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Modeling and stress analyses of a normal foot-ankle
and a prosthetic foot-ankle complex
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Total ankle replacement (TAR) is a relatively new concept and is becoming more popular for treatment of ankle arthritis and frac-
tures. Because of the high costs and difficulties of experimental studies, the developments of TAR prostheses are progressing very
slowly. For this reason, the medical imaging techniques such as CT, and MR have become more and more useful. The finite element
method (FEM) is a widely used technique to estimate the mechanical behaviors of materials and structures in engineering applications.
FEM has also been increasingly applied to biomechanical analyses of human bones, tissues and organs, thanks to the development of
both the computing capabilities and the medical imaging techniques. 3-D finite element models of the human foot and ankle from recon-
struction of MR and CT images have been investigated by some authors. In this study, data of geometries (used in modeling) of a normal
and a prosthetic foot and ankle were obtained from a 3D reconstruction of CT images. The segmentation software, MIMICS was used to
generate the 3D images of the bony structures, soft tissues and components of prosthesis of normal and prosthetic ankle-foot complex.
Except the spaces between the adjacent surface of the phalanges fused, metatarsals, cuneiforms, cuboid, navicular, talus and calcaneus
bones, soft tissues and components of prosthesis were independently developed to form foot and ankle complex. SOLIDWORKS pro-
gram was used to form the boundary surfaces of all model components and then the solid models were obtained from these boundary
surfaces. Finite element analyses software, ABAQUS was used to perform the numerical stress analyses of these models for balanced
standing position. Plantar pressure and von Mises stress distributions of the normal and prosthetic ankles were compared with each other.
There was a peak pressure increase at the 4th metatarsal, first metatarsal and talus bones and a decrease at the intermediate cuneiform and
calcaneus bones, in prosthetic ankle-foot complex compared to normal one. The predicted plantar pressures and von Misses stress distri-
butions for a normal foot were consistent with other FE models given in the literature. The present study is aimed to open new ap-
proaches for the development of ankle prosthesis.
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ankle joint during walking, after Total Ankle Re-
placement and compared the obtained results with the
normal load and stiffness of a healthy ankle joint. Ten

1. Introduction

Total ankle replacement is a relatively new con-
cept and is becoming more popular for treatment of
ankle arthritis and fractures. Literature about TAR
describes generally good results [1]-[3]. Dyrby et al.
[4] evaluated the function of the ankle joint during
walking before and after Scandinavian Total Ankle
Replacement (STAR). They investigated 2D net joint
moments in nine patients. Houdijk et al. [5] deter-
mined the mechanical load and quasi-stiffness of the

