into account. Since the peroneal muscles PL and PB are paralyzed, thereis no reaction force
at the lateral side of calcaneus. The muscle forces and FAN acting on the foot of CHN are given
in Table 3. The boundary conditions used are same as those described above for the same phase.

Table 3.

Muscle forces and ankle joint force acting on
the two-arch foot model with soft tissue of the
foot sole for the subject CHN (early stage of
Hansen's disease) in the mid-stance and push-

off phases of walking.

Magnitude (N)
Forces Mid-stance  Push-off
Ankle Joint Force

(FAN) 2,100 3,000



Triceps Surae
(TS

Peroneus Longus
(PL)

Peroneus Brevis
(PB)

Tibialis Posterior
(TP)

Flexor Hallucis
Longus (FHL)

Flexor Digitorum
Longus (FDL)

Reaction at

media pulley due

to muscle forces 574 560
FHL, FDL, and

TP

550 1,361

232 362
143 259

68 130

Reaction at
lateral pully due
to muscle forces
PL and PB

Push-off Phase

As explained in the earlier section, push-off phase is characterized by a 45° inclination of the
foot sole to the ground. The muscle forces are modeled with normal values of FHL and FDL and
80 percent of TP. For the equilibrium of the foot in the push-off position, it is assumed that the
powerful muscle TS generates more force than its normal value, and it is calculated. The reaction
at the calcaneus due to the muscles FHL, FDL, and TP going around the medial pulley is
modeled. The reaction at the lateral pulley is zero, because of the paraysis of latera peroneal
muscles. The forces in these muscles and the FAN used (considering equilibrium in push-off
phase) for the model are shown in Table 3. The muscles are distributed over an area as per the
anatomy (12-14). The model of the foot, in the push-off phase with the forces acting, is shown in
Figure 6. The boundary conditions used are same as those explained above for the same phase.



Figure®6.

Lateral view of the two-arch model of the foot with plantar soft tissue in the push-off phase for
the subject CHN. Acting forces are indicated by numbers 1-7: 1=FHL; 2=FDL in medial arch;
3=FDL in lateral arch; 4=TP; 5=reaction on the medial pulley dueto FHL, FDL, and TP, 6=TS;
7=FAN. Forces 1-4 and 6 are distributed over thickness; the rest over area

RESULTS

Control Foot Model
Heel-strike Phase

From the stress analysis, it is found that the highest von Mises stress during heel-strike phase
occurs at the lateral dorsal side of medial metatarsal head (4.1 MPa). The other regions of high
stress or stress concentration are the dorsal medial side of the central part of the lateral metatarsals
(3.8 MPa), the ankle joint (3.2 MPa), the medial side of medial metatarsals near the cartilage
between cuneiforms and media metatarsals (3.2 MPa), the dorsal medial side of the lateral toes
(2.9 MPa), the dorsal junction of calcaneus and cuboid (2.3 MPa), the plantar anterior part of
calcaneus at the insertion points of spring ligaments (2.3 MPa), and the neck of the talus (1.7
MPa). The highest von Mises stress (vertical component) at the interface between soft tissue and
ground occurs at the medial anterior part of the heel region (0.35 MPa). It isfound that this peak



stress at the plantar surface of the soft tissue (Table 4) is of the same order of magnitude as the
peak pressure under the foot sole obtained by barographic measurements (39) for controlsin heel-
strike phase.

Mid-stance Phase

The results of stress analysisfor the model in the mid-stance phase show that the maximum von
Mises stress occurs at the dorsal side of the junction of calcaneus and cuboid (9.2 MPa). The other
high stress/stress concentration regions are the ankle joint (6.6 MPa), the neck of the talus (4.6
MPa), the media dorsal sides of the central parts of lateral and medial metatarsals (3.3 MPa), the
dorsal side of navicular (3.3 MPa), and the medial plantar side of navicular (2.6 MPa). The
maximum von Mises stress (vertical component) in the foot sole soft tissue at the foot/ground
interfaceis 0.25 MPa (Table 4), which occurs at the first toe in the medial arch. This peak stress
at the plantar surface of the soft tissue is of the same order of magnitude as the peak pressure
under the foot sole obtained by barographic measurements (39) for a control during the mid-
stance phase.

Table4.

