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Abstract—To show the causal relationship between normal
walking after various lateral ankle ligament (LAL) injuries
caused by acute inversion ankle sprains and alterations in
ankle joint contact characteristics, finite element simulations
of normal walking were carried out using an intact ankle
joint model and LAL injury models. A walking experiment
using a volunteer with a normal ankle joint was performed to
obtain the boundary conditions for the simulations and to
support the appropriateness of the simulation results. Con-
tact pressure and strain on the talus articular cartilage and
anteroposterior and mediolateral translations of the talus
were calculated. Ankles with ruptured anterior talofibular
ligaments (ATFLs) had a higher likelihood of experiencing
increased ankle joint contact pressures, strains and transla-
tions than ATFL-deficient ankles. In particular, ankles with
ruptured ATFL + calcaneofibular ligaments and all rup-
tured ankles had a similar likelihood as the ATFL-ruptured
ankles. The push off stance phase was the most likely
situation for increased ankle joint contact pressures, strains
and translations in LAL-injured ankles.

Keywords—Finite element simulation, Walking experiment,
Lateral ankle ligament injury, Contact pressure, Contact
strain, Anteroposterior translation, Mediolateral translation.

INTRODUCTION

Acute ankle sprain is a common sports injury in
which the ligaments of the ankle are torn, partially or
completely, due to sudden and abnormal stretching. It is
caused by an excessive inversion or eversion of the ankle
joint.>'? Up to 80% of sprains are associated with an
inversion mechanism.'®?* As a result, the lateral ankle
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ligaments (LALs) are those most frequently injured by
inversion ankle sprain. A common LAL injury is injury
of the anterior talofibular ligament (ATFL), which is
often accompanied by injury of the calcaneofibular
ligament (CFL) or both the CFL and posterior
talofibular ligament (PTFL).'"'*??  Nonoperative
treatments are primarily applied for these LAL
injuries.>*® However, when adequate nonoperative
treatment fails, LAL injuries may result in lateral ankle
instability (LAI), which alters the kinematics of the
tibiotalar joint®'>'7% and leads to an increase of in vivo
cartilage contact strains and deformation.®** It has been
reported that 10-40% of lateral ankle sprain patients
may experience chronic LAL '3

Chronic LAI leads to cartilage degeneration and the
development of ankle joint osteoarthritis.”!>!7-18:21.24.
2931321 ong-term follow-up studies have reported that
osteoarthritis develops in 13-78% of patients with LAI
beyond 10 years.”'>*! Moreover, recent patient stud-
ies have reported that LAL lesions are the main cause
of ligamentous posttraumatic ankle arthritis.!”!-2
Although the aforementioned studies have reported a
relationship between LAI and osteoarthritis, the effects
of LAL injury types—LAL deficiencies and rup-
tures—on in vivo ankle joint kinematics have not yet
been clearly described.

Recently, the ankle joint structure at the midstance
phase of walking has been studied using dual-orthog-
onal fluoroscopy and a 3D ankle joint model, which
was reconstructed using magnetic resonance (MR)
images, to understand the ankle joint function and
etiology of osteoarthritis.®*®* The effects of ATFL-
deficient LAI on the motion of the tibiotalar joint has
been quantified for weight-bearing loading conditions
by Caputo er al® Wan er al** determined in vivo
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cartilage thickness and articular cartilage contact
strain distributions in normal ankle joints under full
body weight loading conditions. Bischof e al.® inves-
tigated in vivo cartilage contact strain and its peak
value translations in both ATFL-deficient and normal
ankle joints. Although these studies provided valuable
data on in vivo ankle joint cartilage contact conditions
with an intact or deficient ATFL under weight-bearing
conditions, they did not show the effects of normal
walking with an injured LAL ankle joint on the in vivo
cartilage contact situation.

Here, we have constructed a complex 3D finite ele-
ment (FE) model of a foot with an intact ankle joint.
Using the intact ankle model, two different ATFL-
deficient models and three LAL-ruptured models
(ATFL, ATFL + CFL, and ATFL + CFL + PTFL
ruptures) were fabricated for various LAL injury
types. FE simulations were carried out using these
models to evaluate ankle cartilage contact pressures
and strains as well as in silico tibiotalar joint motions
under normal walking conditions. The four stance
phases of the gait cycle—heel strike, foot flat, mid-
stance, and push off—were simulated. In addition,
barefoot walking experiments were carried out to
provide the boundary conditions for the FE simula-
tions and to validate the simulation results. The pur-
pose of this study was to show the causal relationship
between normal walking on injured LAL ankle joints
resulting from acute inversion ankle sprain and ankle
joint contact characteristics.

