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1 Introduction 

1.1 Motivation 

Despite most of the times the foot not being 
considered a central part of the body, it has a great 
importance, allowing all movements that characterize 
our day-to-day, such as walk, jump, run, among others. 
The foot is considered the basis of the body and has a 
fundamental role in the balance of the body. One of the 
main joints existent on the foot is the ankle joint, playing 
a hinge role between the leg and foot. This region of 
meeting between the leg and foot enables the 
transference of load among these two components of 
the lower limb. The ankle joint is a complex structure, 
due to many factors, such as its anatomy, its 
mechanics, the materials that a characterize it (the 

cartilage), and so on. These characteristics make the 
ankle serve various functions, beyond those mentioned: 
it absorbs the impact promoted for each step during the 
movement, and withstands, also during the movement, 
the high mechanical strains and stresses [1]. 

The greatest part of the problems associated with 
the disruption of the ankle’s function are related to the 
arthritis.  Osteoarthritis (OA) and Rheumatoid are the 
most common types of arthritis.  

OA is due to the inflammation and injury of the joint, 
in this case, the ankle joint, which causes the breaking 
of cartilage tissues, promoting deformity, pain and 
swelling. 

Ankle arthrodesis is the denomination given to the 
artificial induction of joint ossification between two 
bones via surgery. The main objective of this technique 
is the relief of the patient pain and it has been chosen 
among other treatments as the preferred one [13]. 
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However, this procedure has a main drawback: the high 
rate of later arthrosis in adjacent joints in about 10% to 
60% of the cases, which makes this technique far from 
the perfection, due to the elimination of the joint and its 
associated mobility. 

Currently, some studies report that the TAA may be 
preferred to the arthrodesis, due to the results shown by 
it and its demonstrated viability. The use of TAA has 
increased over the years and it is possible that, in the 
future, its use will further increase [986285]. 

Bone remodeling consists in a process that occurs 
during all life of the individual. In this process, the old 
and microdamaged bone is removed from the skeleton 
– bone resorption – and the new bone is added – bone 
formation or ossification. 

 

1.2 Approach and objectives 

The purpose of the present work is to study the bone 
remodeling of the ankle joint after a TAA. To achieve 
this purpose, it is used a FE model of the AJC. In this 
model, two prostheses are introduced, the Agility™ and 
S.T.A.R.™, and the study is performed for each of 
them.  

 

2 Background 

2.1 Total ankle prosthesis remodeling  

2.1.1 Agility™ prosthesis  
 

Agility™ prosthesis has two components in its 
constitution and shows a fixed-bearing design. It has a 
component made by polyethylene which is fixed to the 
tibial component and has a concave shape in sagittal 
plane, increasing the stability in anteroposterior terms. 
This prosthesis enables to types of motion: 
dorsi/plantarflexion motion and axial rotation, due to the 
mismatch between the talar and tibial components and 
the fact of being semiconstrained.  

 

 
 

Figure 1: The AgilityTM prosthesis. The first one is the 
old version and the second one is the new. Both have their 

components marked. 

2.1.2 S.T.A.R. prosthesis  
 

The new design of S.T.A.R.™ prosthesis is mobile-
bearing, it has three components, and its method of 
fixation is uncemented, since the nineties.  

The talar and the tibial components are made of the 
same material: cobalt-chromium-molybdenum (Co-Cr-
Mo) with Ti plasma spray coating. However, and like it 
was expected, they have anatomical differences, 
according their function in the AJC. The tibial 
component has two fixation bars with the purpose of 
increase the fixation to the tibia. 

 

 
 

Figure 2: The S.T.A.R.TM prosthesis, with its 
components marked. 

