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Abstract: Penetration and shared nodes between muscles, tendons and the plantar aponeurosis
mesh elements in finite element models of the foot may cause inappropriate structural behavior of
the tissues. Penetration between tissues caused using separate mesh without motion constraints
or contacts can change the loading direction because of an inadequate mesh displacement. Shared
nodes between mesh elements create bonded areas in the model, causing progressive or complete
loss of load transmitted by tissue. This paper compares by the finite element method the structural
behavior of the foot model in cases where a shared mesh has been used versus a separated mesh
with sliding contacts between some important tissues. A very detailed finite element model of the
foot and ankle that simulates the muscles, tendons and plantar aponeurosis with real geometry has
been used for the research. The analysis showed that the use of a separate mesh with sliding contacts
and a better characterization of the mechanical behavior of the soft tissues increased the mean of the
absolute values of stress by 83.3% and displacement by 17.4% compared with a shared mesh. These
increases mean an improvement of muscle and tendon behavior in the foot model. Additionally, a
better quantitative and qualitative distribution of plantar pressure was also observed.

Keywords: foot finite element method; foot and ankle model; shared nodes; separated mesh; plantar
pressure

1. Introduction

The biomechanical behavior and load transfer of muscles, tendons, ligaments, and
plantar aponeurosis in a finite element foot model (FEFM) are relevant factors that influence
the model’s functional response [1-5]. Inappropriate structural behavior of these biological
tissues may provide inaccurate or limited information about the case study.

Nowadays, several FEFMs have been developed, some of them very complete and
with a degree of detail and complexity superior to others. The creation of a FEFM sig-
nificantly depends on the study to be carried out with it. However, it is important to
clarify that this is not the only factor to consider. The case study or investigation will
define aspects of our model, such as the CAD modeling of the tissues, the meshing of
the model, the mechanical characterization of the tissue s behavior, the application of
boundary conditions, and the selection of the loads.

All scientific research is subject to limitations of all kinds, and of course, these limita-
tions are reflected in the creation of the finite element model. The creation of simplified
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models is a good option in these cases. Some of these simplified foot models simulate liga-
ments, tendons, the aponeurosis plantar and muscles with one-dimensional elements [6-9],
while other models simulate these soft tissues with three-dimensional solid elements with
scanned human geometry [10-12]. We also see that some of the simplified finite element
foot models mentioned above lack some muscles, tendons, or skin (fat pad). Furthermore,
it is possible to obtain acceptable results. Therefore, what are the difficulties that can arise
when trying to simulate the biomechanical behavior of muscles and tendons in the foot
model? In addition, why is it important to simulate the proper behavior of these tissues?

There are commonly encountered problems when simulating the structural behavior
of muscles and tendons with both three-dimensional solid elements and one-dimensional
elements in FEFM. The first is the penetration between the mesh elements that make up
these biological tissues. Penetration between mesh elements is due to the non-application
of contact and motion constraints between groups of nodes of the mesh elements of the
tissues. In foot models where there is mesh penetration between the tissues, the direction of
the tissue loading can change considerably so that the muscles do not properly transmit the
mechanical stimuli to the areas where they insert with the bone. The second refers to the
shared nodes between the mesh elements of the tissues that do not allow the complexity of
sliding contact between them. These groups of shared nodes between the mesh of tissues
generate bonded areas throughout the model. These involuntary bonded areas between
muscles and tendons cause a progressive loss of load as they travel through the tissue to
the insertion zone with the bone.

The present work compares the structural behavior of muscles, tendons, aponeurosis
plantar, and fat-pad when the finite element model includes a shared mesh versus separated
mesh with a relative displacement between the soft tissues. For this purpose, this paper
evaluates three case studies in which the plantar pressure and the maximum principal
stress in some tissues are used as comparison parameters.

The cases evaluated are the following;:

e  (Case 1: Model with shared mesh and a linearly elastic, homogeneous, and isotropic
mechanical behavior of most of its tissues.

e  Case 2: Model with shared mesh and a linearly elastic, homogeneous, and hyperelastic
mechanical behavior of most of its tissues.

e  Case 3: Model with separate mesh and a linearly elastic, homogeneous, and hypere-
lastic mechanical behavior of most of its tissues.

