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Abstract

Total ankle replacement (TAR) designs have still several important issues to be addressed before the treatment becomes fully

acceptable clinically. Very little is known about the performance, in terms of the contact pressures and kinematics of TAR when

subjected to daily activities such as level gait. For this purpose, an explicit finite element model of a novel 3-component TAR was

developed, which incorporated a previously validated mechanical model of the ankle ligament apparatus. The intermediate mobile

polyethylene meniscal bearing was modelled as an elastic–plastic continuum while the articulating surfaces of the tibial and talar

metal components as rigid bodies. Overall kinematics, contact pressures and ligament forces were analysed during passive, i.e.

virtually unloaded, and active, i.e. stance phase of gait, conditions. Simulation of passive motion predicted similar kinematics as

reported previously in an analytical four-bar linkage model. The meniscal bearing was observed to move 5.6mm posteriorly during

the simulated stance and the corresponding antero-posterior displacement of the talar component was 8.3mm. The predicted

pattern and the amount (10.61) of internal–external rotation of the ankle complex were found to be in good agreement with

corresponding in vivo measurements on normal ankles. A peak contact pressure of 16.8MPa was observed, with majority of contact

pressures below 10MPa. For most ligaments, reaction forces remain within corresponding physiological ranges. A first realistic

representation of the biomechanical behaviour of the human ankle when replaced by prosthetic joints is provided. The applied

methodology can potentially be applied to other TAR designs.

r 2005 Elsevier Ltd. All rights reserved.

Keywords: Total ankle replacement; Gait; Stance phase; Ligamentous apparatus; FE analysis; Full conformity; Kinematics analysis; Contact

pressure
1. Introduction

Severe ankle arthritis causes pain, swelling and loss of
function of the joint, which impair the quality of life.
When conservative treatments fail, the affected joints
can be surgically treated by arthrodesis or by total ankle
e front matter r 2005 Elsevier Ltd. All rights reserved.
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replacement (TAR). Since the early 1970’s, several
studies have highlighted the poor performance of
TAR, as demonstrated by outcomes of several mid-
and long-term follow-up clinical studies (Bauer et al.,
1996; Giannini et al., 2000). TAR is considered the least
successful implant of the lower limb and arthrodesis is
still considered the treatment of choice for severe ankle
arthritis (Crenshaw, 1992). However, beyond the ability
to support high functional loads and the remarkable
duration, arthrodesis results in high incidence of non-
union, secondary degenerative changes at neighbouring
joints, high incidence of post-operative infection and,
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mainly, total loss of motion at the tibiotalar level
(Demetriades et al., 1998). These limitations of arthrod-
esis, coupled with more encouraging results of current
TAR designs, have contributed to a renewed interest in
ankle arthroplasty over the past decade (Bauer et al.,
1996; Gould et al., 2000a, b; Neufeld and Lee, 2000;
Saltzman et al., 2000).

In part, the early failure of TAR was due to the lack
of suitable pre-clinical tests to adequately assess the
likely performance. Among the factors that affect this
performance, the kinematics of the replaced joint are
important, as the implant components need to allow a
functional range of motion, whilst at the same time
providing the necessary level of constraint to achieve
good stability. The contact pressure acting on the
articulating surfaces is also of interest, particularly as
the expected relatively high loads and the small size of
the joint may potentially be causes of high wear rates.
Excessive contact pressures may also lead to cata-
strophic failure.

In comparison with total hip replacement, and to a
lesser extent with total knee replacement, at present a
limited knowledge of the biomechanics of total ankle
replacement is available. In the latter case, even the
function of the intact joint is not fully understood
(Leardini et al., 2000). An extensive investigation from
these authors has examined the passive mobility and
stability of the intact and replaced ankle. The mobility
of the natural ankle joint was analysed in three
dimensions in in vitro experiments during passive, i.e.
virtually unloaded, motion (Leardini et al., 1999a), and
by simple two-dimensional geometric models (Leardini
et al., 1999b; Leardini and O’Connor, 2002b). Particu-
larly, it was shown that the talus rolls forward while
sliding backwards on the tibial mortise during dorsi-
flexion, vice versa during plantarflexion. Mobility
studies demonstrated to be necessary preliminary
steps for the developments of mechanical models of
joint stability, i.e. the response behaviour to external
forces (Corazza et al., 2003). The investigation also
has led to the preliminary design of a novel TAR
(Leardini et al., 2001; Leardini and Moschella, 2002a),
which would enable the restoration of the original
mutual function between ligaments and articulating
surfaces.