 

2.2 Bone remodeling  

2.2.1 Bone remodeling model 
 

The model used in the present work is a fusion 
between the model developed by Fernandes et al. and 
the equilibrium equation established for the contact 
problem, studied by Folgado et al. It has as basis a 
topology optimization criterion for 3-D linear elastic 
bodies in contact. Initially, a porous material with a 
repeated, periodic microstructure was acquired thanks 
to the repetition, in space, of closed cells, which are 
cubic cells with a parallelepiped inclusion, however, 
nowadays, it is obtained by the repetition of open cells, 
which consist in cubic cells with rectangular holes. The 
method of homogenization is used to obtain the 
effective elastic constants, which are part of the 
equivalent elastic properties. The maximization of the 
overall stiffness of the structure is obtained thanks to 
the minimization of the work of the applied forces. This 
minimization is realized to obtain the optimal topology. 
The optimal topology is possible due to the use of a 
multiple loading criterion that considers different load 
conditions at different temporal instants. Back to the 
maximization of the overall stiffness of the structure, 
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this is influenced by k, which is an additional term that is 
associated to the biological cost of the organism in 
maintaining bone homeostasis. The introduction of this 
term in the cost function makes that the model takes 
into account parameters of two natures, mechanical 
and metabolic. Thus, the model is more truthful and 
approximated to physiological condition of bone. The 
real reason why this parameter is included in the cost 
function is because bone formation demands a higher 
energy spent by the body, which is provided by the 
constant vascularity in the local where the bone 
formation is happening. 

A Lagrangian formulation of the optimization 
problem, which is augmented, is used to derive 
analytically the optimal and necessary conditions. This 
methodology is a mixture of other methodologies, 
having characteristics of various. This model is 
approximated through an adequate FE discretization, in 
numerical terms, and it is identical to the model 
suggested by Rodrigues for the optimization of the 
shape of mechanical components. The approach that 
the bone remodeling process follows is based in nodes. 
This approach is called the node-based approach and it 
was proposed by Jacobs et al., however, in the present 
model, the referred approach was implemented and 
used by Quental et al. It is important to mention some 
aspects that characterize the mentioned model and that 
make it so successful. It allows the perception and the 
better understanding about biological mechanisms that 
underlying the bone remodeling. This understanding is 
possible thanks to the prediction of the optimal 
distribution of bone density. The bone adaptation is also 
predicted by this model, after the occurrence of the 
prosthesis implantation. The understanding of the bone 
adaptation provides the identification of the most 
affected areas and the demonstration of the 
phenomenon of stress-shielding. Thanks to the model 
characteristics, it is possible to understand more deeply 
the difference between the use of different prosthesis 
designs and, more important, the biomechanics of 
bone. Due to that, it is a good choice to use the model 
in tests of prostheses, before the insertion of them, 
called pre-clinical tests. This use should take into 
account different constituent materials, geometries, 
among others. 
 

2.2.2 Material Model 
 

In this case, the bone is modeled as a linearly elastic 
porous material with a periodic microstructure, which is 
obtained by the repetition in space of a cubic cell with 
rectangular holes. The edges of mentioned cubic cell 
are represented by the dimensions a1, a2 and a3. The 
present model treats the bone as an orthotropic 

material, which means that it considers the orientation 
of each cell (each unit).  

The parameters of the microstructure, ai, are nothing 
more than the dimensions of the hole/space that is in 
the middle of a standard cell (the open cell 
configuration). They allow the calculation, in an 
explicitly way, of the relative density (μ), by the next 
expression:  

μ = 1 – a1.a2 – a2.a3 – a1.a3 + 2 a1.a2.a3, 

 for ai ϵ [0,1], i =1,2,3 

(1) 

 

Taking the above expression into account, it is easily 
understandable the below relations: 

• For a null value of relative density, μ = 0, the ai 
parameters take the value of one, ai = 1 (for i =1,2,3), 
which in anatomic terms corresponds to the absence of 
bone; 

• For an unitary value of relative density, μ = 1 (the 
maximum relative density), the ai parameters take a null 
value, ai = 0 (for i =1,2,3), which in anatomic terms 
corresponds to the cortical bone; 

• The intermediate values of the relative density (0 < 
μ < 1) correspond, in anatomic terms, to the trabecular 
bone. 