The work done in this paper aims to generate knowledge on how the use of a shared
mesh with isotropic properties as opposed to the use of a separate mesh with contacts
and hyperelastic properties could cause changes in the structural response of the tissues
and the model in general. The knowledge generated in this research will allow those
who work in simulation using numerical models based on finite element method to know
the advantages and disadvantages of using a shared mesh versus a separated mesh both
during the model construction process and the simulation of the cases.

2. Materials and Methods
2.1. Model Conformation

The tissue geometries of the foot and ankle model used in this research were generated
through three-dimensional scanning techniques by Morales Orcajo Enrique [13] of the
Applied Mechanics and Bioengineering group (AMB) at the University of Zaragoza, Spain.
The foot and ankle model includes cartilage, skin (fat pad), and the cortical and trabecular
tissue for bones which comprise 15 phalanges (proximal, medial, and distal), 5 metatarsals,
2 sesamoids (medial and lateral), 3 cuneiforms (medial, intermediate, and lateral), navicular,
cuboid, talus, calcaneus, and part of the tibia and fibula (see Figure 1a). Most muscles
and tendons are included with a more realistic three-dimensional morphology. These are
the extensor hallucis longus, extensor hallucis brevis, extensor digitorum longus, extensor
digitorum brevis, dorsal interossei, plantar interossei, adductor hallucis (transverse and
oblique head), abductor hallucis, lumbricals, flexor hallucis brevis, flexor hallucis longus,
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flexor digitorum longus, flexor digitorum brevis, flexor digiti minimi brevis, peroneus
longus, peroneus brevis, tibialis anterior, quadratus plantae, tibialis posterior, aponeurosis
plantar (lateral and central), Achilles, and part of the soleus (see Figure 1b,c). The peroneus
tertius and opponens digiti minimi are the only tissues missing from the foot model.
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Figure 1. Foot model composition. (a) Skeletal system; (b) musculoskeletal system; (c) skin.

Table 1 shows the abbreviations of the names of each of the tissues that make up the
model in Figure 1.

Table 1. Abbreviations of the names of the tissues of the foot model.

Tissue Abbreviation Tissue Abbreviation
Phalanx distalis PD, Abductor digiti minimi ABDM
Phalanx media PMy, Interossei dorsales 1D
Phalanx proximalis PP, Interossei plantares P
Ossa sesamoidea (laterale) OS(L) Extensor hallucis longus EHL
Ossa sesamoidea (mediale) OSs(M) Extensor hallucis brevis EHB
Ossa metatarsalia OM, Aponeurosis plantar (central) AP(C)
Os cuneiforme (mediale) OC(M) Aponeurosis plantar (laterale) AP(L)
Os cuneiforme (intermedium) OC(I) Flexor hallucis longus FHL
Os cuneiforme (laterale) OC(L) Flexor digitorum longus FDL
Os cuboideum oC Tendo calcaneus (soleus) TC
Os naviculare ON Abductor hallucis ABH
Talus TAL Quadratus plantae QP
Calcaneus CAL Tibialis anterior TA
Tibia TIB Tibialis posterior P
Fibula FIB Peroneus longus PL
Flexor digitorum brevis (musculi) FDB(M) Peroneus brevis PB
Flexor digitorum brevis (tendo) FDB(T) Flexor digiti minimi brevis FDMB
Extensor digitorum brevis (musculi) EDB(M) Adductor hallucis (caput obliquum) ADDH(CO)
Extensor digitorum brevis (tendo) EDB(T) Adductor hallucis (capt transversum) ADDH(CT)
Extensor digitorum longus EDL Lumbricales L

2.2. Mesh

All the tissues in the foot model were meshed using ICEM® CFD (ANSYS® Inc.,
Canonsburg, PA, USA). An auto mesh (unstructured) with the octree method was used.
First-order tetrahedral elements of variable sizes were used to avoid the loss of morphology
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and the appearance of singularities in the tissues. An element size of 1 mm was used for
small or thin tissues, while for large tissues element sizes of 2 to 4 mm were used.