Comparison of peak foot sole stresses and
experimentally measured foot pressures for
control and Hansen's disease subject.*

Subject Phaseof Model Barographic
Walking Stresses  Pressure

Control Heel- 0.35 0.30
strike

Mid- 0.25 0.22
stance

Push-off 0.50 0.45

CHN Mid- 0.25 0.30
stance

Push-off 0.55 0.50

* From Patil, et a. (39). Note: The subject CHN, in early
stage of Hansen's disease, could not have heel strike due
to paralysis of dorsiflexors. Stresses and pressuresin
MPa.

Push-off Phase

The analysis of the model in the push-off phase shows that the maximum von Mises stressis at
the dorsal medial side of central part of lateral metatarsals (21.5 MPaas shown in Figure 7). The
other regions of high stress are the dorsal side of the junction of calcaneus and cuboid (19.9 MPa),



the lateral (16.9 MPa) and the medial (15.3 MPa) dorsal sides of the central part of the medial
metatarsals, the neck of the talus bone (10.7 MPa) and the ankle joint (9.2 MPa).

Figure7.
Lateral view of the von Mises contours of the two-arch model of the foot with plantar soft tissue
in the push-off phase.

The stresses in the cartilages are all compressive in nature with the highest (5 MPa) occurring in
the cartilage between calcaneus and cuboid. The von Mises stress (vertical component) at the soft
tissue/ground interface is found to be maximum at the central part of the lateral metatarsal head,
possibly coinciding with the fourth metatarsal head (0.5 MPa). The highest von Mises stressin the
medial arch is 0.5 MPa, which occurs at the lateral side of the metatarsal head, possibly
coinciding with the third metatarsal head. The peak soft tissue stresses at the foot/ground interface
(Table 4) are of the same order of magnitude as the peak pressures under the foot sole of controls
reported in literature (40) and also obtained by barographic measurements (39). The results of
stress analysis in the normal foot model, in three phases of walking are summarized and presented
inTable5.

Tablebs.
Comparison of stressesin the control foot model in three
phases of walking.
von
Mises
Phase of Stress  Stressconcentration areas of the

Walking (MPa) foot



Hedl-strike

Mid-
stance

Push-off

4.1

3.8

3.2

2.9

2.3

1.7
0.34

9.2

6.6
4.6
3.3

2.6
0.2

215

19.9

16.9

153

10.7
0.5

Latera dorsal side of medid
metatarsal head

Dorsal medial side of central part
of lateral metatarsals

Anklejoint, Medial side of medial
metatarsals

Dorsa media side of lateral toes

Dorsal junction of calcaneus and
cuboid, Plantar anterior part of
calcaneus

Neck of talus

Media heel support (ground-soft
tissue interface)

Dorsal junction of calcaneus and
cuboid

Anklejoint
Neck of talus

Medial dorsal side of central part
of latera and medial metatarsals,
dorsal side of navicular

Plantar side of navicular

First toe in the media arch
(ground-soft tissue interface)

Dorsal medial side of central part
of lateral metatarsals

Dorsal junction of calcaneus and
cuboid

Dorsal lateral side of central part
of medial metatarsals

Dorsal medial side of central part
of of medial and lateral metatarsals

Neck of talus

Plantar side of lateral metatarsal
head (ground-soft tissue interface)



Early Stage of Hansen's Disease with M uscle Paralysis
Mid-stance Phase

The highest stress during the mid-stance phase occurs at the dorsal side of the junction of
calcaneus and cuboid (11.5 MPa). The other regions of high stress concentration are the ankle
joint (6.5 MPa), the neck of the talus (4.1 MPa), the dorsal sides of the central part of medial (4.1
MPa), and lateral (3.3 MPa), metatarsals, and the navicular (3.3 MPa), asindicated in Table 6. By
comparing the stresses in this model of CHN with that of controls for the mid-stance phaseg, it is
found that the highest stress at the dorsal side of calcaneo-cuboid joint isincreased by 25 percent.
This could be due to the inversion of the foot from an imbalance of muscle forces between medial
and lateral sides. The inversion could be because the lateral pulley force is absent, since the
muscles going around the lateral pulley (PL and PB) are completely paralyzed, and there isforce
at the media pulley due to muscle TP. The change in stresses, compared to those of the control
foot in the other regions is not significant for the mid-stance phase. The stresses in the cartilages
are compressive in nature in this case also. Thereis reduction in the thickness of the cartilages
between talus and navicular, and navicular and cuneiforms; the compressive stresses in these
cartilages are increased by 1.35 times and 1.27 times, respectively, compared to the valuesin the
corresponding regions of the normal foot. The stresses in the other cartilages are nearly the same
as those of the normal foot.