MATERIALS AND METHODS

3D Reconstruction and Geometric Modeling

The study protocol was approved by the Institutional
Review Board of our institution (RTOS1033). T1 MR
images of the left foot at the neutral foot position were
taken from a volunteer (33-year-old male, 70 kg, 686 N)
with no history of ankle joint injuries or pathologies.
The height of MR scan region from the sole of the foot
was 168 mm. The MR scan was performed using a 3T-
MR scanner (Signa Excite 3.0T; GE HealthCare, USA),
which was equipped with a standard quadrature knee
coil. The scan parameters selected were as follows: echo
time/repetition time (1.46 ms/5.84 ms), slice thickness
(2.8 mm), gap between two reconstructed MR image
(0.7 mm), total number of MR images (240), field of
view (290 x 290 mm?), acquisition matrix (512 x 256;
reconstructed to 512 x 512), pixel bandwith (244 kHz),
acquisition time (8 min 59 s), and optimal pixel size
(0.566 mm). In order to maintain the non-weight-bear-
ing condition of the ankle joint, the volunteer main-
tained a supine position for at least 30 min before the
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scan. Using MR images, 28 bony structures, including
tibia, fibula, talus, calcaneus, cuboid, navicular, cunei-
forms, metatarsals, components of the phalanges,
articular cartilages, and encapsulated soft tissue were
reconstructed three-dimensionally using the commercial
software MIMICS (v10.1; Materialise, Belgium). Using
each reconstructed model, the geometric solid model of
the foot was fabricated using the software Rapidform
2006 (Inus Technology Inc., Korea).

FE Modeling and Material Properties

On the geometric model, the 3D FE model of the
intact foot was constructed using the commercial
software PATRAN (v2008; MSC Software Corpora-
tion, USA) (Figs. la and 1b). The tetrahedral solid
element was used for all bony structures and their
articular cartilages. The tetrahedral hybrid continuum
element, which can be suitably used for hyperelastic
materials, was used for the encapsulated soft tissues.
The seven major ankle ligaments (ATFL/PTFL, CFL,
anterior/posterior tibiotalar ligament, tibionavicular
ligament, and tibiocalcaneal ligament), plantar fascia,
and foot ligaments were attached as 1D truss elements
at the anatomically corresponding insertion sites of the
bony FE models. These ligaments and plantar fascia
were considered to have a physiological cross-sectional
area (PCSA)'%*3¢ and a response to tension only
according to their physiological behaviors. Six muscle
groups, including the triceps surae/Achilles tendon,
flexor hallucis longus, flexor digitorum longus, tibialis
posterior, peroneus brevis, and peroneus longus, were
attached as axial connector elements at the anatomi-
cally appropriate sites in the FE models. These muscle
groups, which constitute the major plantar flexors of
the foot, control the movement and balance of the foot
with their muscle contractile forces. The insertion sites
of all ligaments and muscles were determined using
MR images. We checked 240 MR images of the ankle
joint to select the sites. We discussed the anatomic
suitability of the sites with orthopedic surgeons. The
process of discussions and modifications for the
selected insertion sites were repeated until the suit-
ability of those sites was confirmed by surgeons. As a
result, we determined the accurate insertion sites of the
ligaments and muscles on the 3D reconstructed model
and transferred the sites on the 3D FE model.

The bony structures, articular cartilages, plantar
fascia, and ligaments were assumed to be homogeneous,
isotropic, and linear elastic material.!'*3® The encap-
sulated soft tissue was considered to be incompressible,
isotropic, and nonlinear hyperelastic material, which
can be modeled using the first-order Ogden model. For
its governing equation, hyperelastic strain energy
potential U was defined as
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U=50+4+7-3), (1)

where o is a material constant, p is the initial shear
modulus, and 4; (i = 1, 2, 3) is the deviatoric principal
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FIGURE 1. 3D FE model of the human foot (a) with and (b)
without the encapsulated soft tissue.

stretch along the ith orthogonal and principal direc-
tion. For the FE simulation, values of o = 5.5 and
1 = 0.0375 MPa were selected.’