TAR patients and 10 healthy control subjects partici-
pated in this study. They reported that, despite small
differences in internal work at the ankle, there was no
significant difference in mechanical loading of the
ankle after TAR. Almost all of the studies regarding
the ankle prosthesis in the literature are in vivo stud-
ies. Because of the high costs and difficulties of ex-
perimental studies, the developments of prostheses are
progressing very slowly. For this reason, imaging
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techniques have become more and more useful to
characterize natural biomaterials. One of the most
widely used techniques is the computed tomography
(CT) that is preferred because of its high resolution.
The finite element method (FEM) is a widely used
technique to estimate the mechanical behaviors of
materials and structures in engineering applications.
FEM has also been increasingly applied to biome-
chanical analyses of human bones, tissues and organs,
thanks to the development of both the computing ca-
pabilities and the medical imaging techniques such as
CT and MRI [6]-[8]. Reggiani et al. [9] developed
a finite element model of a 3 component TAR prosthe-
sis. They analyzed the contact pressures and ligament
forces during passive, i.e., virtually unloaded, and ac-
tive, i.e., stance phase of gait conditions. They observed
a peak contact pressure which is about 16.8 MPa. Vi-
ceconti et al. [10] used five mesh-generation methods
to build a FEM model of a femur. They discussed the
advantages and disadvantages of the method in terms
of geometric adaptability, accuracy of the result and
computational cost. Niebur et al [11] used voxel-based
mesh generation to study the failure mechanism of
trabecular bones. The method seems to be the easiest
way of 3D element generation, highly automated and
efficient. However, the obtained results are not satis-
factory when the focus is on the stress/strain distribu-
tions near boundaries. Scifert et al. [12] used FEM to
improve the design for resisting total hip dislocation.
Tadepalli et al. [13] evaluated the performance of
linear and quadratic tetrahedral and hexahedral ele-
ments under material incompressibility, frictional
contact, and complex loading conditions. They dem-
onstrated that for a range of simulation conditions,
hybrid hexahedral elements consistently performed
well while hybrid linear tetrahedral elements per-
formed poorly. Tadepalli et al. [14] presented a gen-
eral framework for computer-aided planning of ortho-
pedic interventions based on finite element modeling
via the reconstruction of the patient’s anatomy from
3D image datasets. They developed a prototype pro-
gram. They also demonstrated a simulation and mesh-
ing of a cervical laminoplasty procedure. A meshing
technique for generating hexahedral FE models was
developed by Devries et al. [15]. They compared their
technique to widely accepted meshing methods. They
used experimental studies to validate their mesh defi-
nitions. Even more relevant reports [16]-[18] can be
found in literature. 3-D finite element models of the
human foot and ankle from reconstruction of MR and
CT images have been developed by some authors. Ge-
fen et al. [19] developed a complex three-dimensional
FE model of a normal foot structure, including carti-

lage and ligaments. They modeled each of the discrete
events during the stance phase of gait, individually for
analyses. In order to obtain information of the rela-
tionship between the foot skeleton motion during
stance and the resultant foot—ground pressure pattern,
a novel experimental gait analysis technique was de-
veloped and used in their study. Chen et al. [20] pre-
sented a 3-D finite element model of a normal foot, to
examine the stress distribution during mid-stance to
push-off phase during barefoot gait. They used com-
puted tomography (CT) sectional images to identify
the major bones and soft tissues of the foot for con-
struction of the finite element foot model. Chen et al.
[21] established a 3-D nonlinear finite element model
of a human foot complex together with comprehen-
sive skeletal and soft-tissue components. The model
was validated by experimental data of subject-specific
barefoot plantar pressure measurements. By the
model, 3-D, internal, plantar soft-tissue deformations
and stresses were investigated. Cheung et al. [22]
developed a comprehensive FE model of the foot and
ankle, using 3D actual geometry of both skeletal and
soft tissues components. They have investigated the
effect of soft tissue stiffness on the plantar pressure
distributions and the internal load transfer among
bony structures. Even more relevant reports [23]-[30]
can be found in literature. Jacob and Patil developed
a 3-D, two-arch model of the foot from the X-rays.
They took foot geometry from a normal and a Han-
sen’s disease subject [31], and normal and diabetic
subjects [32], including bones, cartilages, ligaments,
important muscle forces, and foot-sole soft-tissue.
They carried out stress analysis by finite element
technique for quasi-static walking phases of heel-
strike, mid-stance, and push-off. They reported that
the highest stress occur during push-off phase in the
dorsal central part of the lateral and medial metatar-
sals, the dorsal junction of the calcaneus, and the cu-
boid and plantar central part of the lateral metatarsals
in the foot. The first objective of this study was to
generate models of normal and prosthetic ankle-foot
complex bones, soft tissues and components of pros-
thesis, by using CT images and MIMICS (Materialise)
software and SOLIDWORKS software. The second
purpose was to export this model into ABAQUS
codes, a finite element software, and hence to analyze
the stress and contact pressure distribution of the
models. In the FEM models for normal ankle, interac-
tions between bones to cartilages, and soft tissues to
ground supports were considered as sliding contact
parts while interactions between the soft tissues and
bone surfaces were defined as tied contacting parts. In
addition, for prosthetic ankle sliding contacts were
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defined between the components of prosthesis and
tibia and talus. For balanced standing position stress
and plantar pressure distribution of the normal and
prosthetic ankles were compared in the light of nu-
merical analysis results.