Table6.

Comparison of foot bone von Mises stresses for CHN,
in the early stage of Hansen's disease, with drop foot, in
two phases of walking.

von
Mises
Phase of Stress  Stress concentration ar eas of
Walking (MPa) thefoot

Mid- 115 Dorsa junction of calcaneus and
stance cuboid

6.5 Anklejoint

41 Neck of talus, Dorsal central
part of medial metatarsals

3.3 Dorsal central part of lateral
metatarsals, Dorsal side of
navicular

0.2 Lateral toe (ground-soft tissue
interface)

Push-off 26.7  Dorsal central part of lateral
metatarsals



24.8  Dorsa junction of calcaneus and
cuboid

15.2  Dorsal centra part of medial
metatarsals

11.4  Neck of talus, Plantar central
part of lateral metatarsals

7.6 Dorsa side of navicular, Plantar
side of media and lateral toes,
Dorsal side of cuneiform

0.55 Latera side of media and
lateral metatarsal heads (ground-
soft tissue interface)

The highest von Mises (vertical component) stress (0.25 MPa) in the soft tissue/ground interface
isfound to be at the lateral toe (fourth toe region) and it is of the same order of magnitude as the
measured foot pressure (Table 4). The other regions of high von Mises stresses are the heel (0.2
MPa), fourth metatarsal head (0.2 MPa), first toe (0.2 MPa) and medial metatarsal head (0.17
MPa).

Push-off Phase

Table 6 presents asummary of stress analysis results in mid-stance and push-off phases for
CHN. During the push-off phase, it is found that the highest von Mises stress occurs at the dorsal
side of the central part of lateral metatarsals (26.7 MPa, Figur e 8), which is 24 percent more than
the stress at the same area for the normal foot. The other areas with high stresses are the dorsal
side of the junction of calcaneus and cuboid (24.8 MPa), the dorsal side of the central part of the
medial metatarsals (15.2 MPa), the neck of the talus (11.4 MPa) and the plantar side of the central
part of the lateral metatarsals (11.4 MPa). The other regions of stress concentration are the dorsal
side of navicular (7.6 MPa) and the dorsal side of cuneiform (7.6 MPa). The highest soft tissue
von Mises stress (vertical component) at the foot sole/ground interface occurs at the lateral sides
of the medial and lateral metatarsal heads (0.55 MPa), and it is of the same order of magnitude as
the measured foot pressure (Table 4). The von Mises stresses (vertical component) at other
regions of the foot sole are 0.47 MPa and 0.35 MPa, respectively, at the lateral sides of medial
and lateral toes.



Figure8.
Lateral view of the von Mises contours of the two-arch model of the foot with plantar soft tissue
in the push-off phase for the subject CHN.

Table 7 presents a comparison of bone von Mises stresses in controls and in CHN. The increase
In stress (as seen here for CHN in the cuneiforms) to 7.6 MPafrom 4.6 MPa (for the control foot
in the corresponding area) could be because of the reduction in thickness of the cartilage between
navicular and cuneiforms. During the push-off phase, the increase in stresses in the bones of the
lateral arch is more than that of the bones of the medial arch. This could be due to the inversion of
the foot caused by the imbalance in the muscle forces brought about by paralysis of |ateral
muscles, whereby more force istransferred to the lateral arch and subsequently to the ground. The
stresses in the cartilages are compressive; the highest stress in the cartilage between talus and
navicular isincreased by 47 percent, and that of the cartilage between navicular and cuneiforms
by 64 percent, of the corresponding cartilage stresses of the normal foot. The stresses in the other
cartilages do not change significantly.

Table7.

Comparison of foot bone von Mises stresses between foot models for
control and CHN, an early stage Hansen's disease subject with drop foot
in the push-off phase.

Stress concentration Control CHN Per cent
areas of the foot (MPa) (MPa) Change
Dorsal central part of

lateral metatarsals 215 26.7 +24.1
Dorsal junction of 20.0 24.8 1246

calcaneus and cuboid



Dorsal central part of
medial metatarsals

Neck of talus 10.7 115 +7.0

Plantar central part of

16.9 153 -9.0

lateral metatarsals 1.7 11.5 +49.7
Dorsal side of navicular 7.6 7.6 --

Plantal side of medial toes 6.1 7.6 +24.4
Dorsal side of cuneiforms 4.6 7.6 +65.9

DISCUSSION

Models reported in literature differ with respect to the number of segments defined, the number
of dimensions considered, the number of muscles included, and the algorithms used to solve the
stresses. Additionally, the anatomical information and the material properties used in the different
models are not identical. Consequently, it is difficult to compare the results of different models
directly.