To represent the ankle joint with a series of LAL
injuries, three LAL rupture models (ATFL, ATFL +
CFL, and ATFL + CFL + PTFL rupture models)
and two ATFL-deficient models were created. The
LAL rupture models were made by removing the
ATFL, CFL, and PTFL, respectively, in the intact foot
model. The ATFL-deficient models were made by
lowering the elastic modulus compared with that of the
intact ATFL. All material properties used for the FE
simulation are shown in Table 1."%-1%:142%:36 The entire
FE model was generated at the unloaded neutral
position. Fine FE meshes of 416,340 elements and
101,000 nodes were used, and very fine meshes were
adopted around the plantar soft tissue. Therefore, the
calculated results are insensitive to further refinements
or increases in the number of elements.™*

Walking Experiments

To obtain the boundary condition for the FE sim-
ulation of normal walking and to validate the simula-
tion results, the volunteer who participated in the MR
scan performed walking experiments using a force
platform system (EMED-c50; Novel, Germany) and
high-resolution video equipment (NX20; Samsung,
Korea). Experimental data were recorded at a sam-
pling rate of 25 Hz for the force platform system and
30 Hz for the video equipment.

During the walking experiment, the vertical ground
reaction force (GRF), tibial inclination relative to the
ground, plantar pressure distributions, and plantar

TABLE 1. Material properties of each tissue.

Tissue Elastic modulus (MPa) Poisson’s ratio
Bony structures 7300.0 0.3
Cartilages 10.0 0.4
Ground 72,000.0 0.3
Elastic modulus (MPa) Poisson’s ratio PCSA (mm?)
Plantar fascia 350.0 0.4 290.7
ATFL 2555 0.4 12.9
PTFL 216.5 0.4 21.9
CFL 512.0 0.4 9.7
ATTL 184.5 0.4 13.5
PTTL 99.5 0.4 22.6
TCL 512.0 0.4 9.7
TNL 320.7 0.4 71
Other ligaments 260.0 0.4 18.4
ATFL-deficient #1 180 0.4 290.7
ATFL-deficient #2 120 0.4 290.7

Encapsulated soft tissue

1st-order Ogden hyperelastic model for incompressive materials
o = 5.5, u = 0.0375 MPa
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FIGURE 2. Vertical ground reaction forces and foot positions at the four stance phases.

contact area were obtained following the stance phases
(Fig. 2a). The measured vertical GRFs and tibial
inclinations were used as the boundary conditions for
the walking simulation (Fig. 2b). The plantar pressure
values and distributions and plantar contact area for
each stance phase were compared with the results of
the FE simulation (Fig. 3).

Walking Simulation

For the barefoot walking simulation, the 3D FE
foot model was initially aligned parallel to the ground
and rotated —14° by displacement controls, which is
the tibial inclination relative to the ground, and a
vertical GRF of 9 N was applied to establish the heel
strike position (Fig. 2b). Then, the three stance pha-
ses—foot flat, midstance, and push off—were simu-
lated as subsequent steps by applying prescribed
vertical GRFs (728 N, 594 N, and 763 N) and tibial
inclinations (—6°, —1°, and 19°), respectively (Fig. 2b).
The vertical GRFs of each phase were applied to the
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superior surfaces of the tibia and fibula, and the
ground was fixed along all directions throughout the
stance phases to prevent translation and rotation. To
apply the tibial inclination angles of each phase to the
foot model, the superior surfaces of the tibia, fibula,
and encapsulated soft tissue were rotated together
around the reference point. During the walking simu-
lation, other GRF and tibial inclination components in
the transverse and coronal planes were ignored in
order to decrease the complexity of the simulation.

To simulate actual walking performance, the muscle
contractile forces of each stance phase were applied to
the modeled axial connector elements. Generally, the
muscle forces during barefoot walking were calculated
based on normalized electromyography (EMG) data
and PCSA values.”>*”*> For all muscles in this study,
we adopted the muscle forces calculated by the linear
relationship between EMG amplitude and muscle
tension.?’

Frictionless contact between the articular cartilage
surfaces of the tibia, fibula, talus, and calcaneus was
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FIGURE 3. Plantar pressure distributions obtained from FE analysis and experimental measurements during walking: heel strike,

foot flat, midstance, and push off.

TABLE 2. Applied load, muscle forces, and boundary conditions used for walking simulation.