During the meshing stage of the foot model tissues, the software reads the imported
files (stereolithography extension) of each of the tissues as a set of points. When the tissues
are being meshed, the meshing algorithm cannot identify the boundaries between each
tissue. Therefore, the software creates a continuous mesh. Because of that, two problems
arose that would have adverse biomechanical effects on the final FEFM response. The first
was the generation of undesirable tetrahedral elements at the periphery of the areas in
contact between the tissues and the small gaps between them, causing a loss of the model
morphology (see Figure 2a). The second was the shared nodes between mesh elements of
the tissues in contact, causing bonded areas that should not be in the model.

Figure 2. Tissue mesh. (a) Mesh without fixing; (b) fixed mesh.

Because of these two problems, a reworking of the mesh had to be done for most
tissues. In the first stage, which we will call tissue mesh cleaning, those tetrahedral
elements of the meshes that were incorrectly assigned were returned to the mesh of the
correct tissues. In addition, all those tetrahedral elements of the mesh which modified
the morphology of the original tissue were eliminated and, in some cases, new elements
were created manually. This mesh reworking of the foot model was done with the same
meshing software. The final model was made up of 1,128,602 elements and 208,721 nodes
(see Figure 2b).

In a second stage, which we will call mesh separation between tissues, a separation
process of the shared nodes between mesh elements of the tissues was done. During the
meshing stage, the software generated a continuous mesh. Continuous mesh generates
a sharing of nodes between the mesh elements of the tissues in contact, causing bonded
areas. Bonded areas between the FEFM tissues are not physiologically possible because
they increase the stiffness of the general response of the foot model, removing the ability of
the soft tissues to transfer the load appropriately to the insertion areas on the bone besides
erroneously generating the activation of secondary tissues.

The mesh shared between the tissues of the foot model was separated by an algorithm
programmed in C++ language in an open-source integrated development environment
called Code:Blocks.

The program created within the integrated development environment is provided
with an input file, where there is information on the mesh of the bonded tissues as node
groups, node coordinates, and a group of tetrahedral elements with four nodes (C3D4).
The algorithm identifies the nodes of the shared faces between tetrahedral elements by the
direction of their normal. Once the group of shared nodes has been identified, the program
duplicates all the nodes of that group, assigning them the same position as the shared nodes
but with a different identification number. The old group of nodes is assigned to one tissue,
while the new group of nodes is assigned to the opposite tissue (see Figure 3). Additionally,
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the program creates a surface shell with the new nodes between the tissues in contact
where the contact between the shell surface and the group of old nodes is subsequently
declared. Finally, the program generates an output file with the information of the new
nodes, their coordinates, and the three-node triangular shell elements (S3) created. The
information contained in the output file is updated in the main file, and in this way, the
separation between two meshes is performed.

Figure 3. Separation of shared nodes between mesh elements.

It is important to mention that no other meshing software, method, or algorithm was
used at this stage. Some bonded areas between tissues (such as the bone-fat pad) favored
the transmission of loads of the model and avoiding the application of contacts. We only
focused on separating those tissues with greater relevance in the analysis.

2.3. Mechanical Properties of Tissues

The mechanical properties used to model the behavior of the foot model tissues in this
research were taken from the literature. Cortical bone, trabecular bone, hard cartilage, and
soft cartilage were modeled with an isotropic, homogeneous, and linearly elastic mechani-
cal behavior [14-16]. For the rest of the tissues, a nonlinear isotropic and homogeneous
behavior was used with several hyperelastic deformation energy density functions: fourth-
order Ogden function for the lateral plantar aponeurosis, a fifth-order reduced polynomial
function for the central plantar aponeurosis [4], a second-order polynomial function for the
skin [17], and a first-order Ogden function for muscles [18] and tendons [19].

2.4. Boundary Conditions and Loads

Several boundary conditions were considered to simulate the environment during
standing. First, in the three directions, the displacement and rotation were constrained in
the tibia and fibula through a set of nodes taken from the upper cross-section (see Figure 4a).
To simulate the support of the foot model against the ground, a flat surface was generated
with three-dimensional rigid elements of four nodes (rigid body), allowing only vertical
displacement (Y). A force (350 N in the “Y” direction) equivalent to half the subject’s body
weight was applied on the flat surface to simulate the reaction force against the ground.

Finally, a series of loads were applied through eight of the main stabilizing tendons
activated during the analysis (see Figure 4a). The magnitudes of these loads were taken
from a research paper published by Morales-Orcajo Enrique et al. (2017).



