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Blount’s disease, or tibia vara, is the most common cause of pathologic genu varum in children and adolescents. Changes in the
loading of knee structures such as tibial articular cartilage, menisci and subcondral bone are well documented in case of genu varum. But
the mechanical effects of this condition on foot bones are still questionable. In this study, the authors hypothesized that stress distribu-
tions on foot bones might increase in patients with tibia vara when compared with patients who had normal lower extremity mechanical
axis. Three-dimensional (3D) finite element analyses of human lower limb were used to investigate and compare the loading on foot
bones in normal population and patient with tibia vara. The segmentation software, MIMICS was used to generate the 3D images of the
bony structures of normal and varus malalignment lower extremity. Except the spaces between the adjacent surface of the phalanges
fused, metatarsals, cuneiforms, cuboid, navicular, talus and calcaneus bones were independently developed to form foot and ankle com-
plex. Also femur, tibia and fibula were modeled utilizing mechanical axis. ANSYS version 14 was used for mechanical tests and maxi-
mum equivalent stresses (MES) were examined. As a result of the loading conditions, in varus model MES on talus, calcaneus and cu-
boid were found higher than in normal model. And stress distributions changed through laterally on middle and fore foot in varus

deformity model.
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1. Introduction

In terms of walking comfort and knee joint sta-
bilization, mechanical axis should be located be-
tween femoral head globe and distal end of tibia at
a vertical position passing through the center of
knee joint. Varus deformity which is one of the
tibia deformities affects the function of walking as
it affects the load charged on cruciate ligaments.
Blount’s disease, or tibia vara, is the most common
cause of pathologic genu varum in children and
adolescents. Tibia vara has been classified as infan-
tile, juvenile, and adolescent, the infantile form
occurring before the age of 4, the juvenile form

between 4 and 10 years of age and the adolescent
form after 10 years [1].

Finite element analysis facilitates the efficient
evaluation of different surgical techniques without
the in-vivo surgery. Cheung et al. [2] calculated the
stress values in foot bones through finite element
method in their study. Bandak et al. [3] analyzed the
stress in the ligament elements of the ankle through
finite element method. Also some finite element
studies in literature have shown the potentials in
understanding lower extremity biomechanics [4], [5].
However, there is no study in the literature where
comparison and evaluation of stress distribution on
foot bones in normal model and varus malalignment
model.
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In this study, the authors hypothesized that stress
distributions on foot bones might increase in patients
with tibia vara when compared with patients who had
normal lower extremity mechanical axis. Three-
dimensional (3D) finite element analyses of human
lower limb were used to investigate and compare the
loading on foot bones in normal population and pa-
tient with tibia vara.

2. Materials and methods

2.1. Elements of lower extremity

The line starting from the center of femoral head
globe and continuing up to the mid of ankle corre-
sponds to the mechanical axis. Line passing through
the shaft axis of such long bones as tibia and femur
can be expressed as the mechanical axis of the bone
to which it belongs. Relationship between proximal
tibia, knee and mechanical axis in the frontal plan
corresponds to the middle of knee joint or its 10 mm
medial (inner part) when lower extremity mechanical
axis is drawn. While outward angulation of the axis
is defined as valgus deformity, it is called as varus
deformity if the axis passes from inner part more
than 17 mm (Fig. 1). Besides, varus deformity is
expressed as angular deformation between the ana-
tomical tibial axis and mechanical axis as shown in
Fig. 1. In the present study, varus deformity was
addressed.

Mechanical Tibia

Axis Fibula

Tibia Anatomic
Axis

Fig. 1. Mechanical axis of lower extremity

Since lateral proximal femoral angle displayed as
arp in Fig. 1 normally varies between 85° and 95°, its
average value is accepted to be 90°. However, the
average value for agp angle is 89° and values varying
between 86° and 92° are deemed normal. In Fig. 2,
ankle bones are displayed. As foot bones complete the
load transfer under normal standing conditions, they
are elements directly affected by the injury of lower
extremity axis angles.