The CT machine, SOLIDWORKS software and
ABAQUS software used in this study were provided
by Dokuz Eylul University (Izmir, Turkey) and
MIMICS software used in this study was provided by
4C Medical (Istanbul, Turkey).

2. Materials and methods

The first objective of this study was to obtain 3D
CT images of the ankle-foot complex in order to con-
struct the 3-D finite element models. In CT, the data is
encoded in the Digital Imagining and Communica-
tions in Medicine (DICOM) format. The 3-D bone
models were then generated by using MIMICS and
SOLIDWORKS software from the data mentioned.
The solid model was then imported and assembled in
the FE package ABAQUS. To show the difference
between normal and prosthetic foot-ankle complex,
CT images of a patient with a prosthetic foot was
used. Therefore, the geometry of the FE model was
obtained from 3-D reconstruction of CT images from
the right foot (normal) and left foot (prosthetic) of
a male patient of age 40, height 170 mm and mass
80 kg. CT images were taken with intervals of 0.9 mm
in the neutral unloaded position.

2.1. Modeling of the ankle-foot complex

Firstly, the DICOM images were exported to
MIMICS program. The bony structures, soft tissues
and components of prosthesis were separated by de-
fining different threshold values in the program. Thus
3D images of bony structures, soft tissues and pros-
thesis components were independently developed. At
the segmentation process, the spaces between the
phalanges were fused due to failure of interphalangeal
joints. The 3D images of the right (normal) foot con-
sisted of 5 fused phalanges, 5 metatarsals, 3 cunei-
form, cuboid, navicular, talus, fibula, tibia and calca-
neus bones and soft tissue. Thus, 3D images of normal
foot-ankle complex consisted of these 20 components.
However, for prosthetic foot-ankle complex, 3D im-
ages of three components of prosthesis were also in-
dependently developed. Thus, prosthetic foot-ankle
complex consisted of 23 components. Point clouds of

all of the segmented 3D images were exported to the
SOLIDWORKS program. The boundary surfaces of
the bones, soft tissues and prosthesis components
were processed by using the Mesh Prep Wizard tool
of the program. For simplification of complex sur-
faces, global smoothness was applied to all compo-
nents, and then the surfaces were created. To con-
struct the cartilages, solid parts were generated
between the adjacent surfaces of all joint bones.
Bones, cartilages and components of prosthesis were
subtracted from the defined full soft tissue to form
the encapsulated soft tissue. After having adequate
surfaces, solid models were obtained. A horizontal
plate tangent to planar surface of the soft tissue was
also generated to simulate the ground support. All of
the solid parts were saved in Para Solid format and
imported to ABAQUS program. A flow chart of the
modeling and analysis methodology of 3D models is
given in Fig. 1.
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2.2. FEA of the ankle-foot complex

A finite element analysis package ABAQUS was
used to perform the finite element analysis. Firstly, the
imported parts were assembled by the program to
obtain the model. A total number of 76 ligaments and
plantar fascia were defined for normal foot by con-
necting points on the bones. However, for prosthetic
foot except the anterior tibiofibular, interroseous tibio-
fibular, anterior talofibular, posterior tibiofibular and
transverse tibiofibular ligaments (cut at the implanta-
tion of prosthesis) a total number of 71 ligaments and
plantar fascia were defined. All of the ligaments and
plantar fascia were defined by connecting the corre-
sponding attachment points on the bones obtained
from the Interactive Foot and Ankle [Primal Picture
Ltd., London UK., 2009]. The plantar fascias were
divided into 5 rays of separate sections, between the
calcaneus and the metatarsophalangeal joints. 3D
models of normal and prosthetic foots are shown in
Fig. 2.