Mathematics 2021, 9, 1719

6 of 13

Figure 4. Load and boundary conditions. (a) Loads application and motion constraints; (b) contact
application.

2.5. Contact between Tissues and Ground

Shell surfaces with the shape and extent of the zone of interaction between tissues were
created. Later, contacts between the elements whose mesh was separated were applied to
avoid penetration and ensure load transfer. Only those sliding contacts between the most
relevant tissues of the foot model were generated (see Figure 4b), that is, in those tissues
with greater participation in the transfer of load in the simulation (short extensor-long
extensor, short flexor-long flexor, and short flexor-plantar fascia).

Finally, the foot (sole) interaction with the ground was simulated with frictional
contact. In this case, a friction coefficient of 0.6 was used [20].

2.6. Case Studies

Three case studies have been evaluated with the finite element foot model, where we
have calculated the contact pressure, displacements, and the maximum principal stress in
some tissues to determine the effect that the use of a shared mesh versus a separated mesh
can have on these parameters. In addition, we evaluated the biomechanical, convergence,
and computational effects of using a shared versus separated mesh and isotropic versus
hyperelastic properties in some tissues.

The cases evaluated in this work are detailed below:

e Case 1: Model with shared mesh and a linearly elastic, homogeneous, and isotropic
mechanical behavior of most of its tissues. For this model, a shared mesh was used (a
product of the software), i.e., a mesh with joints (undesired in some cases) between
groups of nodes of the tetrahedral elements that make up the mesh of the tissues.
The joints presented in this model are in all areas of contact between a tissue and its
adjacent tissues. Therefore, a general stiffened FEFM response is expected. Finally, in
this simulation, most of the tissues of the model are considered to have an isotropic
behavior, except the tendons and skin (hyperelastic behavior).

e  Case 2: Model with shared mesh and a linearly elastic, homogeneous, and hyperelastic
mechanical behavior of most of its tissues. For this model, the same shared mesh is
used as for Case 1 is still used. The difference is that in this model, hyperelastic proper-
ties are assigned to some tissues (skin, tendons, muscles and the plantar aponeurosis).
The purpose of this model is to evaluate the effect on contact pressure when we used
hyperplastic instead of isotropic properties.

e Case 3: Model with separate mesh and a linearly elastic, homogeneous, and hypere-
lastic mechanical behavior of most of its tissues. Here the mesh was reworked to undo
some joints between muscles, tendons and the plantar aponeurosis.
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It is important to understand that some bonded areas between the mesh of the tissues
of the foot model are necessary for the transmission of mechanical stimuli between them, as
in the case of the musculoskeletal model with the skin (fat) or tendons with some bones. In
some cases, applying a contact or a motion constraint instead of leaving the joint generated
by the software increase the computation time for convergence. However, some other joints
as muscle-to-muscle or muscle-to-bone cause a deficient or abnormal load transmission,
thus generating an inaccurate response from the model. Finally, some sliding contacts that
were considered important (as short extensor-long extensor, short flexor-long flexor, and
short flexor-plantar fascia) were applied in the model to avoid penetration between the
tissues and to guarantee an appropriate interaction between them.

2.7. Foot Model Validation

ABAQUES software (ABAQUS Inc., Pawtucket, RI, USA) was used to solve our FEFM.
The distribution and magnitude of the contact pressure (plantar pressure) on the sole,
specifically under the calcaneus (heel) and the metatarsals heads, reported in previous
experimental and numerical analysis were used to compare and validate the numerical
foot model developed in this work [8,9,17,21-24]. In addition, a study was used of the
plantar pressure (footprint) of the patient from which the model was obtained [19].

Table 2 shows a comparison of the plantar pressure (specifically on the talus and
metatarsal heads) of our FEFM with FEFMs, and experimental foot data (EFD) reported by
other authors. In this validation stage, the plantar pressure results were taken from those
FEFMs whose analyses were performed during standing and under boundary and loading
conditions similar to our analysis. Additionally, the table shows in brackets below of our
FEFM results (Martinez et al.) the percentage difference between our plantar pressure
values and the mean value of the experimental data (ED) and by the finite element method
(FEM) reported in the literature by the authors mentioned in the same Table 2.

Table 2. Foot model validation (maximum contact pressure, CPRESS).

