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In Silico Finite Element Analysis
of the Foot Ankle Complex
Biomechanics: A Literature
Review
Computational approaches, especially finite element analysis (FEA), have been rapidly
growing in both academia and industry during the last few decades. FEA serves as a
powerful and efficient approach for simulating real-life experiments, including industrial
product development, machine design, and biomedical research, particularly in biome-
chanics and biomaterials. Accordingly, FEA has been a “go-to” high biofidelic software
tool to simulate and quantify the biomechanics of the foot–ankle complex, as well as to
predict the risk of foot and ankle injuries, which are one of the most common musculo-
skeletal injuries among physically active individuals. This paper provides a review of the
in silico FEA of the foot–ankle complex. First, a brief history of computational modeling
methods and finite element (FE) simulations for foot–ankle models is introduced. Second,
a general approach to build an FE foot and ankle model is presented, including a
detailed procedure to accurately construct, calibrate, verify, and validate an FE model in
its appropriate simulation environment. Third, current applications, as well as future
improvements of the foot and ankle FE models, especially in the biomedical field, are dis-
cussed. Finally, a conclusion is made on the efficiency and development of FEA as a com-
putational approach in investigating the biomechanics of the foot–ankle complex.
Overall, this review integrates insightful information for biomedical engineers, medical
professionals, and researchers to conduct more accurate research on the foot–ankle FE
models in the future. [DOI: 10.1115/1.4050667]
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Introduction

Foot and ankle injuries have always been one of the most com-
mon musculoskeletal injuries among athletes and other physically
active individuals. These injuries include ligament sprains, tendon
strains, and bone fractures [1,2]. Studies have shown that foot and
ankle injuries can happen to anyone at any age and can also be ini-
tiated from different avenues such as sports activities, slipping on
an uneven surface, or other types of accidents [3–5]. Foot and
ankle injuries are especially common among athletes, who are
usually exposed to intense training, which includes jumping and
landing or changing directions quickly [6], as well as older adults,
who experience a loss of bone density and muscular strength due to
aging making them more prone to these types of injuries [7]. Addi-
tionally, foot and ankle injuries have long recovery times and effort
requirements, and they also make the patients more susceptible to
future reoccurrence, strongly affecting their quality of life [3]. As a
result, advanced biomedical approaches are needed to analyze the
biomechanics of the foot and ankle complex, which can also be
used as a practical tool to quantify and predict the risk of injuries
during daily activities for both athletes and the general population.

More specifically, with the rapid advancement of computational
power and programming over the past several years, there has
been extensive growth in the use of advanced software to simulate
and analyze complex structures such as bone topography or
machine engines in both academia and industry [8,9]. Among
those programs, finite element analysis (FEA) is considered as
one of the most powerful and productive approaches for predict-
ing how a typical product reacts to real-world forces, vibration,
heat, fluid flow, and other physical effects [10]. Thus, due to its
practical value, FEA is now an established standard procedure in
many areas of numerical strength analysis, such as electrical and
industrial machine design [11,12], structural mechanics, and espe-
cially biomechanics and biomaterials [13]. In mechanical engi-
neering fields, FEA shows whether a product or a material will
break, wear out, or work the way it was designed. In product
development, FEA is used to predict the behavior of the product
during and after its operation for a particular task. Additionally,
FEA plays an important role in state-of-the-art biomedical
research since it can replicate and analyze experiments that cannot
be conducted on human participants due to the negative implica-
tions to the participants such as head impacts, car crashes, or bone
fractures [14,15]. FEA models save time and cost compared to
real-world experiments. For instance, to get an evaluation of a
new type of biomaterial for its effectiveness in research, one
might need to carry out large amounts of testing in hospitals and
laboratories [16]. However, this method is expensive and time-
consuming. By utilizing FEA into the material designing and test-
ing procedure, the work needed will drastically decrease, and the
time required to complete an experiment will be shortened.
Hence, instead of solely perform real experiments, numerical sim-
ulations, and mathematical FEA modeling conducted on a numeri-
cal simulation would provide more benefits in terms of cost,
timing, control, and flexibility [17]. As a result, there has been an
increase in the use of finite element (FE) models to investigate the
foot and ankle complex, focusing on biomechanics and its ability
to evaluate and predict the injury risks for various gait motions
during walking, running, and training [18–21]. To our knowledge,
there are only a few review articles that discuss the topic of utiliz-
ing FE modeling in analyzing human biomechanics. These articles
focus on different parts of the human body, such as joints [22,23],
bones [24], and especially, foot and ankle complex [25]. However,
the developing procedure of these models, as well as the proper
validation and verification methods, has not clearly described
accentuating their potential applications. Hence, to provide engi-
neers and researchers a brief description and background about
FE modeling of the human foot and ankle, the objective of this
paper is to give a detailed summary of the different FE computa-
tional approaches in the analysis of foot and ankle complex bio-
mechanics as well as its future potential.

One of the first studies focusing on the biomechanics of the
foot–ankle complex dates back to 1988 when Rodgers et al. ana-
lyzed a symptom-free foot–ankle complex during upright locomo-
tion to quantitatively evaluate movement dysfunction [26]. In this
study, both kinematics and kinetics of the foot and ankle were
analyzed during walking and running [26]. Specifically, joint
angles were collected from clinical data and experiments to sum-
marize the five main phases in a gait cycle (heel strike, foot flat,
midstance, heel-rise, and toe-off) [26]. Electromyographic data, as
well as pressure distribution and center of pressure from muscles
of the lower leg, were also obtained using force plates to develop
a mathematical model to compute the muscle and joint reaction
force for each gait cycle [26]. Overall, this study successfully
illustrated the dynamic biomechanics of the foot and ankle, aim-
ing to aid physicians in the assessment, diagnosis, treatment, pre-
vention, and rehabilitation of foot and ankle injuries.

At the end of the 1990s, one of the first FE models of the foot
and ankle was introduced in Tannous et al.’s work to formulate
injury tolerances for an axial impact loading event [27]. The
model was created based on computerized axial tomography scans
of a 50th percentile human ankle, showing 28 different bones,
seven ligaments, three retinacula, three layers of plantar soft tis-
sues, and the Achilles tendon. The model, consisting of over
17,000 elements, was likely considered to be one of the most bio-
fidelic foot and ankle models at the time. After the model was
generated, it went through two simulations of axial impact loading
at two distinct positions, neutral and dorsiflexion, to simulate the
event of a car accident. The results obtained from these examina-
tions, ranging from maximum principal stress, maximum shear
stress, and maximum principal strain to energy distribution and
strain surface contour of various bones, were matched with previ-
ous experimental data from the literature [27]. Therefore, despite
some minor limitations such as a lack of articular cartilage and
overlapping bone structures, this model demonstrated the great
potential of an FE approach as a practical tool to evaluate the bio-
mechanics of the human body, especially the foot and ankle com-
plex. As a result, these models and simulations could then be
developed to analyze and predict the outcome of different high-
risk scenarios, to prevent and reduce injuries potentially.