Fig. 2. Bones of foot and ankle joint

2.2. Three dimentional modelling
of lower extremity structures

In the field of medicine, computer-aided planning
before surgical operations to be conducted through
such imaging techniques as Computed Tomography
(CT) and Magnetic Resonance (MRI) are frequently
used in recent years. In this study, main model was
also modeled via CT images. CT images of the lower
extremity bones for normal model were collected
from our Institute folder archieve while varus model
was obtained from a female patient aged 21 through
Toshiba Aquilion CT scanner in the department of
Radiology of the Faculty of Medicine in Kocaeli Uni-
versity. CT images consist of parallel layers having
a section range of 0.774 mm at neutral position and
a pixel resolution of 512 x 512. A 1841-layer shooting
was carried out to develop the model used as refer-
ence. Images were recorded at dicom (Digital Imaging
and Communications in Medicine) format. After these
images were transferred into MIMICS 12.11 program
which is a 3D image processing software, 3D model
displayed in Fig. 3 was obtained.

All bone structure models and geometric ar-
rangements were completed through reverse engi-
neering program (GEOMAGIC®). After the correc-
tion of surface errors of deformative and corrected
models, 3D smooth solid models were developed.
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Once the geometric arrangements of the models had
been completed, finite elements models were ob-
tained by transferring them into MIMICS® FEA
(finite element analysis module) content in STL
(Steriolithography) format.

Varus deformity

Fig. 3. 3D models of lower extremity and ankle bones

2.3. Calculation of load distribution

To compare the load distributions observed in
bones of ankle joint and foot, finite elements models
of deformative and normal lower extremities were
transferred into ANSYS® WORKBENCH software
through MIMICS® FEA interface. 10 node tetrahedral
elements were used for mesh of finite element models.
Computer-aided finite element analysis aimed at com-
paring the load distributions was carried out through
ANSYS® WORKBENCH software.

2.3.1. Material properties of bone
and non-bone structures

In this study, it was assumed that bone structures
in the developed models were elastic and isotropic.
Furthermore, visicoelastic material properties of the
bone structure were identified. Identification of visi-
coelastic properties of the bone structure in ANSYS®™

WORKBENCH material editor was carried out by
entering bulk module 2.3 GPa [6], [7] and shear
module [6]-[8]. Material properties of bone, carti-
lage and meniscus were identified at values given in
Table 1.

Table 1. Material properties of bones
and non-bone structures [6]-[12]

Structure N_Io_dulus Poigson’ s
of elasticity (E) MPa ratio (v)
Femur 17.000 0.3
Tibia 14.000 0.3
Calcaneus 5.000 0.3
and other foot bones

Menisci 59 0.49
Cartilage 5 0.46

2.3.2. Boundary and loading conditions

Load put on foot bones varies by the movement of
human and the position of standing. The fact that load
put on by human body is transferred through hip and
knee joints was taken into consideration to calculate
load carrying capacities of elements constituting the
lower extremity. In the study conducted by Simoes et
al. [11] on different loads such as muscle loads af-
fecting the body weight and proximal femur, body

Static Structural
Time: 1,5

23.07.2010 10:53
[ Fixed Support
[BJ Force: 1000, M

. Force 2: 500, M
[D] Displacement

a)

Fig. 4. FEA loading conditions of lower extremity
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burden was identified as 700 N and the abductor force
was identified as 300 N. On the other hand, in the
study carried out by Moreo et al. [12], body burden
was used as 2092 N and the abductor force was used
as 975 N. Considering all these data, body weight of
1000 N displayed in Fig. 4 was applied to the surface
of femoral head globe in contact with hip joint. As
a component of the muscle loads, abductor load was
put on toward pelvis through the trochanter major of
femur as 500 N.

Due to normal movement axis of muscle and
ligament, a degree of freedom was identified to the
femoral bone only in line with mechanical axis. Sur-
faces of calcaneus and the other foot bones in contact
with ground were completely stabilized as shown in
Fig. 4b (zero displacement). Same loading and
boundary conditions were determined in both mod-
els. A 10 node tetra element was used for the finite
element models obtained under the aforementioned
material properties and loading and boundary condi-
tions and models contained 242.235 elements on
average. Except the spaces between the adjacent
surfaces of the phalanges fused, metatarsals, cunei-
forms, cuboid, navicular, talus and calcaneus bones
were independently developed to form foot and ankle
complex.