Except the soft tissue, all other components of
models were assumed as homogeneous, isotropic and
linearly elastic materials. Young’s modulus and Pois-
son’s ratio for the bony structures were selected as
7300 MPa and 0.3, respectively, by weighting the
cortical and trabecular properties of bones based on
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the model developed by Gefen et al. [19]. Young’s
modulus and Poisson’s ratio of the cartilage [33],
ligaments [34] and the plantar fascia [35] were se-
lected from the literature, Table 1. The ligaments and
fascia were assumed to be incompressible. The soft
tissues were described by hyper elastic behavior with
material properties adopted from previous literature
[22], Table 2. Material properties of concrete were
assumed for ground support.

(@) (b)

Fig. 2. 3D model of ground support:
(a) bone structure, cartilage, ligaments, fascia,
and components of prosthesis, (b) soft tissue

The Bueshel Pappas Total Ankle Replacement
system was used in this study, which consisted of

Table 1. Material properties and element types of the anatomical parts of the finite element model

Component Young’s modulus  Poisson’s Element Cross sectioznal
(MPa) ratio type area (mm”)
Bones 7300 0.3 3D-tetrahedral
Soft tissue Hyper elastic 3D-tetrahedral
Cartilage 10 0.4 3D-tetrahedral
Ligaments 260 0.4 Tension-only truss 18.4
Plantar fascia 350 0.4 Tension-only truss 58.6

Table 2. The coefficients of the hyperelastic material used for the soft tissue

CIO COl C20

Cll

C02 Dl D2

0.08556  —0.05841  0.039

—0.02319

0.00851 3.65273 0

Table 3. Material properties and element types of the prosthesis components and ground support

Young’s . ,
Component Material modulus Pmsspn s Element
(MPa) ratio type
Talar Cobalt-chromium-
and tibial molybdenum 220000 0.3 3D-tetrahedral
(Co-Cr-Mo)
Mobile Ulqa-high molecular
bearing weight polyethylene 600 0.46 3D-tetrahedral
(UHMWPE)
Ground Concrete 17000 0.1 3D-brick
support
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three components: tibial component, talar component
and an interlaying mobile bearing. Tibial and talar
components of prosthesis were made of cobalt chro-
mium molybdenum (Co-Cr-Mo). Therefore, Young’s
modulus and Poisson’s ratio for this material were
chosen as 220 GPa and 0.3, respectively. Bearing
component was made of ultra high molecular weight
polyethylene (UHMWPE). Young’s modulus and
Poisson’s ratio for this material were chosen as 600
MPa and 0.46, respectively, Table 3.

In order to simulate the interactions between the
bone-to-cartilage, bone-to-soft tissue, soft tissue-to-
plate, prosthesis component-to-component, and pros-
thesis component-to-bone (tibia and talus) the sur-
face to surface contact algorithm of ABAQUS is
utilized. The contact between the bone and carti-
lages is assumed to be frictionless due to lubricating
nature of the articulating surfaces. The soft contact
behavior of the articular cartilages was simulated by
a contact stiffness defined by Athanasiou et al. [33].
A frictional contact between the planar surface of
foot and ground support was defined with a coeffi-
cient of friction 0.6 [36]. Usually, the soft tissue is
adherent to the underlying bone so that a tied con-
tact was defined between the surface of the bones
and inner surface of the soft tissue. The contact
between the talar and tibial components of prosthe-
sis and talus and tibia was defined as frictionless
one. The contact between the polyethylene and
metal components was also assumed to be friction-
less [9]. The bony, soft tissues and components of
prosthesis were meshed with tetrahedral elements,
while the ground support was meshed with 3D brick
elements and ligaments and plantar fascia were
defined by tension only truss elements. For a sub-
ject with body mass of 80 kg, a vertical force of
approximately 400 N is applied on each foot during
balanced standing. The body weight was applied as
concentrated forces at the underneath surface of the
plate. The Achilles tendon force was set as 75% of
the total plantar force on the foot, based on the
studies showing that this setting provided the clos-
est result between measured and predicted centre of
pressure during balanced standing [25]. The Achil-
les tendon forces were represented by five equiva-
lent force vectors at the posterior extreme of the
calcaneus. The proximal ends of the tibia and fibula
and superior surface of the soft tissue were fixed
throughout the analysis. The same loading and
boundary conditions were considered for normal
foot-ankle and prosthetic foot-ankle models in the
finite element analysis. Boundary and loading con-
ditions of FE model is shown in Fig. 3.