In recent years, there have been different methods that are
applied to modeling the foot and ankle complex, which can be
mostly separated into physical models and numerical models
[19,28–30]. Specifically, the physical models of the foot and ankle
complex can be made from common materials ranging from
wood, metal or plastic for various usages (shoemaking, foot man-
nequins, medical models, etc.), to more advanced, high-end mate-
rials such as three-dimensional (3D)-printed alloys or polymers
that are utilized in industrial and medical fields, especially for
ankle–foot orthoses design [31–33]. At the same time, the swift
increase of computational power in recent decades has facilitated
the widespread use of complex numerical modeling methods, not
only in industry but also in research. Specifically, computational
foot and ankle models, generated using the general computational
methods such as computer-aided design [18,34] or FE modeling,
is a stand-out as a computerized method to evaluate the biome-
chanics of the foot and ankle complex in medical applications
[29,35,36], focusing on gait cycle analysis [18,37,38] as well as
predicting and preventing ankle injuries [13,39,40]. However,
with the advantages of greater geometric and material biofidelity,
lower cost, high accuracy, easy adaptability to complex structures,
and the ability to obtain model outputs—such as stress and strain
contours, at any location—computational FE models of the foot
and ankle complex have been gradually chosen as the suitable and
effective approach for foot and ankle complex analysis [35,41].
Thus, to genuinely perceive the potential of FE models of the foot
and ankle, it would be better for the users to know how to develop
an anatomically correct foot accurately and ankle complex model
as well as thoroughly understand the techniques and approaches
from a wide range of computational foot and ankle model studies
in the recent years. A list of studies that use FE modeling for
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analyzing the foot and ankle complex biomechanics is given in
Table 1 in the Appendix.

The General Method to Build a Finite Element Foot

and Ankle Model

Anatomically Biofidelic Three-Dimensional Reconstruction
of the Foot and Ankle Complex. The anatomically biofidelic
geometry of the foot and ankle complex can be developed from a
set of computed tomography (CT), or magnetic resonance imag-
ing (MRI) scans of an individual [42–44]. The bones, muscles,
and connective tissue (tendons and ligaments) are extracted from
the procured CT scans based on their Hounsfield unit (HU) (or
grayscale value) of each pixel on the images [45]. Subsequently,
muscles and soft tissue structures can be extracted more efficiently
from MRI scans. Then, a medical 3D image-based engineering
software such as SIMPLEWARE SCANIP (Synopsys Inc., Mountain
View, CA) or MIMICS (Materialise Mimics

VR

Innovation Suite,
Leuven, Belgium) is utilized to manually and semiautomatically
segment the different components into a total of 28 parts. The foot
and ankle model consists of different sections of bone, which
include the tibia, fibula, talus, calcaneus, navicular, cuboid, lat-
eral/intermediate/medial cuneiforms, first to fifth metatarsals, and
14 proximal/middle/distal phalanges [13,30,35]. Additionally, to
analyze the basic motions of the foot and ankle complex, ten dif-
ferent groups of muscles, whose functions are closely related to
the four typical ankle movements (plantar flexion, dorsiflexion,
inversion, and eversion), need to be constructed. These muscles
include the tibialis anterior, tibialis posterior, extensor hallucis/
digitorum longus, flexor hallucis/digitorum longus, fibularis lon-
gus/brevis/tertius, gastrocnemius, and soleus [46]. The inclusion
of other muscle groups in the FE model of the foot and ankle com-
plex can be neglected as they do not have a direct impact on the
ankle movements [47]. Figure 5 and Table 1 in the Appendix
illustrate the constructed muscle groups along with the muscular
anatomy and their corresponding functions in foot and ankle
movements [48].

Mesh Development. For mesh development, CT or MRI scans
from the region of interest can be obtained to use as a background
for the FE foot and ankle model. These scans can come in many
different file types such as JPEG, PNG, or TIFF; however, Digital
Imaging and Communications in Medicine (DICOM) format is
preferred in biomedical modeling. The main reason is its ability to
automatically organize and scan images into 3D with the corre-
sponding spacing as well as store the biographical data of the par-
ticular patient [35]. Due to its characteristics, CT scans are mainly
used to archive the bone structures of the model through the use
of X-ray, which can effectively pierce through most of the tissue
but are not very compatible with bone. Also, MRI scans utilize a
strong magnetic field and radiowaves to produce explicit views of
muscle and soft tissue [43,44]. As a result, in the case of lacking
MRI scans, a recursive smoothing filter could be applied to the
CT scans to alleviate the noise and enhance the view on the mus-
cle and tendon groups.

Each pixel of different sections on the scans is identified based
on their corresponding HU, also known as grayscale value [45].
HU is defined as a quantitative scale for describing radiodensity,
which is a linear transformation from the attenuation coefficient—
the measurement of how easily a material can be penetrated by an
X-ray beam [45]. To be more specific, every organ inside the
human body can fall in a specific range of HU, which helps distin-
guish pixels of one organ from another. For example, human bone
will be in the range of 300–1000 HU, muscle lies between 10 and
40 HU while the liver is around 40–60 HU [49–51]. Additionally,
by convention, air will have the HU of �1000 while water gets
the HU of 0 [20,45]. Next, to build a background for the FE
model, all the scans in 3D are stacked together to create a volume
image, which consists of subunits called voxels. Then, by

selecting groups of voxels depending on their distinct HU values,
a mask of a specific organ enclosing in the chosen HU range is
produced. An illustration of this procedure is shown in Fig. 1. As
a result, the aforementioned bones, muscles, tendons, and con-
necting tissue could be accurately built using this approach.