A. OzKkAN et al.

Table 2. FEA results of structures in
normal and varus deformity models (MPa)

MES in MES in
Structure normal model | varus model
(MPa) (MPa)
Talus 31.8 56.9
Calcaneus 36.7 55.4
Navicula 20.1 18.9
Cuboid 10.8 18.3
Medial cuneiform 5.9 6.7
Middle cuneiform 8.8 11.7
Lateral cuneiform 4.1 4.8
1st metatarsal 7.1 4.9
2nd metatarsal 6.7 6.3
3rd metatarsal 6.8 7.8
4th metatarsal 2.3 6.9
Sth metatarsal 2.1 4.6
1st toe 3.2 2.8
2nd toe 1.6 1.5
3rd toe 0.5 0.4
4th toe 0.6 0.6
5th toe 0.7 0.9

one. The results of MES are given in Table 2. On the
other hand, load bearing was increased through later-
ally in varus model on bones at mid and front foot
(Table 2). Comparable graphics of results among
same structures are given in Fig. 5.
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Fig. 5. Comparable load distribution on foot bones at same structure of varus deformity normal models (MPa)

3. Results

In terms of stress distribution in ankle complex
and rear foot; MES were higher on all bones except
navicula in varus model when compared with normal

4. Discussion

The analysis results showed that the stresses in
rear foot of the varus foot-ankle increased to a normal
foot-ankle. Whereas, the equivalent stresses of navic-
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ula, first and second metatarsals were decreased. So,
these results showed correlation by supporting the
authors’ hypothesis which claims increased loading on
foot bones additionally to knee structures in patient
with tibia vara.

Pain and knee arthrosis are the natural long-term
result of untreated cases of Blount’s disease by in-
creased adduction moment due to varus mechanical
axis [13]. Although a metaphyseal osteotomy with
acute correction and internal or external fixation is
the state of the art treatment of infantile tibia vara,
this has been found to be less appropriate in treating
late-onset tibia vara [1]. Kurosawa and Doi [14]
demonstrated that tibia vara is a primary determi-
nant of joint compression forces at the knee. They
took radiographic measurements of tibia vara and
the femorotibial angle and found that a higher cor-
relation existed between tibia vara and knee joint
compression forces. In a study based on a finite
element model study, Cook et al. [15] concluded
that increasing varus resulted in increasing com-
pressive stress in the medial tibial physis, up to
a level of seven times more than the normal level
when the varus was in a position at 30°. Further,
tensile stresses determined in the lateral tibial phy-
sis were increased above normal. The main superi-

In critically analyzing the data, applied loads were
distributed through laterally especially at middle and
front foot in model with tibia vara (Fig. 5). This may
be as a result of modified longitudinal and medial arc
of foot to accommodate the deformed mechanical axis
due to varus deformity. The relationship between tibia
vara and calcaneal eversion is especially important for
the function of the lower extremity. The degree of
calcaneal eversion present in standing and walking
must at least be equal to the degree of tibia vara, so
that the foot can prorate to allow the calcaneus to rest
flat on the supporting surface [14], [15].

Varus deformity can usually be corrected
through proximal tibial open or closed osteotomies
(PTO). The aim of PTO surgery is to transfer the
stress to the healthy lateral (external) meniscus
compartment. This surgery eliminates the deformity
by correcting the varus deformity and positioning
the tibia toward the mechanical axis [16]-[18]. This
study showed increased stresses on foot bones in
case of tibia vara. Although the current study
mainly suffers from only evaluating foot bones
bearing by ignoring knee structures such as menisci
and cartilage, it may lead future studies that inves-
tigate the effect of tibial corrective osteomies on
menisci, cartilage and foot bones.

Fig. 6. Stress distribution (MPa) on the talus in the case of tibia vara:
(A) lateral view; (B) plantar view. MES on the talus was obtained in the subtalar articular surface.

ority of the current study to previous studies was to
investigate stress distribution on foot bones in pa-
tient with tibia vara. Stress distribution (MPa) on
the talus in a case of tibia vara: (A) lateral view; (B)
plantar view. MES on the talus was obtained in the
subtalar articular surface. Thus, patients with varus
malalignment may be candidates for subtalar arthri-
tis (Fig. 6).
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