 

2.2.3 Mathematical formulation 
 

The law of bone remodelling is derived considering 
that bone adapts to achieve the stiffest structure with 
the total bone mass controlled by some biological 
parameters. Thus, the bone density distribution is 
obtained solving an optimization problem that can be 
formulated, using a multiple load formulation, as, 

𝑚𝑖𝑛𝑎 [∑ 𝛼𝑃 (∫ 𝑓𝑖
𝑃𝑢𝑖

𝑃𝑑Γ
Γ𝑓

) + 𝑘 ∫ (𝜇(𝑎))𝑚 𝑑Ω
Ω𝑏

𝑁𝐶
𝑃=1 ]     (2) 

subjected to 

 0 ≤ 𝑎𝑖 ≤ 1,  𝑖 = 1,2,3                                               (3) 

It should be noted that 𝑁𝐶 means the number of 

load cases, while 𝛼𝑃 symbolizes the respective load 

weight factors, leading to the equality ∑ 𝛼𝑃𝑁𝐶
𝑃 = 1. 

The solution of the problem stated above is obtained 
using an augmented Lagrangian formulation. The 
optimal condition of the problem given by,  

∑ (𝛼𝑃 𝜕𝐸𝑖𝑗𝑘𝑙
𝐻

𝜕𝑎
𝑒𝑘𝑙(𝑢𝑃)𝑒𝑖𝑗(𝑣𝑃)) − 𝑘

𝜕𝜇𝑚

𝜕𝑎
= 0𝑁𝐶

𝑃=1              (4) 

corresponds to the bone remodelling law, in the sense 
that whenever it holds the remodelling equilibrium is 
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achieved. In the equation (4) 𝐸𝑖𝑗𝑘𝑙
𝐻  defines the 

homogenised material properties tensor, 𝑒𝑖𝑗 the strain 

field and 𝑢𝑃  and 𝑣𝑃 are the displacement and the virtual 
displacement field, respectively. The major steps of the 
numerical process used to solve the above equation are 
presented in the next section. For a more detailed 
description of the model see [69-74]. 
 

2.2.4 Computational Formulation 
 

To solve the equations from the last section, a 
numerical procedure is adopted and below it is possible 
to see the actions that complete this procedure. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Flowchart of the bone remoduling algorithm. 

 

3 Computational modelling 

This section essentially presents the way how the 
FEA was processed, using the ABAQUS®, besides 
other considerations, such as the geometric models 
used and some characteristics related to the use of the 
remodeling model. 

3.1 Material Properties  

Bone is a material with some characteristics that are 
hard to represent in computational models, namely, FE 
models. These characteristics are the anisotropy, the 
heterogeneity and the viscoelasticity. Bone is called an 
anisotropic material due to its dependence of the 
direction and its heterogeneity is related with its density, 
mechanical resistance and density. Bone and other 

tissues involved in this study were represented 
differently: 

• Bone: Isotropic; heterogeneous, due to the 
distinction between cortical and trabecular bones, and 
linearly elastic. 

• Cartilages and interosseous membrane: 
Isotropic, homogeneous and linearly elastic. 

 

Table 1: Material properties of the natural constituents of 
the models. 

 

 

Table 2: Material properties of the artificial constituents 
of the models 

 
Young’s 
modulus 

Poisson’s 
modulus 

Talar part 193 GPa 0.29 
Tibial part 110 GPa 0.33 

Polyethylene 
part 

557 MPa 0.46 

Plate and 
screws 

110 GPa 0.33 

Talar part 210 GPa 0.3 
Tibial part 210 GPa 0.3 

Polyethylene 
part 

557 MPa 0.46 

 

3.2 Interaction among parts 

Below it is possible to observe a synthetic list that 
characterizes the interactions existent between the 
parts of the models present in this work. The list is 
organized by parts. 