For the next step, a mesh of the FE model can be generated
based on the developed masks using common meshing software
such as SIMPLEWARE SCANIP), HYPERMESH (Altair HyperWorks, Troy,
MI) or ABAQUS FEA (Dassault Systemes Simulia Corp., Johnston,
RI). Depending on the shape of each component, the meshes are
filled with two-dimensional (2D) elements (such as triangle, quad-
rilateral) or 3D elements (tetrahedron, hexahedron, pentahedron).
To be more specific, when generating a 3D FE model for human
bones, hexahedron and tetrahedron are generally utilized to create
the mesh. Notably, hexahedral elements are more accurate and
efficient when used in a dynamics simulation, while tetrahedral
elements allow users to discretize surfaces of complex structures
[53]. Due to the complexity of human bone geometry, the choice
of assigning sections with element types affects the coarseness of
the model (total number of elements) and the computational cost
(simulation run time). In general, researchers aim to develop the
optimal mesh density where the model accuracy is achieved (con-
version of model predictions) with the least number of elements.

Material Properties and Boundary Condition for Model
Generation. A final mesh of the foot and ankle model can be con-
verted and exported into simulation software such as ABAQUS or
LS-DYNA (Livermore Software Technology Corporation, Liver-
more, CA) to simulate various ankle movements or gait motions.
Notably, before running the simulation, several beams or axial
one-dimensional elements, acting as ligaments that connect differ-
ent bones, are added into the mesh based on ligamentous dissec-
tions of the foot and ankle documented in anatomical textbooks,
journal papers and illustrations [54–56]. This method is recog-
nized as one of the most efficient approaches to simulate the
behavior of ligaments on the foot and ankle complex [34,55].

After generating a mesh, an assortment of properties must be
assigned to create the environment for simulation. These proper-
ties, depending on different studies and objectives, may comprise

Fig. 1 Illustration of mask creation procedure—Synopsys Pro-
prietary. Used with permission [52]. (a) Volume image, which
consists of voxels, is generated from CT/MRI scans. (b) Sec-
tions of interest are selected based on a suitable range of
Hounsfield unit. (c) Mask of the selected section. (d) Smoothen
mask prior to being exported to other software.
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of material properties, contacts, and constraints, boundary condi-
tions, as well as loads (forces). For the FE model of foot and ankle
complex, proper material properties on each particular section of
the model can have a direct impact on the model as they can
ensure a meaningful response as well as secure the validity of the
simulation’s results. In order to analyze the movements of the
foot, a typical foot and ankle complex model requires correct
material properties for bones (both cortical and cancellous), mus-
cle, tendons, ligaments, fascia, soft tissue, and skin. In general,
bones are considered to have linear elastic properties, with
Young’s Modulus ranging from 0.7GPa to 17.5GPa for cancel-
lous and cortical bone, respectively [20]. On the other hand, based
on the study goals, some features can then be omitted. For
instance, when analyzing the performance of ankle prosthesis
using the FE model, muscle, tendons, ligaments, and fascia may
be omitted to focus on the stress and strain contour on bone surfa-
ces [28,30,36]. When presented, muscle and fascia sections are
treated as a linear elastic material (Young’s modulus of 0.45GPa
[57] and 0.35GPa [58], respectively). Soft tissue is then defined
using hyperelastic material properties with parameters obtained
from experimental data in the literature [59]. Ligaments are con-
sistently modeled as one-dimensional beam elements and can
have different lengths and sizes when added into the foot and
ankle complex FE model. As a result, their material properties are
scaled from a reference segment of a ligament, whose properties
are taken from an elastic force–strain relationship considering
their cross-sectional areas [20]. To be more specific, if the Young
modulus of an anterior talofibular ligament is 1GPa, a medial
plantar cuneonavicular ligament, whose cross-sectional area is
20% of the anterior talofibular, will hold the Young’s Modulus of
0.2GPa [20,60]. Finally, tendon and skin, in the foot model, can
also be treated as Ogden hyperelastic material with calibrated
parameters from different testing schemes [13,19,61].

Next, after the material properties assignment process, a set of
suitable boundary conditions must be implemented in the model.
These boundary conditions consist of various constraints, contact
properties, and loads, depending on each particular study and
intention. Currently, there are two main approaches in analyzing
foot and ankle movements: a 3D method and a 2D method for FE
models. 3D FE model simulations often use data derived from a
force plate—an instrument that measures ground reaction forces
generated by a body when standing on or moving across the
plates—that simulates the foot movement by serving as the
“ground” underneath the participant’s footfalls and gathers real-
life experimental data. In these FE models, a plate is attached to
the sole of the model foot and ankle, acting as the ground support-
ing the foot. Since the distal tibia and fibula of the foot and ankle
model are usually fixed in three directions, various postures and
movements can be replicated by turning the plate at a particular
angle [30,62]. This results in a twisted or adjusted foot and ankle
model that is deformed into a specific posture or movement as
assigned by the researchers. For example, by inclining the plate
upward on one end (under the toes) while keeping the other half
fixed, the dorsiflexion movement could be replicated [20]. Like-
wise, every simulation has its own set of rotating angles that are
selected by the user based on each individual experiment and
study.

Conversely, a 2D foot and ankle model can be simulated in a
different manner. These 2D models, often taken from the central
slide of the corresponding 3D model, take advantage of motion
capture technology in simulating the foot and ankle movement
[38]. By assigning assorted reference points on the 2D model
based on the locations of the markers during the motion capture
process, a set of forces acting on these reference points can be
computed with respect to each time integration. By utilizing these
data, a compatible force field can be applied on each reference
point, making them move accordingly to the prerecorded motion
and simulating the foot movement in the software environment
[38]. This approach requires a fixed thin line under the foot, acting
as the ground to fully capture the movement and allow further

analysis. Unlike the first approach, this 2D approach does not con-
strain the foot model in any means and allows it to move freely in
space, except the interaction line with the ground [38]. Addition-
ally, the benefits of this approach are the low time and computa-
tional cost, being applicable for both gait and foot movement
studies or soft tissue analyses. However, due to its own character-
istic as a 2D model, the stress distribution or strain surface con-
tour, which usually performs in three dimensions, is hard to
capture. In conclusion, depending on the goal and objective of
each study, a convenient approach and corresponding boundary
condition can be selected from these two methods.