Heel strike Foot flat Midstance Push off
Tibial inclination angles (°) 14 -6 -1 19
Vertical ground reaction force (N) 728 594 763
Triceps surae/Achilles tendon (N) 375 950 1600
Flexor hallucis longus (N) - 10 30 160
Flexor digitorum longus (N) - 11 48 88
Tibialis anterior (N) - 0 80 -
Tibialis posterior (N) - 85 56 127
Peroneus brevis (N) - 2.5 25 50
Peroneus longus (N) - 2.5 25 50

defined.’ A friction coefficient of 0.6 was used between
the ground and plantar surface.’” All loads, including
muscle forces and boundary conditions, used in this
study for each stance phase are shown in Table 2. The
FE simulation of each model was carried out using the
commercial software ABAQUS (v6.8.1; Dassult Sys-
temes, France).

RESULTS

Figure 3 shows the barefoot plantar pressure dis-
tributions obtained from the FE simulation and the
experimental measurements during walking. The con-
centrated plantar contact pressure occurred in the
center of the heel region at the heel strike and foot flat
phases, and the region gradually moved to the forefoot

at the midstance and push off phases. The experi-
mental results showed a translation of the concentrated
plantar pressure regions similar to that of the simula-
tion results. The peak plantar pressures obtained from
the simulation at the heel strike, foot flat, midstance,
and push off phases were 0.03, 0.31, 0.32, and
0.65 MPa, respectively, which were 33, 3, 12, and 6%
higher, respectively, than those of the experiment (0.02,
0.30, 0.28, and 0.61 MPa, respectively). In terms of the
plantar contact area, the simulations provided 3.13,
86.07, 90.01, and 54.49 cm?, respectively, at the stance
phase, which showed differences of 20, 5, 1, and 6%,
respectively, from the experimental results (2.51, 81.53,
91.02, and 51.11 cm?, respectively). Although the dif-
ferences in values between the simulation and experi-
mental results at the heel strike phase were relatively
larger than the differences in the other phases, the
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FIGURE 4. Contact pressure distributions and centers of pressure on the talus articular cartilage for the intact and ATFL-ruptured
ankle joints during walking: heel strike, foot flat, midstance, and push off.

magnitude of the values was very small. Therefore, the
FE simulation results showed good agreement with the
experimental results. Based on these results, we were
able to confirm the suitability of the FE simulation
technique in this study.

Contact Pressure Distributions

Figure 4 shows the calculated contact pressure dis-
tributions and centers of pressure on the articular
cartilage of the talus during normal walking using the
intact and ATFL-ruptured ankle joint models. With
the progression of the walking phases, the contact
pressures on the cartilage gradually increased and the
contact regions expanded in both models. The
concentrated contact pressure regions moved from
the lateral to the medial side and from the posterior to
the anterior side in both models (Fig. 4). In the
ATFL-ruptured ankle joint model, the concentrated
contact pressures increased at each stance phase, and
the concentrated pressure regions were more medially
translated at the foot flat and midstance phases com-
pared with those of the intact model (see the arrows in
Fig. 4). At the push off stance phase, similar concen-
trated pressure regions were found in both models.

Peak Contact Pressures

Figure 5a shows the calculated peak contact pres-
sures on the talus cartilage using the intact and injured
LAL ankle joint models at the four stance phases (heel
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strike, foot flat, midstance, and push off). While the
peak contact pressures at the heel strike stance phase in
all models were very small and similar to each other at
0.21-0.22 MPa, with the progression of the stance
phase, significant increases in the values were detected
in all models. In particular, a rapid increase of the
values was observed at the push off stance phase. In
the intact model, the peak contact pressures at the foot
flat, midstance, and push off stance phases were 3.95,
6.18, and 16.02 MPa, respectively. In the two ATFL-
deficient models, these peak values increased gradually
(4.87, 6.54, and 16.37 MPa, respectively, in the ATFL-
deficient #1 model and 5.37, 7.12, and 16.79 MPa,
respectively, in the ATFL-deficient #2 model). The
values of the ATFL-ruptured model were 6.01, 8.33,
and 17.24 MPa, respectively, which were higher than
those of the intact and two ATFL-deficient models. In
the ATFL + CFL ruptured and all ruptured models,
the values obtained were nearly the same as those of
the ATFL ruptured model at each stance phase.