Martinez Morales Cheung Cheung Chen Zhang Mao Li Wang
Area etal. etal. etal. etal. etal. etal. etal. etal. etal.
(Present Work) (2018) (2004) (2005) (2010) (2014) (2017) (2017) (2018)
MPa MPa MPa MPa MPa MPa MPa MPa MPa
0.192
OH FEFM (—13.41% FEM) 0.16 0.26 0.23 0.168 0.23 0.233 0.325 0.168
(7.6% ED)
EFD NEFD 0.17 0.15 0.17 0.13 0.15 0.204 0.3 0.157
0.112
UMH FEFM (—22.75% FEM) 0.17 0.19 0.097 0.077 0.18 0.07 0.325 0.051
(—10.70% ED)
EFD NEFD 0.16 0.07 0.09 0.08 0.12 NEFD 0.3 0.058

FEFM = finite element foot model; EFD = experimental foot data; NEFD = no experimental foot data; ED = experimental data; OH = on the
heel; UMH = under metatarsal heads; FEM = finite element method.

3. Results

Plantar pressure, principal stress, and displacements are the comparison parameters
that will enable us to quantify the importance of the work done in optimizing the behavior
of the tendons and muscles in the foot model.

Table 3 shows the maximum principal stress and the displacement in the three direc-
tions for the most relevant tissues in the model without a shared mesh (Case 1) and the
model with a separate mesh and sliding contacts (Case 3). In addition, in each column of
the sliding foot model, the percentage difference with the values obtained from the model
without sliding contacts is shown in brackets.
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Table 3. Maximum principal stress (MPS) and displacement (U,) obtained in some relevant tissues.
Non-Sliding Foot Model (Case 1) Sliding Foot Model (Case 3)
Tissue MPS U, U, U, MPS U, U, U,
(MPa) (mm) (mm) (mm) (MPa) (mm) (mm) (mm)
—0.1753 OH
. —0.1169 OH - - (49.95%) —2.690 —6.092 2,89
Sole(skin) —0.0892 UsMH 2.821 6.579 2823 —0.0635 Uy MH (—4.64%) (=7.40%) (2.58%)
(—28.81%)
3.441 2,638 3483 —3.038
TC 3411 2516 —1676 —3.186 (0.87%) (4.84%) (107.81%) (—4.64%)
2.127 —1.243 —5.450 2032
EHL 1953 —0.3354 —3.967 ~1.230 5907 (T00%) (37380 (65.20%)
0.7598 2181 —4.720 “1.734
EDL 0.6850 —03927 —4.267 —1.352 (10.91%) (455.38%) (10.61%) (28.25%)
0.4190 —1.620 —4.861 ~1.910
EDB/EHB 3.367 —0.3055 —3354 —1122 (—87.55%) (430.27%) (44.93%) (70.23%)
2.668 ~1.059 5461 2235
FHL 2529 06404 —4011 —1722 (5.49%) (—265.36%) (36.15%) (29.79%)
0.09633 —0.6678 —4.830 2322
FHB 0.8868 —01773 L —1.646 (—89.13%) (276.64%) (50.56%) (41.06%)
3.016 —1.761 —4.897 —3.683
FDL 2821 0.7357 —4251 _3317 (©91%) (—335.36%) (15100 (11005
2.133 ~1.728 —5.021 ~1.728
FDB 0.7442 —0.3423 —4.005 —1.480 (186.61%) (404.82%) (25.36%) (—16.75%)
0.5087 —0.5349 2339 ~1.100
TA 01521 —0.4180 —2.020 —07874 (234.45%) (27.96%) (15.79%) (39.70%)
4.779 3957 —4.226 2957
L 4.551 1288 —3773 —3613 (5%) (—40722%)  (12.03%) (~18.15%)
2,970 —0.3972 —2.240 —1.204
PL 1.458 0.2389 —1.805 —08958 (103.70%) (—266.26%) (24.09%) (34.40%)
0.7964 —03812 —2.564 ~1253
PB 0.8265 ~0-155 -121 —0791 (—3.64%) (14498%)  (111.72%) (58.38%)
2.862 ~1.389 5255 2273
AP(©) 1.191 0.3878 —3.60 —1.613 (140.30%) (—458.17%) (45.97%) (40.91%)
5 —0.966 1318 0.8430
AP(L) 0.6715 0.3841 —2729 —1233 (644.6%) (—24385%)  (=51.70%)  (—168.36%)

OH = on the heel; U,MH = under the metatarsal head.