• Between cartilages: This type of tissue is 
characterized by its lubrication, existents in their 
surfaces which present an articular nature. This way, 
the interaction between cartilages was considered 
frictionless, with a value of coefficient of friction of 0.01. 
It was selected a surface-to-surface contact between 
cartilages. 

 
Young’s 
modulus 

Poisson’s 
modulus 

Cortical bone 19 GPa 0.3 
Trabecular 

bone 
500 MPa 0.3 

Cartilage 1 MPa 0.4 
Interosseous 

membrane 
99.5 MPa 0.49 

Bone graft 200 MPa 0.3 
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• Between cartilage and bone: The surface 
interactions between the cartilage and bone were rigidly 
bonded – tie. 

• Between interosseous membrane and 
bones: the bones that are mentioned in this topic are 
the tibia and fibula. The surface interactions between 
them were rigidly bonded – tie. 

• Between prostheses and bones: The surface 
interactions between them were rigidly bonded – tie. 
This was possible considering that the components of 
prostheses were correctly fixed to each other. The 
mentioned interactions occur between the bones and 
the talar and tibial components of prostheses. 

• Between prosthetic components: The 
interactions between them were established to be 
surface-to-surface contact. However, due to the nature 
of the materials that constitute the components of the 
prostheses, the coefficient of friction was increased, 
when compared to the value used for the interactions 
between cartilages: 0.04. This coefficient was 
established for the contact between the polyethylene 
and talar components, in both types of prostheses, and 
between the polyethylene and tibial components, in the 
case of the S.T.A.R.™ prosthesis, as it was easily 
understandable if their constitution is remembered. 

 

3.3 Loading and boundary conditions 

Below, it is possible to see specifications about the 
loading and boundary conditions and forces applied to 
fibula and tibia. 

• Boundary conditions: thanks to the “encastre” 
boundary condition, the calcaneus was fixed in three 
surfaces, according to the studies of Giddings et al. 

• Loading conditions: The concentrated forces 
(just contact forces) and the moment (according to 
Seireg and Arvikar), applied in the ankle joint: 

 Concentrated force:  

  • Axial force: 600 N (neutral position, 0º), 1600 
N (dorsiflexion, -10º), 400 N (plantarflexion, +15º); 

  • Interior-exterior force: -150 N (neutral 
position, 0º), 185 N (dorsiflexion, -10º), -100 N 
(plantarflexion, +15º); 

             • Anterior-posterior force: -280 N (neutral 
position, 0º), -185 N (dorsiflexion, -10º), -245 N 
(plantarflexion, +15º); 

 Moment: 

  • Interior-exterior torque: 2.85 N (neutral 
position, 0º), 6.2 N (dorsiflexion, -10º), -0.1 N 
(plantarflexion, +15º). 

 

Fibula: 

Concentrated force:  

  • Axial force: -741.908 N (neutral position, 0º), 
385.137 N (dorsiflexion, -10º), -544.748 N 
(plantarflexion, +15º); 

  • Interior-exterior force: -167.375 N (neutral 
position, 0º), 121.068 N (dorsiflexion, -10º), -128.450 N 
(plantarflexion, +15º); 

  • Anterior-posterior force: -173.072 N (neutral 
position, 0º), 147.731 N (dorsiflexion, -10º), -129.061 N 
(plantarflexion, +15º); 

Moment: 

  • Axial torque: -2125.42 N (neutral position, 
0º), -1265.88 N (dorsiflexion, -10º), -1856.35 N 
(plantarflexion, +15º). 

  • Anterior-posterior torque: 6515.09 N 
(neutral position, 0º), 12306.7 N (dorsiflexion, -10º), 
6525.27 N (plantarflexion, +15º). 

  • Interior-exterior torque: 11171 N (neutral 
position, 0º), 9463.67 N (dorsiflexion, -10º), 10137.2 N 
(plantarflexion, +15º). 