Mesh Quality Assessment. The accuracy and validity of a sim-
ulation are greatly affected by the mesh quality of the model,
which consists of three different metrics: aspect ratio (AR), angle
idealization, and element Jacobian [53]. In particular, the AR of
an element in the mesh is computed by dividing the longest edge
to either the shortest edge for the hexagonal element or to the min-
imum altitude for the tetrahedral elements that can range from one
to infinity. Considering the geometrical complexity of human
bones with their varying curvature and thickness, the recom-
mended and acceptable AR range that introduces the smallest
errors is one to three [63]. Conversely, the mesh quality can also
be analyzed through the angle idealization, which demonstrates
how the interior angles at each vertex deviate from the ideal angle
(90 deg for hexahedral and 60 deg for tetrahedral elements) [53].
The proper values suggested by Burkhart et al. for interior angles
are from 30 deg to 120 deg for tetrahedron and less than 160 deg
for hexahedron to attain a good result from human bone meshes.
Figures 2(a) and 2(b) below show illustrations of mesh geometry
and two aspect ratios for hexahedral and tetrahedral elements.
Figure 2(c) depicts the angle-based idealized geometry for a hexa-
hedral and tetrahedral mesh.

Fig. 2 Illustration of mesh quality metrics, recreated, and
modified from Ref. [53]. (a) Aspect ratio of 1 versus 14 for hexa-
hedral. (b) Aspect ratio of 1 versus 14 for tetrahedral. (c) The
measured angle at the vertices for each element type (angle
idealization).
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Finally, the last metric proposed by Knupp et al. involves meas-
uring the volume distortion of each element through the element
Jacobians. This value is taken from the determinant of the Jaco-
bian matrix, which defines the mapping from the ideally shaped
elements to the current elements generated in the mesh [64]. The
three main criteria for the element Jacobians suggested by various
studies consist of being positive [64], greater than 0.2 in magni-
tude [65], and less than 5% of the Jacobian in the model fall below
a magnitude of 0.7 [66]. Additionally, the generated mesh can be
remeshed by changing the element types and sizes. By reducing
the element size near the surfaces of the bone or muscle group
while increasing the one inside the structure, a volume mesh of
the foot and ankle complex containing hybrid elements with hexa-
hedral elements within each part and tetrahedral elements on each
surface can be formed. This method of building the mesh not only
could create an anatomically biofidelic model with a smooth and
conforming interface between parts and coincident nodes but also
could reduce the total number of elements in the model, resulting
in shorter simulation run-time in later steps [20].

While FE models and simulations approximately recreate real-
life experiments in numerical methods, the fact that they are not
real is still undeniable. Hence, a reasonable procedure to verify
and validate the results of the simulation is essential. Particularly,
energy balance assessment is one of the most favored methods to
verify a model that ensures the numerical results of the model fol-
low the basic rule of physics—the conservation of energy [66]. To
be more precise, the sum of the potential, kinetic, hourglass, and
damping energies must fall within 5% of the total global energy
of the system [53]. If hourglass control is used to prevent the
model from “hourglassing”—the deformation of hexahedral ele-
ments in the absence of the strain—then the hourglass energy
should not contribute more than 10% of the total energy [67]. If
mass scaling is used, a method that involves adding more mass to
the system to reduce simulation times, it must not heavily inter-
fere with the physics of the simulation, especially the kinetic
energy.

Finally, the results of the FE simulation need to be validated to
guarantee that it adheres to the experimental finding of the same
problem. These data can be compared through the use of either
validation metrics [65] or statistical methods. In particular, the
validation metric (VM), shown in Eq. (1) below, involves the total
number of data (N) as well as the simulated and experimental
measurements with respect to the simulation time (y, Y, and t,
respectively)

VM ¼ 1� 1

N

XN

n¼0

tanh

����
y tnð Þ � Y tnð Þ

Y tnð Þ

���� (1)

The validation metric yields a value of 1 when the simulated
and experimental results are perfectly matched, while it exponen-
tially decreases to 0 as the difference gets larger [53]. However,
since VM is sensitive to time between the two datasets as well as
the time duration, caution must be exercised when using this
method depending on the time signal. Additionally, based on the
suggestion of Zhang et al., an error of 10% is considerable
between the computational and experimental data [68]. Hence, the
authors recommend that the VM of a model should fall within the
range of 0.9–1 to be identified as a valid model.

Statistical techniques are another approach to validate the simu-
lation results by comparing them to experimental data from labo-
ratories on either human participants or cadaver studies. These
statistical techniques utilize the error assessment and correlation
analysis to compare and contrast the mean and standard deviation
of the dataset and evaluate the level of agreement between the
simulation and experiment. Particularly, percentage errors [69]
and root mean squared errors (RMSEs) [70] are used to quantify
the differences between some specific values (e.g., peak values of
the dataset). In general, the acceptable percentage errors or
RMSEs can be identified based on the experimental data as well

as the educated guesses of the researchers using prior knowledge
about the particular problems [53]. With respect to the experimen-
tal data, the recommended RMSE should not be too large (to
avoid underfitting) but also not too small (to avoid overfitting).
Hence, one cannot claim a universal number as an acceptable
RMSE and need to determine the RMSE based on the given infor-
mation and the accuracy of the current model.

Additionally, correlation analyses are often presented as the
Pearson correlation coefficient and provide a measure of the rela-
tionship between the experimental and model data [53]. Gener-
ally, the Pearson correlation coefficient can take a range of values
from þ1 to �1. A value greater than 0 indicates a positive associ-
ation; that is, as the value of one variable increases, so does the
value of the other variable [71]. In contrast, a value less than 0
indicates a negative association; that is, as the value of one vari-
able increases, the value of the other variable decreases [71].
Hence, in this case, the Pearson coefficient between the experi-
mental and model data should fall between þ0.5 and þ1 to
archive positive association and ensure the accuracy of the two
data sets [53,71]. At this point, depending on the result from the
mesh quality assessment, remeshing can be considered for the
components that are too asymmetrical or have abnormal metrics
to ensure shorter runtime as well as reduce the risk of error during
the simulation. Furthermore, the higher the number of elements
on the model, the more accurate the results would be. Therefore, a
convergence study may be performed to get the optimal results
depending on the research’s goal [13,15,41,47]. This means
repeating the simulation with a higher number of elements until
the result starts to converge into a specific value. Eventually, as
discussed earlier, this test will ensure that the most reasonable
result can be achieved while using the smallest number of ele-
ments in the model. All in all, these validation and verification
techniques aid users in assuring the confidentiality of the simula-
tion in predicting real-world phenomenon. Figure 3 gives an over-
view of the data acquisition and preprocessing of the foot and
ankle complexes’ CT and MRI scans to generate FE mesh. Fur-
thermore, Fig. 3 also shows the FE modeling procedure along
with iterative workflow for FE mesh convergence and FE mesh
validation with experimental data.