Little is still known about kinematics and relative
contact pressures that are generated during active
motion. Gait analysis of TAR patients is limited to a
single pioneering work (Demottaz et al., 1979). A
limited number of studies have examined the kinematics
of the replaced ankle during activities either in vivo
using fluoroscopy (Komistek et al., 2000), or in vitro
(Michelson et al., 2000; Valderrabano et al., 2003a–c).
These studies only have examined kinematics and are
not able to assess the generated contact pressures. The
contact pressures and stresses in the polyethylene
component have been preliminarily measured directly
(Nicholson et al., 2002; McIff et al., 2001) or predicted
using finite element analysis (Falsig et al., 1986; Jensen
and Hvid, 1986). More recently, finite element analysis
has also been used to assess the influence on contact
pressure and internal stress distribution of various
parameters, such as TAR design features, incomplete
contact, polyethylene component thickness, and also
ankle flexion angle (McIff et al., 2001, 2002). Contact
pressures have been shown to be low and not to vary
significantly with joint flexion angle in three conforming
component designs but are significantly higher and vary
substantially with flexion angle in two unconforming
designs (Mclff et al., 2002; Miller et al., 2003). It has also
been shown that polyethylene thickness has a noticeable
effect on pressure distribution (McIff et al., 2001), and
seemingly insignificant design features, such as the bevel
angle, have a substantial effect on contact stress (Mclff,
2002). However, these analyses were performed under
simple loading conditions either applying static or quasi-
static loading. To date, only a single preliminary FEA
study (McIff et al., 2004) has attempted to simulate a
complete gait cycle and to consider the contribution of
the surrounding ligamentous apparatus in the mobility
and stability of the replaced ankle.

The aim of the present work was the development of
comprehensive finite element analysis potentially cap-
able of assessing the performance of current and new
TAR designs during functional activities. For this
investigation, a single design (Leardini et al., 2004)
was analysed, which consisted of an unconstrained, fully
congruent, ligament-compatible implant with tibial and
talar metal components and an intermediate mobile
polyethylene meniscal bearing fully conforming with the
articulating tibial and talar surfaces. The specific goals
were: (a) to develop a finite element model which
included a comprehensive representation of the liga-
mentous apparatus, (b) to verify the model by simula-
tion of passive flexion-extension exercise and compare
the results with an existing analytical model, (c) to
simulate the stance phase of a gait cycle and examine the
kinematics and contact pressures generated at the
prosthetic components, as well as examine the reaction
forces generated within the surrounding ligament
structures.
2. Materials and methods

A 3D finite element (FE) model of an available TAR
(Box, Finsbury Instruments Ltd., UK) was developed
using an explicit code, PAM-SAFETM (ESI Group,
France). The UHMWPE polyethylene meniscal bearing
was modelled as an elastic–plastic continuum and
consisted of 15 713 eight-noded-hexahedral elements,
collapsed to tetrahedral elements (Fig. 1). The latter
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Fig. 1. (a) Frontal (left) and sagittal (right) views of the replaced left ankle in joint neutral position. Tibial (above), meniscal (in between) and talar

(below) components are exactly aligned and fully congruent. Arrangement of the five-fibre ligament model is also shown. Spell out of the ligament

acronyms is in the text. (b) Three-dimensional views of the kinematics of the replaced ankle in the second-half of the stance phase as resulting from

the computational model. The joint positions at maximum dorsiflexion (at about 400 ms, left diagram), neutral (at about 550ms, central), and
maximum plantarflexion (at about 620ms, right) are shown.
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was used to make the model meshing easier. The
stress–strain relationship was taken from the literature
(Godest et al., 2002). The tibial and talar metal
components were modelled as rigid bodies, since far
stiffer than polyethylene, using 1566 and 1661 four-
noded-shell elements, respectively.

The eight major ligaments (Pankovich and Shivaram,
1979) which surround the ankle joint complex were
included in the model, as in Corazza et al. (2003):
tibiocalcaneal (TiCa), calcaneofibular (CaFi), anterior
talofibular (ATaFi), posterior talofibular (PTaFi), tibio-
navicular (TiNa), deep anterior tibiotalar (DATiTa),
deep posterior tibiotalar (DPTiTa) and superior tibio-
talar (STiTa). Each of these ligaments was modelled as a
3D array of five fibres linking the tibio–fibular to the
talo–calcaneal segments. Three-dimensional coordinates
of the ligament fibre attachments in the ankle neutral
position were taken from a previous study (Corazza et
al., 2003), based on an original model in the sagittal
plane (Leardini et al., 1999b ).

The engineering strain, � ¼ ðL� L0Þ=L0, was calcu-
lated for each ligament fibre, where L is the instanta-
neous distance between relevant origin and insertion
points, and L0 is the maximum corresponding distance
over the arc of passive flexion from 201 plantarflexion to
101 dorsiflexion. Negative and positive values of this
parameter denote slackening and tightening of the fibre,
respectively. It is implied that � is negative or equal to
zero in the ankle neutral position, which is taken as the
starting condition of the simulation. A nonlinear elastic
force/strain relationship, F ¼ AðeB�� � 1Þ and the rele-
vant A and B parameters, were used to describe the
mechanical properties of these ligament fibres (Funk
et al., 2000).
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Table 1

Initial engineering strain (�0) of the five ankle ligament fibres used in the present work

Ligament Anatomical direction Fibre pretensioning (�040) or slacking (�0o0)