 

Tibia: 

Concentrated force:  

  • Axial force: 1343.27 N (neutral position, 0º), 
1189.77 N (dorsiflexion, -10º), 943.960 N 
(plantarflexion, +15º); 

  • Interior-exterior force: -144.116 N (neutral 
position, 0º), -182.079 N (dorsiflexion, -10º), -130.809 N 
(plantarflexion, +15º); 

  • Anterior-posterior force: 220.303 N (neutral 
position, 0º), 232.260 N (dorsiflexion, -10º), 187.705 N 
(plantarflexion, +15º) 

 Moment: 

  • Axial torque: -2172.71 N (neutral position, 
0º), -1531.41 N (dorsiflexion, -10º), -1902.34 N 
(plantarflexion, +15º). 

  • Anterior-posterior torque: 10103.8 N 
(neutral position, 0º), 27603.6 N (dorsiflexion, -10º), 
11022.9 N (plantarflexion, +15º). 

  • Interior-exterior torque: 31151.1 N (neutral 
position, 0º), 15860.7 N (dorsiflexion, -10º), 26802.6 N 
(plantarflexion, +15º). 
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3.4 Mesh generation 

The type of elements used in all of the parts that 
constitute the models of the present work was 4-noded 
tetrahedral elements. 

 

3.5 The use of the bone remodeling model 

In the menu of the left side, observed in the Figure 
4, are marked several options. This way, the model has 
a greater performance. Then, the number of parts that 
constitute the model under study was selected as well 
as the parts of interest, to be analysed. Regarding the 
parameters, they are four: the Young’s modulus, E, the 
Poisson coefficient, Niu, the biological cost of the 
organism in maintaining bone homeostasis, k, and a 
corrective factor for the preservation of the intermediate 
densities, m. The first two mentioned parameters, E and 
Niu, were established to be the same for every 
simulations performed and assumed, respectively, the 
values: 19000 GPa and 0.3. Regarding the values of k 
and m, they were assumed to simulate six combinations 
of values, each one representing a different analysis: 
k=0,005 N/mm2 and m=1, k=0,007 N/mm2 and m=1, 
k=0,009 N/mm2 and m=1, k=0,005 N/mm2 and m=2, 
k=0,007 N/mm2 and m=2, and k=0,009 N/mm2 and 
m=2. The number of iterations was also selected: 30 
iterations for each analysis performed for the intact 
model of the AJC and 100 iterations for each analysis 
performed for the combined models, TAA+prosthesis.  

Every decisions that were taken for the bone 
remodeling model were based on the previous studies, 
always taken into account the nature of the models of 
the present work.  

 

 

 

 

 

 

 

 

 

 

4 Results and discussion 

Relatively to the value of the parameter m, the 
simulations for m=2 (Figure 6) present more identical 
results to the CT scan images, when compared to the 

results obtained from the simulations for m=1 (Figure 
5). Despite not despise too much the nodes which 
present extreme densities, in the simulations for m=2 it 
is verified a convergence of the nodes to an 
intermediate value of density, which leads to a 
homogeneous distribution of the bone density. 

Regarding to the parameter k, the best choice is 
k=0,007 N/mm2 because it is the one that promotes 
better results in that they are more identical to the real 
distribution of densities of the real tibia. 