Current Application of Foot and Ankle Finite Element

Model

Various studies have focused on the biomechanics of the foot
and ankle complex, using both experimental and numerical
approaches, in an attempt to identify the cause of ankle injuries as
well as predict and lower the potential risk of injuries
[20,29,62,72–74]. Since the early 2000s, FEA has been widely
used to investigate complex biomechanical relationships in the
human body [20,29,30,36,61]. Additionally, FE models have been
used to replicate experiments and simulations on diverse subjects
of interest (e.g., infants, older adults, people with disabilities) that
could not be conducted easily in laboratory settings [75]. Notably,
these simulations were applicable in a variety of biomedical topics
that range from determining bone fracture thresholds to infant
head impacts and collision analyses [75]. There have been a few
studies that used FE models, especially in the biomedical and
instrumentation fields, to assess the biomechanics of the foot and
ankle complex [18,20,38]. Other studies used FEA to evaluate the
performance of new medical prosthesis devices [36,76,77], or
even predict and mitigate the risk of injury in daily activity for the
elderly and athletes [13,78].

The foot and ankle complex FE models are a great software
tool to study the human foot and ankle biomechanics. Smolen
et al. used a FE model of the foot to simulate the effect of differ-
ent postures on foot and ankle injuries. Here, Smolen et al. eval-
uated five different postures to obtain the stress–strain response on
the bony surface of the foot as well as predicted the bone fracture
threshold and location based on the stress–strain response [20].
Specifically, by fixing the proximal end of the shank and attaching
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a footplate to the plantar surface of the foot, different postures
(e.g., neutral, inversion, eversion, dorsiflexion, and plantarflexion)
were simulated in this study through rotating the footplate to a
particular angle in space. Ultimately, by comparing the data
extracted from the strain contour plot to previous literature data as
well as experimental data, the bone fracture threshold and location
could be validated and predicted [20]. However, some of the limi-
tations associated with this approach included the locations of the
strain gauges, the lack of flesh (muscles, tendons, and connecting
tissues) in the model and the low number of specimens tested for
validation data.

Qian et al. also utilized the FE approach to investigate the
dynamic behavior and the internal loading conditions of the
human foot and ankle complex during locomotion [38]. By using
sagittal plane CT scan images of the participant’s foot, a 2D
model was created and coupled with force and moment data from
experimental gait measurements to simulate one gait cycle of the
foot. The FE model was validated by comparing the predicted
data of ground reaction force, the center of pressure, and plantar
surface pressure to the corresponding experimental data.
Researchers from this study propose a simplified approach to
investigate the structural dynamics of the human foot musculo-
skeletal system during normal or even pathological functioning,
which formed a foundation for further dynamic foot ankle analysis
in the future [38].

Another purpose of using a FE model is to identify the effect of
a single component of the structure on the whole foot and ankle
complex, as described in Morales-Orcajo et al.’s work [13]. This
study analyzed the effect of the tendon forces of the lower limb on
the inner foot structure and determined the suitable material prop-
erties for the nonlinear behavior of tendons [13]. The FE model
used in this study utilized the benefits of both MRI and CT scans
to create a model with an accurate and detailed bone, muscle, and
tendon structure of the ankle. Then, by performing a force sensi-
tivity analysis of the ankle stabilizer tendons (peroneus, tibialis,
and Achilles tendons), Morales-Orcajo et al. successfully repli-
cated the behavior of the foot under compression in two cases
(standing and midstance phase) and characterized the tendons as
an Ogden first-order hyperelastic material. These results were
cross-validated on the vertical displacement of the foot under load
as well as plantar pressure distribution [13]. The authors note sev-
eral limitations in the study that included insufficient bone-to-
bone contact, the lack of ligaments on the foot model, and low
computer capacity to run the simulation.

Finite element models can also be used as a convenient
approach for hypothesis-driven testing for foot and ankle biome-
chanics analysis. For instance, FE modeling of the foot and ankle
complex can be used to investigate the effects of including skin in

the simulation [61]. In a study conducted by Ou et al., the material
sensitivity of the skin on foot arch deformation was analyzed by
simulating upright standing to measure static vertical stiffness,
navicular displacement, or plantar aponeurosis strain [61]. By
gradually increasing the Young modulus of the skin, foot arch
deformation was observed to change when comparing the simu-
lated data to those that included and excluded skin. Moreover, the
study also gathered data from cadaveric experiments to validate
their results, which is a noteworthy method of verification. Further
studies of the foot arch using FE models were carried out by Sun
et al., who associated the effects of foot arch height with foot inju-
ries [62]. By establishing three distinct FE foot models with three
levels of arch height (low, normal, and high), the stress and strain
distribution on foot during upright standing were investigated.
These studies uncovered that there was a considerable increase in
the stress and strain of the plantar fascia for the high-arched foot
as well as a higher stress concentration in the calcaneus, navicular
and cuboid in the low-arched foot. Such data provide physicians
and researchers valuable information in predicting the injury risk
among patients with particular foot arch types [62].

Furthermore, FE models can be a great source of reference to
evaluate the performance of implant prosthesis or biomedical
devices. In one of the studies from Wang et al., the biomechanical
differences of the foot and ankle between the foot with total ankle
arthroplasty (TAA) and an intact foot are thoroughly investigated
using the FE method [30]. This was done by developing two FE
foot models, one for the intact foot and one that contains a three-
component ankle prosthesis fixed to the distal tibia. Then, the per-
formance of the prosthesis was investigated through the simula-
tion of the gait stance phase. By comparing the plantar pressure
and joint contact pressure between the computational results and
the experimental measurements from the cadaveric study, the
effect of the prosthesis on the human foot was assessed. To be
more specific, the study found that total ankle arthroplasty
resulted in a great increase of contact pressure at the medial
cuneonavicular joint, hence, making it sustain the highest contact
pressure among all joints in the foot [30]. These findings of the
biomechanical performance of a prosthesis design would benefit
surgeons in preparing surgical protocols to avoid complications
and also have a direct impact on future ankle prosthesis design. In
the same fashion, Sopher et al. also utilized the FE model to test
their implant designs on the tibia in order to reduce the effect of
the implant loosening without performing on a real patient [36].
Here, different total ankle replacement (TAR) prostheses were
modeled using computer-aided-design geometry and embedded
into the tibia and talus of a FE foot and ankle complex. Then, by
simulating the physiological loads on the model in various scenar-
ios of optimal positioning as well as malpositioning, the optimal

Fig. 3 A work flowchart of the foot and ankle complex FE meshing, modeling, and simula-
tion procedures
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positions for the TAR prosthesis were determined to alleviate the
loosening effect [36]. As a result, the conducted simulation aided
researchers and designers in identifying the fixation features and
malpositioning cases that can further increase the risk of implant
loosening. Figure 4 illustrates a brief history of how FE models of
foot and ankle were utilized in various biomechanical applications
(see Appendix—Table 2 for more detailed descriptions).