Fixed
surfaces

\ Reaction /,‘

forces

Fig. 3. Boundary and loading conditions of FE model

3. Results

A geometrically accurate 3D finite element model
of a normal foot-ankle and a prosthetic foot-ankle
complex of a patient was developed. The FEM model
created enables the stress/strain distribution to be pre-
dicted under balanced standing position. In the analy-
sis, the von Mises equivalent stress distributions and
planar pressures were examined. From the analysis,
equivalent stress distribution in each of the foot bones
and planar pressure in the plantar surface of the soft
tissue were obtained for both normal foot-ankle and
prosthetic foot-ankle models considering balanced
standing. For the validation of the model, the pre-
dicted plantar pressure of the current FE model is
compared with those of experimental data and other
FE results given in literature, Fig. 4. As seen in the
figure, the position and peak value of stress concen-
tration are comparable and are in good agreement.
The FE predicted plantar pressure distribution of nor-
mal and prosthetic models are also given in the figure.
The difference in pressure distribution is significant
between normal and prosthetic foot. It is seen that for
the normal foot model, the peak plantar pressure,
about 0.159 MPa, occurs at the rear foot (heel) and
forefoot (the first, third and fifth metatarsals head
regions), while the corresponding predicted peak pres-
sure for prosthetic foot is about 0.192 MPa locating at
the forefoot (the first and fifth metatarsal head re-
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Fig. 4. Comparison of predicted plantar pressures with published FE predicted and experimental data

gions). The von Mises stress of dorsal soft tissue
around ankle joints increased from 0.01 MPa to 0.03
MPa on average.

The predicted von Mises stress distributions of
bony structures for both models are given in Fig. 5. As
seen in the figure, the dorsal surface at the midshafts
of the third to fifth metatarsals and the dorsal surface
of the talus and tibia exposed higher stress concentra-
tion for prosthetic foot, while the midshaft of the sec-
ond to fourth metatarsals sustained high stress for
normal foot during balanced standing. Regarding joint
stress distributions, for normal foot, a peak von
Mises stress of about 6.766 MPa is found to be at the
3rd metatarsal, followed by 5.50 MPa at the tibia,
3.464 MPa at the calcaneus, and 3.371 MPa at the
2nd metatarsal. For prosthetic foot-ankle complex,
the peak values are respectively, 7.560 MPa at tibia,
5.58 MPa at the 4th metatarsal and 4.794 MPa at the
5th metatarsal. Analysis results showed that an in-
crease in equivalent stresses of the 4th metatarsal, 1st
metatarsal and talus for prosthetic foot-ankle occurs,

compared to a normal foot-ankle. On the contrary,
a decrease in those stresses of intermediate cuneiform,
calcaneus and the 3rd metatarsal is observed. The
peak von Mises stress values are depicted in Table 4,
for comparison.
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+ +
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Fig. 5. Von Mises stress distribution of (a) normal foot,
(b) prosthetic foot
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Table 4. The FE predicted peak von Mises stress
in the normal and prosthetic foot bones during balanced standing

Peak von Mises
Bone stresses (MPa)
normal prosthetic
Tibia 5.550 7.560
Fibula 1.267 2.684
Talus 2.068 4.730
Calcaneus 3.464 2.302
Navicular 1.697 2.080
Cuboid 1.134 1.621
Medial cuneiform 0.914 1.050
Intermediate cuneiform 1.205 0.118
Lateral cuneiform 2.352 2.947
1st metatarsal 1.300 3.196
2nd metatarsal 3.371 4.639
3rd metatarsal 6.766 4.536
4th metatarsal 2.000 5.580
5th metatarsal 2.240 4.794
Ist toe 0.584 0.567
2nd toe 0.496 0.551
3rd toe 0.552 0.916
4th toe 0.307 0.451
5th toe 0.131 0.190