In Figure 7, for the AgilityTM prosthesis, the verified 

loosening, which is associated to an increased wear 

debris production [172] is due to the semiconstrained 

design of this prosthesis, which does not replicate 

normal ankle motion, as the ankle slides from side to 

side during dorsiflexion and plantarflexion and rotation 

motion. Moreover, a non-union of the attempted tibio-

fibular arthrodesis, risks loss of fixation on the proximal 

side, thus compromising stability [21]. Like it was said, 

the S.T.A.R.TM has a convex talar component with a 

longitudinal ridge (congruent with the distal surface of 

the mobile meniscus). The dorsiflexion and 

plantarflexion are allowed at the menisco–talar 

interface, but no talar tilt, while rotation is allowed at the 

menisco–tibial interface. This way, when compared with 

some other prostheses designs, the S.T.A.R.TM 

presents a lower surface area for stress distribution, in 

the distal tibia, which may justify the slightly darker 

areas in comparison with AgilityTM, due to lightly 

superior quantities of bone loss. Finally, when the 

densities distribution of the intact model is compared 

with both distributions of the models where the 

prostheses were introduced, the main observed 

difference is clear: the remaining of the cortical layer, 

along the tibia. In fact, this layer remains almost intact 

until the third distal slice, which clearly does not happen 

in the tibias from the models with prostheses.  

Figure 4: Menus of interest of bone remodeling model, 
with the important options marked. 
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Figure 6: Comparison of the bone density distributions resulting from the bone remodeling computer 

simulations (after 30 iterations) and the CT scan images. (for all values of k and m=2). 

Figure 5: Comparison of the bone density distributions resulting from the bone remodeling computer 
simulations (after 30 iterations) and the CT scan images. (for all values of k and m=1). 
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Figure 7: Comparison between three sets of tibial slices, from different models: the TAA+AgilityTM, intact 
model and TAA+S.T.A.R.TM 

Figure 8: Comparison between the obtained results from the bone remodeling model and radiographies, for 
both prosthesis. 
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The region that was zoomed in every pictures of 
Figure 8 is specifically the ankle joint, including the 
distal extremity of the tibia, talus and prosthesis. 
Relatively to both radiographies, it is possible to 
observe a bone lost specially in the distal extremity of 
the tibia, which is noticeably darker in the radiologic 
images, when compared, for example, with the talus (in 
the case of the S.T.A.R.TM prosthesis) and with the 
talus, navicular and the rest of midfoot bones (in the 
case of the AgilityTM prosthesis). This lost is verified, 
for both cases, in the frontal views of the images 
obtained from the bone remodeling model, due to their 
darker colour. However, in both models, it is possible to 
observe the existence of lighter colours in the internal 
region of the distal tibia, which corresponds to the 
cortical layer. This cortical layer verified in the models is 
also observed in both radiologic images. 

Figures 9 and 10 show the convergence study for 
the TAA+AgilityTM model, with m=1 and m=2, 
respectively.  

 

 

 

 

 

In the aforementioned graphics, for both values of 
m, it is possible to observe the decrease of the bone 
mass as the value of k increases. In figure 10, it is 
verified that the increase of the parameter m 
corresponds to an increase of the intermediate density 
regions, with the attenuation of some regions of 
minimum or maximum density. A higher value of m 
becomes less sharp the transition between the regions 
of higher and lower density, attenuating the formation of 
minimum density regions. In other words, the dichotomy 
of densities, 0 to 1, is decreased with a higher value of 
m, although not being destroyed. As it is possible to 
observe in the graphics, the influence of the m-value on 
the bone mass volume is a bit uneven. 

If different values of m (m=1 and m=2) are 
compared, for equal values of k, it is possible to 
observe that the behaviour of the evolution of the bone 
mass volume, during the iterative process, is very Figure 9: Evolution of the compliance and volume of the 

bone mass and evolution of the objective function related 
with the bone mass, for all values of k and m=1 

(TAA+AgilityTM prosthesis). 

Figure 10: Evolution of the compliance and volume of the 
bone mass and evolution of the objective function related 

with the bone mass, for all values of k and m=2 
(TAA+AgilityTM prosthesis). 
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similar. However, for m=1, at the beginning, the volume 
is about 30.000, stabilizing near the 50.000, and, for 
m=2, these values are inferior: the initial volume is 
about 10.000 and the stabilization occurs near the 
35.000, at the hundredth iteration. The largest value of 
bone mass volume is observed for k=0,005 and m=1. 
The compliance resents itself from the volume 
differences but the changes observed are not 
substantial. 