Future Development for Foot and Ankle Models

Over the past few decades, FE modeling of the foot and ankle
complex has improved considerably; however, there is still room
for improvement to fully utilize the benefits of this approach in
medical and biomechanical research. New methods to create the
3D foot and ankle renditions that can reduce the time and effort to
include muscles, tendons, and ligaments need to be developed.
One way to approach this can be by making synergistic use of
both CT and MRI scans during the 3D model generation proce-
dure. Specifically, even though the CT scans can provide great
details for bone structure, they are not capable of delivering the
locations and orientations of muscles, tendons, and ligaments in
the human foot. This is because soft tissue cells can be easily
penetrated by X-ray, which results in low resolution on the CT-
scan images. In contrast, MRI scans perform excellently in illus-
trating the soft tissue and muscle structures. Notably, due to the
lower manufacturing cost and time, CT scans are generally more
popular than MRI scans. CT scans are usually chosen as the refer-
ence source for developing the FE foot and ankle complex [42].
However, if one can stack the two types of images together, they
can create a better, more hi-biofidelic foot and ankle 3D models
with all the physiological details that combine all the benefits
from MRI and CT scans. As a result, models developed using this
new approach can have better anatomical representations of the
foot and ankle components as well as greatly impact the simula-
tion results’ clinical relevance. Further, if the proper imaging of
the geometries is not possible to capture using these two types of
scans, especially in case of using prosthesis or implant devices,
then 3D image processing software can be a useful source to cre-
ate the 3D volume surfaces for each anatomical component. Some
of the notable 3D image processing software and coding methods
are GMSH [79], AUTODESK MESHMIXER (Autodesk, Inc., San Rafael,
CA), MESHLAB [80], and NEKTARþþ [81].

Additionally, to improve the confidence of the simulation
results, sound model calibration, verification, and validation meth-
ods need to be implemented. The calibration process is twofold
and occurs prior to the verification and validation steps if suffi-
cient experimental data are available. The first procedure is the
materials (constitutive) model calibration using experimental
mechanical response data. Then, one-element FE modeling is
used to verify if the material constants chosen through the calibra-
tion process do produce a similar mechanical response as in the

experimental data. Depending on the type of boundary value prob-
lem that is being simulated, appropriate strain rate, stress state,
and other mechanical behavior data for muscles, tendons, liga-
ments, adipose tissue, skin, and bones need to be selected. Mean-
while, the second calibration procedure is applied for the entire
FE foot and ankle model itself to calibrate the FE model parame-
ters such that the FE results produce similar foot and ankle system
level as in a gait movement experiment. For example, in foot and
ankle movement analysis, if the inversion dataset is used for
model calibration, then the plantarflexion dataset can be used for
validation. Moreover, as the number of meshed elements in the
FE models increases, a mesh convergence (verification) study
should be implemented to ensure that the FE results converge as
the mesh number increase. Additionally, the interfacial properties
of different components in the foot and ankle model must also be
carefully assessed to get the upper and lower bounds (margin-of-
error bands) of the FE results. These interfacial properties include
the interactions between bone versus (versus) bone, bone versus
muscle, muscle versus tendon, and muscle versus soft tissue.
Hence, the need for an advanced approach in collecting interfacial
properties is crucial as obtaining the experimentally measured val-
ues of these properties between various components of the foot
and ankle complex can be challenging. Notably, an alternative
way to access the impact of the interfacial properties on the FE
results would be to conduct one set of FE simulations with fully
fixed interfacial properties and then conduct another set of FE
simulation with slip interfacial properties. These two sets of FE
results would also form the upper and lower bounds, within which
any FE results that use realistic interfacial properties will fluctuate.
After the verification and validation procedures are completed, the
FE models are ready to simulate diverse boundary value problems
of the foot and ankle complex movement within the strain rate
range for which the material models were calibrated.

Finally, building a generalized foot and ankle model that is suit-
able for everyone is not feasible with the current procedure. To be
more specific, the current approach only allows developing the FE
foot and ankle complex for a particular individual, with no means
to generalize and apply it to other patients. Consequently, since
there are different anthropometries (e.g., foot sizes and types), a
novel transformation method that can adjust and transform a refer-
ence foot model into a specific foot geometry needs to be devel-
oped. This transformation method can be done by creating a
systematic approach to parameterize the characteristics of the
foot, then utilizing novel transformation functions such as scaling
factors—which based on the experimental and virtual motion cap-
ture markers on foot [82]—to modify and convert a prebuilt nor-
mal FE foot and ankle model into the particular model that is
suitable for use in each specific study. The above-mentioned
transformation process would be time-saving compared to the pro-
cess of recreating the 3D volume surface of the foot and ankle
using CT scans and MRI images. In theory, this novel

Fig. 4 A timeline evolution of FE modeling of the foot and ankle complex
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transformation method could reduce the time and resources
required for FE foot model development as well as conserve the
consistency among different studies.

Conclusions

The use of 3D computational FE models for the simulation of
foot and ankle complex in recent studies has started to emerge as
an adjuvant method to analyze the biomechanics of the foot, eval-
uate the performance of prosthesis devices, and predict the risk of
injury during daily activities. The efficiency of the foot and ankle
FE model has been demonstrated in various research studies as
well as clinical studies. The purpose of this review was to discuss
the details of the procedures to develop an accurate, biofidelic
foot and ankle model, then provide the necessary information to
calibrate, verify, and validate the said model as well as introduce
the crucial steps and parameters in generating the simulation envi-
ronment. In addition, the current applications of the FE foot and
ankle model in various fields have also been reviewed. Further-
more, potential developments for those applications and FE
approaches in foot–ankle models were discussed. To effectively
enhance the simulation results, some of the possible improve-
ments were also explained in this review, aiming to shorten the
development time, increase the robustness of the model as well as
propose a novel approach to accurately transform a specific foot
structure from a reference foot and ankle complex model. Overall,
further developments are required in the field of computational
modeling and FEA to provide greater insights into the foot and
ankle complex injury biomechanics.
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Appendix

Foot and Ankle Complex—Anatomy and Function. There
are four movements of the foot and ankle complex: dorsiflexion,
plantarflexion, inversion, and eversion, all of which are mainly

controlled by eleven groups of muscle surrounding the ankle.
Figure 5 illustrates the names and locations for each of these mus-
cle groups. Additionally, Table 1 presents the relationships
between these muscle groups and the corresponding foot and
ankle movements. Through Fig. 5 and Table 1, the
structure–function information can be conveyed more effectively,
which aids readers in understanding the anatomy and function of
these muscle groups and their influences on specific movements
of the human foot and ankle complex.