4. Discussion

Total ankle replacement is one of the most com-
mon treatment methods of ankle arthritis and frac-
tures. Knowledge about the stress distribution of the
foot-ankle complex is a very important point for de-
velopment of the prosthesis. Because of the high costs
and difficulties of direct measurement of stress distri-
bution of foot-ankle complex, the uses of a FE model
have become more useful. In this study, the CT im-
ages of a patient normal (left) and prosthetic (right)
foot were used to obtain a 3D finite element model of
the ankle-foot complex. Then, for normal foot-ankle
and prosthetic foot-ankle models, a numerical stress
analysis was carried out. The main objective of this
work was to compare the von Mises stress and planar
pressure distributions of ankle-foot complex in a nor-
mal foot-ankle and prosthetic foot-ankle of a patient
during balanced standing. In the current study, cortical
and cancellous bones were modeled as single homo-
geneous components with linear elastic properties.
The material properties of the bone, prosthesis com-
ponents, ligaments, and fascia were assumed to be
linear and are of elastic behavior. For the validation of
the FE model, all current material properties were
selected according to literature. Static loading condi-
tions were considered in the analysis. Some simplifi-
cations on the geometry and material properties in
modeling of both a normal foot-ankle and a prosthetic

foot-ankle were done in order to reduce the complex-
ity of the model. And also only the Achilles tendon
force was considered while other intrinsic and extrin-
sic muscle forces were not simulated. The current
model may assist pre-treatment planning and design
of ankle prosthesis. The predicted equivalent stress
and planar pressure distributions for a normal foot are
in good agreement with the other FE models and ex-
perimental results of normal foot for balanced stand-
ing position given in the literature. For instance,
Cheung et al. [22] have predicted relatively higher
equivalent stresses at the mid-shaft of metatarsals, as
7.94 and 4.47 MPa in the third and second metatar-
sals, respectively. The values seem to be higher than
the values obtained in the present study. In spite of the
differences in stress intensities, however, the stress
distributions obtained are in good agreement with
those of literature. Plantar pressure distribution meas-
urement has been widely used for validation of FE
models, [21]-[23], [27]H30]. In this study, plantar
contact pressure under balanced standing loading con-
dition was recorded with the FE prediction. There is
good agreement between the overall shapes of contact
patterns of predicted and measured plantar pressure
distribution.

The analysis results showed that the stresses in rear
foot of the prosthetic foot-ankle increase to a normal
foot-ankle. Whereas, the equivalent stresses of fore
foot are decreased. Analysis results and patient com-
plaints are found to be consistent with each other. For
instance, the higher stress variations in the prosthetic
foot-ankle model compared to a normal foot-ankle
were in third to fifth metatarsals, talus and tibia,
where the patient complaints focused on. Based on the
current study, more advanced finite element models
can be created. Therefore, geometry of the prosthesis
may be modified efficiently by using the analysis
results.

The current method is cheaper and easier than the
direct measurement techniques for analyzing the stress
and pressure distributions of both normal and pros-
thetic foot-ankle complex. The method may assist pre-
treatment planning and design of the total ankle re-
placement. Also geometry and material properties of
the prosthesis components can be changed and the
effects of these changes can be investigated easily.
The biomechanical effects of the other factors on the
stress distribution of both normal and prosthetic foots
can be investigated.

Some simplifications on the geometry, material
properties and loadings of the bones, soft tissues,
ligaments and muscles were made to reduce the com-
plexity of the model. These simplifications may affect
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the estimated stress results, however, the stress distri-
bution and values showed good agreement with previ-
ous measurement results from literature.
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