Table 3 shows that the maximum principal stress obtained on the heel for the non-
sliding foot model was —0.1169 MPa, while for the sliding foot model it was —0.1753 MPa.
This means an increase of 49.95% for the principal stress in the model with the separated
mesh compared to the model with the shared mesh. On the other hand, in the support zone
of the metatarsal bones, the maximum principal stress obtained for the non-sliding foot
model was —0.0892 MPa, located under the head of the third metatarsal. The maximum
principal stress for the sliding foot model was —0.0635 MPa, under the head of the first
metatarsal. In this case, the change of the area under greater stress under the metatarsals,
as well as the variation of the maximum principal stress of the model with the separate
mesh compared to the model with the shared mesh, is attributed to the greater freedom
of movement of the tissues resulting from the separation of their bonded areas with the
mesh of the tissues in contact. In addition, this greater degree of freedom of movement of
the model with the separate mesh can be reflected in the displacements of some tissues
(see Table 3), where there is a tendency towards a greater displacement of up to 458.1% in
the model with the separate mesh in comparison with the model with the shared mesh.
Moreover, the soft tissue with the greatest variation in the principal stress when considering
the condition of mesh separation and slippage, such as aponeurosis plantar (lateral), shows
variations of up to 644.6%.

Overall, the soft tissue results showed a mean absolute variation and standard devia-
tion (SD) in stress values of 83.3% (SD 186.9) for the model with the separate mesh (Case 3)
compared with the model with the shared mesh (Case 1), while the mean absolute value
and standard deviation for the displacements was 17.4% (SD 190.9).
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As can be seen in Figure 5, the distribution of the maximum contact pressure in the
three models was on the heel, with a magnitude of 0.162 MPa for the model with the
shared mesh and an isotropic behavior of most of its tissues (Figure 5a) and 0.187 MPa
and 0.192 MPa for the models with a hyperelastic behavior of most of its tissues but with a
shared mesh (Figure 5b) and a separated mesh (Figure 5c), respectively. For the two latter
models, we have a percentage variation of the maximum plantar pressure of 2.6% in the
model with the separated mesh (Case 3) compared to the model with the shared mesh
(Case 2).

CPRESS CPRESS CPRESS
+1.623 x 10 +1.873 x 10 - +1.925 x 107!
+1.488 x 107} +1.717 x 10 +1.765 x 10*
+1,352 x 10 +1.561 x 10* +1,604 x 10
+1.217 x 10 +1.405 = 10 +1.444 x 107
+1.082 x 107 - +1.249 x 10! +1.283 x 10
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- +8.114 x 107 - +9.365 x 102 - +9.626 x 107
+6.762 = 10¢ +7.804 x 107 +8.022 x 1072
+5.409 x 10+ +6.244 x 107 +6,417 x 107
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+1.352 x 107 +1.561 x 107 +1.604 x 107
+0,000 x 10%0 +0.000 x 10°° +0.000 x 10*°
() (b) (9

Figure 5. Contact pressure (CPRESS). (a) Isotropic non-sliding foot model; (b) hyperelastic non-
sliding foot model; (c) hyperelastic sliding foot model.

Comparing the maximum principal stress in the metatarsal bones, the maximum stress
in the model with the shared mesh and isotropic properties was in the fourth metatarsal
bone with a value of 5.095 MPa (see Figure 6a), while for the model with the separate mesh
it was in the second metatarsal bone with a value of 5.510 MPa (see Figure 6b).
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Figure 6. Maximum principal stress on soft and hard tissues. (a) Metatarsal bones of the non-sliding
foot model; (b) metatarsal bones of the sliding foot model; (c) extensor hallucis longus of the non-
sliding foot model; (d) extensor hallucis longus of the sliding foot model; (e) flexor hallucis brevis of

[ Liionx soe
the non-sliding foot model; (f) flexor hallucis brevis of the sliding foot model.
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It is important to emphasize the non-homogenous distribution of the maximum
principal stress in the extensor digitorum longus and aponeurosis plantar of the model
with the shared mesh and isotropic properties when compared with the model with the
separated mesh and hyperelastic properties. A better distribution of stress was obtained for
the tissues shown in Figure 6d,f (separate mesh) compared with those shown in Figure 6¢,e
(shared mesh) where it was observed a higher stress concentration and singularities. A
better distribution of stress is indicative of more appropriate behavior of the tissues by
eliminating anchorage areas due to the shared mesh.