Peak Contact Strains

Figure 5b shows the calculated peak contact strains
of the six models, all of which increased following each
stance phase. Similar to the peak contact pressures, a
rapid increase in the values was observed at the push
off stance phase. There were no significant differences
in peak contact strain among the models at the heel
strike stance phase, which was around 0.015-0.017. In
the intact model, those values were 0.144, 0.219, and
0.681, respectively, at the foot flat, midstance, and
push off phases. The ATFL-deficient #1 (0.150, 0.224,
and 0.705), ATFL-deficient #2 (0.178, 0.238, and
0.793), and ATFL-ruptured (0.186, 0.241, and 0.838)
models showed an increase in those values compared
with those of the intact model. The contact peak
strains of the ATFL + CFL-ruptured model were the
same as those of the ATFL-ruptured model. In the all
ruptured model, the values obtained were almost the
same as those of the ATFL-ruptured model at the foot
flat and midstance phases. However, at the push off
phase, the value was slightly increased to 0.883 (5%
increase).

Anteroposterior Translation

Figure 6a shows the anteroposterior translation of
the talus in the intact ankle model and the differences
in translation between the intact model and the other
models at the foot flat, midstance, and push off phases,
respectively. In the intact ankle model, the talus was
translated anteriorly, and the translation increased as
the walking phases progressed (3.67, 5.79, and
14.42 mm, respectively). At each stance phase, positive

differences in the anterior translation were observed in
the ATFL-deficient #1 (0.05, 0.05, and 0.12, respec-
tively), ATFL-deficient #2 (0.19, 0.17, and 0.25,
respectively), and ATFL-ruptured (0.26, 0.25 and 0.35,
respectively) models. The differences at all phases in
the ATFL + CFL-ruptured and all ruptured models
were almost the same as those of the ATFL-ruptured
model.

Based on the sum of the differences and the intact
model translations at each stance phase, a more ante-
riorly translated talus was found in the LAL injury
models. The ATFL-ruptured model showed a larger
translation than the ATFL-deficient #1 and #2 models
at each stance phase. The ATFL-deficient #1 model
showed a smaller translation than the ATFL-deficient
#2 model. The translations of the ATFL + CFL-
ruptured and all ruptured ankle models were almost
the same as those of the ATFL-ruptured model.

Mediolateral Translation

The mediolateral translation of the talus in the
intact ankle model and the translation differences
between the intact model and the other models at each
stance phase are shown in Fig. 6b. In the intact ankle
model, the talus was medially translated at the foot flat
phase (0.07 mm), and the translation increased at the
midstance phase (0.14 mm). At the push off phase,
contralateral translation was observed (lateral trans-
lation of 0.1 mm). The positive medial differences at
each stance phase (in the ATFL-deficient #1 model,
0.008, 0.007, and 0.003, respectively; in the ATFL-
deficient #2 model, 0.034, 0.026, and 0.011, respec-
tively; and in the ATFL-ruptured model, 0.041, 0.038,
and 0.015, respectively) show a more medially trans-
lated talus in the injured LAL models than in the intact
model. In addition, at the push off phase, contralateral
translations from the injured LAL models were
observed. However, all the mediolateral translations
and their differences at each stance phase were very
small compared with those of the anteroposterior
translation of the talus.

DISCUSSION

As the walking phases progressed, the contact
pressure and strain on the talus articular cartilage
increased gradually, and the regions of concentrated
contact pressure on the cartilage were anteromedially
translated. The anteroposterior translation of the talus
increased following the walking phases. In particular,
the contact pressures and strains and the anteropos-
terior translation increased rapidly at the push off
phase. The mediolateral translation increased until the
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FIGURE 6. (a) Calculated anteroposterior and (b) mediolateral translation of the talus and their translation differences between

the intact model and the other models during walking.

midstance phase was reached and decreased at the
push off phase. However, the magnitudes of the
mediolateral translations were very small compared
with the anteroposterior translation.

As the mechanical property of the ATFL decreased
(ATFL-deficient state), the peak contact stress and
strain and the translations increased at each stance
phase. Those values were the highest in the ATFL-
ruptured model. In the ATFL + CFL-ruptured and
all ruptured ankle joint models, all contact parameters
and translations were almost the same as those of the
ATFL-ruptured model. Therefore, it was found that
the ATFL contributed significantly to the LAI of the
ankle joint during normal walking. However, the CFL
and PTFL provided relatively small contributions
compared with the ATFL.