Nakamuraet a. (1) show that the maximum compressive stress in the bone at the metatarsal
head region is 0.90 MPa at the bone/soft tissue interface during the mid-stance phase. The present
study gives the maximum von Mises stress at the metatarsal head region as 1.3 MPa at this
interface and phase. The former model is two-dimensional, representing the foot as a single bone
without considering the muscle forces. The difference in the results could be explained as due to
the differences in the geometry and muscles considered between the models. The plantar soft
tissue stresses at the foot/ground interface are in good agreement with those measured by
barographic equipment for all the three phases of walking (39).

The results of the stress analysis reported here show that the foot skeletal bone is subjected to the
highest stress during the push-off phase of walking. During heel-strike, the highest von Mises
stress (4.1 MPa) occurs at the lateral dorsal side of the medial metatarsal head, and the other
regions of high stress concentrations are the dorsal medial side of the central part of the latera
metatarsals, the ankle joint, the media side of medial metatarsals near the cartilage between
cuneiforms and medial metatarsals, the dorsal medial side of latera toes, the plantar anterior part
of calcaneus at the insertion points of spring ligaments, the dorsal junction of calcaneus and
cuboid and the neck of the talus. In the mid-stance phase the highest von Mises stress (9.2 MPa)
occurs at the dorsal side of the junction of calcaneus and cuboid; the other areas of high stress
concentration are the ankle joint, the neck of the talus, and the medial dorsal sides of the central
part of lateral and medial metatarsals. The highest von Mises stress (21.5 MPa) during the push-
off phase occurs at the dorsal medial side of the central part of the lateral metatarsals; the other
areas of high stress concentrations are the dorsal side of the junction of calcaneus and cuboid, the
lateral and medial dorsal sides of the central part of the medial metatarsals, and the neck of the
talus. The highest von Mises stresses in the bones for the three phases of walking arein theratio



HS:MS:PO=1:2.3:5.3 for the two-arch control foot model.

CHN does not have a heel-strike because of paralysis of dorsiflexors. From Table 7 it is seen
that this subject's highest von Mises stress in push-off occurs at the dorsal side of the central part
of lateral metatarsals (26.7 MPa), 24 percent more than that of the control foot model at the same
area. The increase in stress in the cuneiforms for CHN (7.6 MPa, 1.7 times that of the control)
could be because of the reduction in the thickness of the cartilage between navicular and
cuneiforms. For CHN in the push-off phase, the increase in stresses in the bones of the lateral arch
Is more than that of the media arch. This could be due to the inversion of the foot because of the
imbal ance in muscle forces brought about by the paralysis of the lateral muscles (PL and PB). The
early stage of HD (with reduction in cartilage thicknesses) has increased cartilage stresses by 47
to 64 percent in the corresponding areas. The paralysis of peroneal muscles (drop foot), combined
with decreased cartilage thicknesses, has increased the bone stresses in push-off, in different parts
of the foot, by 24 to 66 percent as described in Table 7.

CONCLUSIONS

The results of the stress analysis show that the plantar soft tissue stresses at the foot/ground
interface are in good agreement with the foot pressures (39) measured by barographic equipment
for all the three phases of walking. The analysis for the control and HD foot shows that the bone
areas of high stress concentration are the dorsal and plantar central parts of lateral metatarsals, the
dorsal junction of calcaneus and cuboid, the dorsal central part of medial metatarsals, the neck of
the talus, and the dorsal sides of navicular and cuneiformsin the push-off phase. The paralysis of
peroneal muscles (drop foot), combined with decreased cartilage thicknesses in the early stage of
HD, further increases the bone stresses in the push-off phase in the high-stress concentration
regions of the foot by 24 to 66 percent. Thisis of great importance, since it isfound from clinical
reports (41) that in certain persons with HD, these areas of the bones get disintegrated if subject to
osteoporosis, due to decreased mechanical strength of the bone in that region (caused by HD).
Therefore, this investigation could possibly provide an insight into the factors contributing to
tarsal disintegration in HD.
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