4. Discussion

Simulating proper muscle and tendon behavior in a finite element model of a foot is a
challenge today. The load transmitted by these tissues to the bone and surrounding tissues
can be compromised as early as the meshing stage. During the mesh stage, the software
used may or may not generate joints by sharing nodes between mesh elements in all areas
in contact between tissues. In both cases, if this fact is overlooked, the behavior of the model
may be considerably affected. Before starting the creation of the finite element model, the
researcher must define which tissues are necessary, which are relevant, and which others
might not be considered in the analysis. The larger the number of elements, the more
complicated it becomes to work with the model. In addition, the greater the number of
contacts and hyperelastic characterizations of the tissues, the longer the computation time
when trying to achieve convergence of the model. In short, the more complete and complex
the model, the greater the complexity to obtain a result.

This research shows the structural effect that a shared mesh can have compared to
a separate mesh with sliding contacts on the structural behavior of the fabrics of a foot
model. For this purpose, one of the most complete finite element foot models available
today is used. This model includes almost all muscles and tendons in the foot, with the
exception of the peroneus tertius and opponens digiti minimi, which are not necessary for
the present analysis. In addition, the muscles, tendons and plantar fascia are modeled with
real geometry and simulated with deformable solid elements within the analysis.

According to the values shown in Table 3, there is a mean absolute increase of 10.6% in
the maximum principal stress on the sole for the model with the separate mesh compared
with the model with the shared mesh. This increase in stress translates into a better load
distribution through the soft tissues. A better stress distribution in the foot model can
be observed in a lower number of stress concentrations in different areas of the tissues,
as well as in greater freedom of displacement of the tissues. The increased magnitude
in displacements may be due to the freedom of movement of muscles, tendons and the
aponeurosis plantar resulting from eliminating bonded areas with other tissues. In the
tissues of the non-sliding foot model (shared mesh foot model), a greater number of tissues
with stress concentrations (singularities) were observed. This translates into a progressive
loss of load in these tissues due to the mesh bonding zones of other tissues. This progressive
loss of load generates a global stiffness response of the foot model. Strong evidence that
soft tissues such as the aponeurosis plantar, peroneus brevis, tibialis posterior and extensor
digitorum longus are working better is provided by the values obtained for the mean
absolute variation of displacement (17.4%) and stress (83.3%) in the tissues belonging to
the model in Case 3 compared to Case 1.

The contact pressure analysis of the models showed that the hyperelastic behav-
ior assigned to muscles of the models corresponding to Figure 5b,c, compared to the
model shown in Figure 5a with an isotropic behavior of most of its tissues, improved
the qualitative distribution of the plantar pressure on the sole, resulting in a more ho-
mogeneous pressure. According to the mean of the experimental data taken from the
literature [8,9,17,19,21-24], mesh separation in the model in Figure 5c improved plantar
pressure under the heel and metatarsal head by 1.6% and 18.6%, respectively, compared to
the model in Figure 5a. However, the mesh separation between the tissues in the model
in Figure 5c, compared to the shared mesh in the model in Figure 5b, did not make a con-
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siderable difference either quantitatively or qualitatively in the variation of the maximum
plantar pressure on the sole. However, there was certainly less stress concentration under
the metatarsal head of the third and fourth toes in the model in Figure 5c compared to the
model in Figure 5b. This is attributed to separating the mesh of the long extensor tendons
with adjacent tissues, allowing a large part of the load on these tissues to reach the insertion
in the distal phalanges, generating a slight elevation of the forefoot.

As can be seen in the tissues in Figure 6d,f (Where their mesh was separated) compared
to the tissues in Figure 6¢,e (with the shared continuous mesh), there is a better distribution
of the maximum principal stresses (fewer singularities), which is indicative of a more
adequate behavior of these muscles in the foot model.