The contact strain distribution in the tibiotalar joint
at the midstance phase was experimentally measured
by Bischof et al.,® who showed that the peak contact
strain at 100% body weight was 29 + 8% on the
injured ATFL ankle joint and 21 + 5% on the intact
joint. In this study, we obtained values of 22.4 and
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23.8% in the AFTL-deficient #1 and #2 models,
respectively, and 21.9% in the intact joint model at the
midstance phase. This finding shows that our calcu-
lated strain values are well confined within the mea-
sured results. Bischof ez al.® also reported that the peak
contact strain region on the injured ankle significantly
translated anteriorly and medially. Our results showed
that the peak contact pressure regions were antero-
medially translated (Fig. 4). Because we assumed car-
tilage to be a linear elastic material, the translation of
the peak contact pressure should be in accordance with
that of the peak contact strain. Therefore, translation
of the peak contact parameter in this study coincided
well with the results of Bischof er al.®

In the intact ankle model, contact pressure in the
medial side of the talus cartilage increased gradually
during walking (Fig. 4). These results might be
explained by the fact that the talus rotated internally
and increased the contact force between the medial
portion of the talus articular cartilage and the tibia
cartilage. The same phenomenon was found in the
ankle joint with ATFL rupture; however, the peak
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contact pressure values were higher than those of the
intact model (Fig. 4). This result was due to the altered
kinematics of the ankle joint as a result of the loss of
mechanical function of the ATFL, and it might be
evidence of the role of the ATFL in the ankle joint in
resisting abnormal internal rotation of the talus. These
results were consistent with the findings in the litera-
ture that the ATFL provides resistance to the internal
rotation of the talus.®?° In addition, our results were
able to support the hypothesis that LAI induced car-
tilage damage in the medial portion of the talus as a
result of abnormal kinematics®'>17% and that the
increased internal rotation of the talus caused by
ATFL injury changed the contact mechanism due to
the articular surface shape of the medial malleolus.®*

Caputo er al.® reported that significant increases of
the anterior translation were measured in the ATFL
injury ankle compared with the intact ankle. In con-
trast, insignificant differences in the medial translation
were found between the intact and the ATFL injury
ankles. Our results also showed significant anterior
translation but very little medial translation of the
talus in the injured LAL ankle models compared with
the intact ankle model.

In this study, we saw that a deficient ATFL and LAL
rupture could cause increased contact pressures and
strains during normal walking. The ATFL rupture
ankles showed greater values of the contact parameters
than the ATFL-deficient ankles. The ATFL + CFL-
ruptured and all ruptured ankles showed similar contact
parameter values as those of the ATFL-ruptured ankles.
Moreover, the push off phase placed the most severe
burden on the injured LAL ankle joints, which could be
a significant driving force behind increasing the contact
pressures and strains. Therefore, these altered and
increased contact pressures and strains caused by LAL
injuries could contribute to cartilage degeneration and
the development of ankle osteoarthritis.**>

This study has some limitations. First, a single ankle
joint was used for the simulations. To see a more
general trend of changes in contact pressures and
strains and translations in the tibiotalar joint, statisti-
cal analyses using simulations of various ankle joint
models are necessary. Second, the elastic moduli of the
deficient ATFL were not measured. We selected them
by lowering the modulus of the intact ATFL in order
to simplify our problem. Finally, we assumed that the
cartilages and ligaments exhibited elastic material
behaviors in our simulations. Because we performed an
FE simulation of four stance phases of a gait cycle,
which took the volunteer only 0.8 s, the assumption of
linear elastic material behavior could be acceptable for
our simulations. However, to obtain more accurate
values of the contact parameters and translations of
the tibiotalar joint during gait cycles, simulations of

more gait cycles using the time-dependent material
properties of cartilages and ligaments are necessary.
In summary, our computer model of an individual
with an injured LAL representing a significant inver-
sion ankle sprain showed altered ankle joint kinematics
during normal walking. The injured LAL increased
contact pressure and strain on the talus articular car-
tilage and translation of the talus. Therefore, normal
walking on an injured LAL could be a significant cause
of the alteration of contact characteristics. The ATFL-
ruptured ankles showed a higher likelihood of experi-
encing increased ankle joint contact pressure, strain
and translations than ATFL-deficient ankles. The
ATFL + CFL-ruptured and all ruptured ankles
showed a similar likelihood as the ATFL ruptured
ankles. This study showed that in injured LAL ankles,
the push off phase is the most likely stance for
increasing ankle joint contact pressures and strains.
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