A Brief History of Finite Element Modeling for Foot and
Ankle Complex. Table 2 demonstrates the survey of notable stud-
ies utilizing FE models of foot ankle complex in diverse applica-
tions. The study’s objectives are summarized along with the FE
model characteristics and material properties are also reported.
Additionally, the studies mentioned in this survey were also clas-
sified into four particular applications: foot and ankle model
development, foot and ankle biomechanics analysis, models for
foot disorders and injury predictions, and implants’ and prosthe-
ses’ performance assessment. Furthermore, each study’s strengths

Fig. 5 Illustration of the foot and ankle complex muscle
groups for Table 1 (modified from Fig. 1241 and 1242 of Gray’s
Anatomy—Public Domain [83])

Table 1 Muscle groups and their corresponding function in
four basis foot and ankle movements

Muscle group Function

Tibialis anterior Dorsiflexionþ inversion
Extensor hallucis longus Dorsiflexionþ inversion
Extensor digitorum longus Dorsiflexionþ eversion
Tibialis posterior Plantarflexionþ inversion
Flexor digitorum longus Plantarflexionþ inversion
Flexor hallucis longus Plantarflexionþ inversion
Gastrocnemius Plantarflexion
Soleus Plantarflexion
Fibularis longus Eversionþ plantarflexion
Fibularis brevis Eversionþ plantarflexion
Fibularis tertius Dorsiflexionþ eversion

090802-8 / Vol. 143, SEPTEMBER 2021 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/biom

echanical/article-pdf/143/9/090802/6713479/bio_143_09_090802.pdf by M
ississippi State U

niversity user on 19 August 2021



Table 2 A list of notable studies that use FE modeling for analyzing the foot and ankle complex biomechanics

Study and methods FE model elements Components Material properties Applications Strength Limitation

Foot and ankle model development
Tannous et al. [27]—
explicit

17,503 elements. 28 bones, 7 ankle liga-
ments, 3 retinacula, 3
layers of plantar soft tis-
sues, and the Achilles
tendon.

Linear elastic (bone, ten-
don, soft tissue), visco-
elastic (ligament).

Develop the three-
dimensional FE model of
the human ankle/foot
complex, which is a first
step leading toward ankle
injury criterion.

One of the first foot and
ankle model that was
developed and subjected
to preliminary verifica-
tions against a limited set
of data.

Missing material
stress–strain curve for
various components, lack
of foot joints, articular
surfaces and muscles.

Vijayaragavan et al. [29]
— implicit

Not included. 26 bones, deltoid liga-
ment, plantar fascia and
Achilles tendons.

Linear elastic (all
materials).

Develop a 3D anatomi-
cally realistic model of
the ankle joint and the
foot.

Implemented with various
loading conditions to sim-
ulate stress distribution
during different phases of
gait.

Lack of validation with
experimental data.

Ou et al. [61]— implicit 40,000 elements. 30 bones, soft tissue,
plantar aponeurosis, liga-
ments and skin.

Linear elastic (bone, liga-
ment), shell element
(skin), hyperelastic Neo-
Hookean models (soft tis-
sue and plantar
aponeurosis).

Evaluate the effect of
skin during deformation
of FE model by changing
the elastic modulus of the
skin and repeating the
simulation.

Investigate the effect of
skin on simulation results
through a material sensi-
tivity analysis. Results
were validated by the dis-
placements, stiffness and
strain of foot components.

Different scenarios
should be added to the
simulation beside bal-
anced standing. Soft tis-
sue needed to be modeled
with region-specific prop-
erties instead of homoge-
neous material.

Foot and ankle biomechanics analysis

Cheung et al. [58]—
static implicit

Not included. 28 bones, 72 ligaments,
plantar fascia, cartilages
and soft tissue.

Linear elastic (bone and
cartilage), hyperelastic
(soft tissue), truss element
(ligament and plantar
fascia).

Utilize a 3D FE model of
the human foot and ankle
to analyze the loading
response of the plantar
fascia in the standing foot
with different magnitudes
of Achilles tendon
loading.

Cadaveric data of Achil-
les tendon was used to
validate model results.

Linear elastic material
properties were used for
ligaments and bones, no
surface interaction
between bones, muscles
and ligaments.

Quenneville et al. [65]—
dynamic explicit

320,120 hexahedral
elements.

Tibia and rigid parts. Linear elastic (all
materials).

Develop a FE model of
the tibia using CT scans
of a cadaveric foot to
assess the response of
tibia to short-duration,
high-force axial loading.

The response to axial
impact loading was thor-
oughly evaluated and
compared to laboratory-
based experimental
results using cadaveric
bone.

Difficulty in representing
bone fracture, and its
effect on geometry and
energy absorption.

Qian et al. [38]— implicit
quasi-static

4259 quadrilateral
elements.

2D planar model: bones,
phalanges and soft tissue.

Linear elastic (with damp
coefficient for soft tissue).

Utilize 2D sagittal FE
model of the foot to simu-
late gait cycle using data
from motion capture.

Minimize computational
cost through the use of
2D FE model. Utilize
motion capture system to
conduct simulation of
foot during gait.

The simplification of the
complex 3D foot model
into 2D planar model led
to some discrepancies in
dynamic structural
responses, resulting in a
phase shift in peak pres-
sure and delay in the
plantar pressure response.
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Table 2 (continued)

Study and methods FE model elements Components Material properties Applications Strength Limitation

Morales-Orcajo et al.
[13]—quasi-static
implicit

806,475 tetrahedral
elements.

30 cortical bone, 18 tra-
becular bone, 22 carti-
lage, 29 tendons and
muscle, 2 fascia segments
and the soft tissue.

Linear elastic (bone, car-
tilage, muscle), Ogden
(tendon), hyperelastic (fat
tissue).