The results obtained in the model presented in this work, where the mesh among
bones, muscles, tendons and plantar fascia was separated, showed a significant improve-
ment in the general behavior of the model. It is, therefore, imperative that in this type of
model used for the analysis of biomechanical phenomena, the soft tissues should be sepa-
rate from their surrounding tissues, especially in those analyses focused on the structural
behavior of muscles, tendons and the plantar fascia.

When creating a model made up of 101 elements (tissues), it is to be expected to find a
high degree of interaction between the tissues. In total, 138 bonded areas were counted in
the foot model. Some of the tissues had more than four bonds. Analyzing the behavior of
the case studies, specifically where it was observed that the separation of the mesh does
not have a considerable effect on the variation of plantar pressure. Furthermore, in some
cases, when separating the mesh between two bonded tissues, it was necessary to apply a
contact, and in turn, the contact considerably increased the calculation time. The decision
was made to separate only those bonded areas that were relevant to the analysis. Given
that skin is a tissue that covers the entire musculoskeletal model, its mesh generates joints
with bone, tendons, muscles and the plantar aponeurosis. Despite considering the skin
as a hyperelastic tissue, the junction with the tendons causes a loss of load. However, it
is difficult to generate an internal contact of the skin with the musculoskeletal model so
that the latter transmits the mechanical stimuli more adequately to the adipose tissue. For
this reason, one of the important limitations in our analysis is the loss of load that the skin
causes on the active tendons in the stance phase due to the shared mesh between them.

Finally, as a result of the analysis, we can suggest for future work that for foot models
which include muscles, tendons, the plantar fascia and ligaments simulated with solid
deformable elements, it is advisable to use a separated mesh in tissues such as bone (cortical
bone) and skin (fat pad). Furthermore, and subsequently, we use specialized meshing
software to generate the joints or separations between the mesh elements where later a
contact condition or motion constraints will be applied that will help to better transmit the
effects from one mesh to another. In this way, it will be possible to obtain a better behavior
of the tissues in the model.

The use of a shared or separate mesh of the skin with the musculoskeletal tissue makes
it very difficult to adequately simulate the behavior of the rest of the soft tissues. Therefore,
depending on the case study, it could be advisable to generate simplified models where a
separated mesh and only some tissues or a portion of them could be used, as shown in Figure 7.

(b)

Figure 7. Simplified models. (a) Model with skin (fat pad) on the sole of the foot. (b) Model with
skin (fat pad) on the forefoot.
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5. Conclusions

The results obtained in this work showed that a more appropriate mechanical char-
acterization of tissues such as muscles, tendons, plantar aponeurosis and skin (fat-pad)
improved the quantitative and qualitative distribution of plantar pressure. What is refer-
enced in the text above, can be seen by comparing the results between Figure 5a,c. Contrary
to expectations, the mesh separation work performed did not have a significant impact
on plantar pressure. The above can be corroborated by comparing the model results in
Figure 5b with Figure 5c.

However, the work of mesh separation between the tissues of most relevance for
analysis (plantar aponeurosis and extrinsic musculature) showed an improvement in
the structural behavior of the individual tissues. Quantitatively in the data shown in
Table 3, displacement differences of up to 458.1% can be found. Qualitatively we can see in
Figure 6b,d,f (Case 3) a low concentration of the maximum principal stress on the tissues
compared with the tissues in Figure 6a,c,e (Case 1). The result is a better structural behavior
of the tissues and better load transmission to the areas where they are inserted into the
bone. The improvement made in the model can lead to a better simulation of specific
tissues when a specific pathology is analyzed.

The work carried out in this paper generated knowledge on how the use of a separate
mesh with contacts and hyperelastic properties improves the structural behavior of the
tissues and the model in general, compared to the use of a shared mesh with isotropic prop-
erties. In addition, it could be proven that the use of a very detailed finite element model
generates more computational time in the solution, requires equipment with greater capac-
ity to solve the system of equations, increases the level of difficulty in finding convergence,
and increases the complexity of simulating each of the tissues appropriately.

Therefore, it is recommended to take into consideration, whenever possible, the
creation of simplified models to avoid or reduce some of the problems mentioned in the
research. A simplified model could have a good approximation of the case study, but
without having to face the problems that working with a more detailed model could bring.
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