 

5 Conclusions and future directions 

Relatively to the obtained results from the bone 
remodeling analysis (made for two specific bones, like it 
was mentioned before, the tibia and talus), it was 
verified a convergence to a solution that proved to be 
somewhat identical to the morphology of the talus and 
very identical to the morphology of the tibia, which 
allowed a good reproduction of the behaviour of the 
physiologic state of the bone, the real bone. In order to 
validate the bone remodeling models used for the 
simulation of the real tibia and talus, it was evaluated 
the bone remodeling process before the insertion of the 
prosthesis. This validation is very important to the 
correct analyse of the effects and consequences of the 
ankle prostheses on the four mentioned bones, that 
constitute the AJC. This way, one of the analyses made 
is the study of the clinical importance of the insertion of 
an ankle prosthesis into the AJC, on the bone 
remodeling process, considering as initial condition the 
final bone density distribution/values of the intact model 
of the AJC, after the colocation of the prosthesis. Due to 
that, it is possible to analyse/investigate the 
modifications arising from the insertion of the 
prosthesis. 

The bone remodeling analysis also allows the 
influence study of the values of the parameters k and 
m. These influences studies are possible due to the 
evaluation of the behaviour of the compliance, volume 
and objective function, during the iterative process. 
Synthetically, it is possible to observe the decrease of 
the bone mass as the value of k increases, and for 
when the m-value increases, the intermediate density 
regions increases too. The compliance resents itself 
from the volume differences but the changes observed 
are not substantial and the optimal solution is achieved 
because the minimisation of compliance is verified, 
which allows the maximization of the overall structural 
stiffness and it is observed for all the values of k and m. 
Regarding to the bone mass volume, it increases when 
the initial condition is a uniform value of density, and 
decreases when the initial condition is composed by the 
density values obtained from the final bone density 
distribution/values of the intact model of the AJC. 

Finally, when the m is lower, the values of the bone 
mass volume are greater due to the fact of the solution 
contained more cortical bone than the trabecular one, 
which is very porous. 

Below, a list of future guidelines, which are possible 
to be followed is presented. Some of them are 
suggested taking into account some limitations of the 
present work. 

• Analysis of other total ankle prostheses, for 
instance the new designs existent on the market. 

• Changing of the contact of the bone-prosthesis 
interface (with friction or frictionless) and study of the 
effect of this in the obtained results. Then, compare 
both results and discover which situation reveals more 
reliability. 

• Promotion of the interest of some investigators in 
bone remodeling analysis of the AJC in humans. This 
way, it will allow the comparison between the bone 
remodeling results obtained from the studied model and 
the real bone density of the humans. Thus, the 
validation of the bone density distributions obtained for 
the intact bones (the tibia and talus), through the bone 
remodeling model, is possible. 

• The inclusion of force patterns derived from 
multibody simulations should be performed into the FE 
models with the purpose of examine the influence of the 
muscular forces in the bone remodeling analysis. 

• The inclusion of a greater number of bones (from 
different subjects) to analyse the dependency of the 
bone remodeling results on bone geometry. 

• The inclusion of the navicular bone in the models is 
important to better analyse the bone density distribution 
after a TAA due to the simulation of the contact forces 
originated at the anterior side of the talus. 

• Establish different ways of modeling the ligaments 
(specially, for the area of the attachment sites for the 
ligaments into talus) to analyse their direct impact on 
the bone remodeling. 

• Try to overcome the limitations that lead to the 
poor similarity between the solution obtained from the 
convergence model to the talus and the real 
morphology of this bone. 

• Apply load conditions that reproduce with more 
reliability the real and complex situation, which should 
consider the entire, or at least a large part of the range 
of loads that characterize the stance phase of gait. This 
way, more real bone remodeling results will be 
achieved. 
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