Analysis of the lower
limb tendon forces effect
on foot and ankle
complex.

Nonlinear behavior of
tendons was developed
and their impacts were
validated. Providing use-
ful tools for clinical
assessment.

Missing ligaments and
lack of bone-to-bone con-
tact. Overlapping muscle
and tension components.
Unable to measure mus-
cle forces.

Filardi et al. [19]— static
implicit

167,142 elements. 17 bones, skin, rigid wall
and ligaments.

Linear elastic (bone and
wall), truss connector
(ligament), hyperelastic
(soft tissue).

Develop a 3D FE model
of the foot using MRI
scans to analyze the effect
of soft tissue stiffness on
the plantar pressure distri-
butions as well as internal
load transfer.

Able to illustrate the
effect of soft tissue stiff-
ness on stress distribu-
tions of the foot in a bony
and soft tissue structure.

Lack the incorporation of
nonlinear and viscoelastic
material properties for the
ligamentous and soft tis-
sue structures. Detailed
muscular loading also
needed.

Foot disorders and injury predictions

Chen et al. [59]—static
implicit

245,782 tetrahedral
elements.

Bones, cartilages, liga-
ments, plantar fascia and
soft tissue.

Linear elastic (bone and
cartilage), hyperelastic
(soft tissue), truss element
(ligament and plantar
fascia).

Develop a 3D FE model
of human foot complex to
predict the internal plan-
tar soft-tissue deforma-
tion and stress.

Including soft tissue
together with bones. Rel-
ative articulating move-
ments of the bony joints
were allowed in the entire
foot.

Only standing loads were
performed. Various loads
specific to different
phases of gait needed to
be analyzed.

Sun et al. [62]— implicit 38,870 elements. Bones, ligaments, plantar
fascia and skin.

Linear elastic (bone,
skin), tension-only ele-
ments (ligament, plantar
fascia).

Investigate the effect of
different foot arch height
and evaluate the stress
distribution on each foot
arch type.

Able to modify model to
create different arch
heights and lengths using
user-defined indices.

Lack of hyperelasticity
and viscoelasticity char-
acteristics implementa-
tion to mimic soft tissue.

Filardi et al. [40]— static
implicit

50,999 tetrahedral
elements.

Pelvis, femur, patella, fib-
ula, tibia, foot and
ligaments.

Nonlinear elastic (all
materials).

Investigate the effect of
stress shielding on the
integrity and resistance of
bone using FE model of
human leg.

Results reveal interesting
consequences deriving by
taking into account the
complete bony chain
from pelvis to toes.

Viscoelastic properties of
ligaments meniscus and
cartilages were not con-
sidered. Predefined load-
ing and boundary
conditions needed to be
further studied and
refined.

Morales-Orcajo et al.
[57]—quasi-static
Implicit

783,000 tetrahedral
elements.

28 bones, cartilages, 9
ligaments and 9 muscles.

Linear elastic (bones and
cartilage), truss element
(ligament), beam element
(muscles).

Build a FE skeletal model
of the foot to assess the
development of Hallux
Abducto Valgus (HAV)
forefoot deformity.

Able to create abnormal
FE foot model using CT
scans of subject that
included ligaments and
cartilages by proposing a
new skeletal parameter
related to HAV.

Fat surrounding the skele-
tal was not simulated.
Results were only appli-
cable to hard tissue as it
was simulated in a very
simplified manner.
Results cannot be com-
pared directly with exper-
imental measures at the
time.
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Table 2 (continued)

Study and methods FE model elements Components Material properties Applications Strength Limitation

Wong et al. [78]—
implicit

Not included. 30 bones, soft tissue,
muscle, skin and
ligaments.

Linear elastic (bone),
truss element (ligament
and muscle), hyperelastic
(skin and soft tissue).

Investigate the influence
of impact velocity on the
stress of calcaneus and
talus as well as the risk of
fracture using FE model.

Able to suggest the injury
pattern and fracture mode
of high energy trauma,
providing insights in
injury prevention and
fracture management.

Trabecular and cortical
bones were not seg-
mented in midfoot and
forefoot. The analysis of
cortical bone was not
conducted.

Smolen et al. [20]—
explicit

450,580 hexahedral and
3954 shell elements.

26 bones, 67 ligaments
and plantar soft tissue.

Linear elastic (bone),
hyperelastic-Ogden rub-
ber model (soft tissue),
elastic force–strain
response function
(ligament).

Identify injury risk based
on postures using foot
and ankle complex
model.

Success in determine the
fracture thresholds and
locations for each
posture.

Locations of the strain
gauges used in validation,
the lack of soft tissue, and
the number of tested
specimens.

Gozar et al. [35]—static
explicit

75,000 nodes. 26 bones and numerous
connectors as ligaments
and tendons.

Linear elastic (bone),
beam connector (liga-
ment), axial connector
(tendon).

Analyze the biome-
chanics of the congenital
clubfoot.

Utilize FE model to study
the foot biomechanics of
orthopedic patients, pro-
viding great advantages
in both clinical and exper-
imental circumstances.

Lack of various structural
parameters and experi-
mental data for a specific
foot disorder (ex:
clubfoot).

Implants and prostheses assessment

Sopher et al. [36]—static
implicit

53,000–77,000 elements. Tibia, talar and 6 implant
devices.

Linear elastic (bone and
implant).

Use FE model to build
and test the micromotion
of TAR prosthesis under
different conditions by
applying force on the
interested site of fixation.

Integrate FE model of
tibia/talus and geometri-
cal computer-aided-
design models to test the
behavior of the implants
in various conditions.

Obtained results were not
directly validated experi-
mentally. Assumption of
perfect contact between
bone and the implant (not
necessary in reality).

Wang et al. [30]—
implicit

Not included. 28 bones, 103 ligaments,
plantar fascia, nine
groups of extrinsic
muscles, a bulk of encap-
sulated soft tissue. Tibia/
talar and mobile bearing
implants.

Linear elastic (bone and
implant), axial connector
(muscle), tension-only
truss element (ligament).

Compare the mechanical
performance of foot/ankle
complex with TAA and
an intact one using FE
model.

Successfully study the
performance of an ankle
prosthesis by incorporat-
ing motion analysis data.

Separation of cortical and
trabecular components
was needed. Lack of suit-
able boundary and load-
ing conditions for TAA
foots.
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and limitations are also reported and discussed, all of which helps
the reader in understanding the evolution of the foot and ankle
complex’s FE meshing and modeling procedures over time.
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