1 2 3 4 5

TiCa An-Po 0 �0.022 �0.055 �0.088 �0.125

CaFi Di-Pr 0 �0.008 �0.023 �0.036 �0.049

ATaFi Pr-Di �0.110 �0.086 �0.062 �0.051 �0.066

PTaFi Pr-Di �0.221 �0.208 �0.192 �0.177 �0.162

TiNa Pr-Di �0.152 �0.140 �0.128 �0.115 �0.103

DATiTa An-Po �0.184 �0.205 �0.223 �0.240 �0.255

DPTiTa An-Po �0.449 �0.462 �0.482 �0.500 �0.516

STiTa An-Po �0.242 �0.274 �0.296 �0.307 �0.307

The anatomical direction of fibre progression is also reported: An-Po from the most anterior to the most posterior, Di-Pr from the most distal to

the most proximal (Pr-Di the other way round).
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Data from the literature were not available for the
TiNa and STiTa ligaments, for which TiCa and
DATiTa mechanical parameters were taken, respec-
tively. Ligament fibres were modelled as non-linear
tension only two-noded bar elements. The computed
engineering strain for each fibre of each ligament at
ankle neutral position (Table 1) was assumed as the
initial state for the stance phase.

Two tests were performed simulating, respectively,
passive flexion, i.e. sagittal plane motion virtually
unloaded, and active conditions, i.e. stance phase of
gait. The former was intended simply as confirmation of
similar previous studies (Leardini et al., 2001; Leardini
and Moschella, 2002a).

From the same experimental data-set from which
ligament 3D arrangement was taken (Stagni et al.,
2004), digitalised points (FaroArm Bronze Series Model
06, FARO Technologies, Inc.) of the articular surfaces
on the tibial mortise and trochlea tali were available in
the corresponding reference frame. The FE model of the
talar component was located manually in correspon-
dence of the talar dome points, maintaining the internal
horizontal chamfer parallel to the transverse plane.
Meniscal and tibial components were then positioned to
replicate the exact neutral position for the prosthesis, i.e.
symmetric alignment in the frontal plane and vertical
alignment of the centres of the articulating surface arcs
in the sagittal plane (Fig. 1a). This was also assumed as
the initial geometrical configuration for the two tests.
The metal components were considered rigidly anchored
to the relevant bony segments.

2.1. Simulation of passive flexion in the sagittal plane

In the first instance, the boundary conditions applied
replicated those of the previous analytical model
(Leardini et al., 2001). The contact between the
polyethylene and metal components was assumed to
be frictionless. The tibial component was fixed, whereas
the talar and meniscal bearing components were allowed
to translate antero-posteriorly and proximo-distally and
to rotate in the sagittal plane, i.e. plantar-dorsiflexion
only could occur. The most anterior fibres of the TiCa
and CaFi ligaments, those of the sagittal four bar-
linkage model (Leardini et al., 2001), were modelled
using two-noded bar elements with infinite stiffness
(achieved by assigning a stiffness of 4000N/mm, which
is approximately 30 times greater than the natural
ligament stiffness (Corazza et al., 2003)). The joint
flexion was imposed ranging from 201 plantarflexion to
101 dorsiflexion. For comparison, sagittal plane motions
of the talar and meniscal bearing components and of the
Instantaneous Centre of rotation (IC), i.e. the point at
which the projections in the sagittal plane of the two
isometric fibres cross, were measured.

2.2. Simulation of the stance phase of gait

For the stance phase of gait, all the eight ligaments
were incorporated into the FE model. The tibial
component was allowed to translate along and rotate
about the vertical axis. The talar component was
allowed to translate antero-posteriorly and to rotate
about the medio-lateral axis, i.e. plantar-dorsiflexion
could occur. The friction coefficient between the metal
components and the polyethylene meniscus component
was chosen to be 0.04 (Godest et al., 2002). The applied
boundary conditions were based on force predictions
reported by Seireg and Arvikar (1975) and Procter and
Paul (1982) and include an axial and anterior–posterior
force, as well as an internal–external torque. The time
histories for the axial (vertical) force applied to the tibial
component and for the anterior–posterior force applied
to the talar component were defined according to the
former work, whereas those for the internal–external
torque applied to the tibial component and for the
plantar-dorsiflexion rotation applied to the talar com-
ponent were those from the latter. Comparison of the
hip joint contact force predicted by Seireg and Arvikar
(1975) with the Bergmann et al. (2001) in vivo
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Fig. 2. The time-histories of the scaled applied boundary conditions as used in the present work: (a) Axial force; (b) antero-posterior force, (c)

internal–external torque and (d) plantar-dorsiflexion angle.
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measurements, show that the former over predicts forces
by a factor of 2.25. Based on this, the force values from
the former work were proportionally scaled. The time
histories for all the applied boundary conditions are
reported in Fig. 2. The overall kinematics of the tibial,
talar and meniscal bearing components, the articulation
contact pressure, and the ligaments reaction forces were
calculated.
3. Results

3.1. Simulation of passive flexion in the sagittal plane

Good agreement, both in terms of general trends and
absolute values, was observed in the simulation of
passive flexion between prosthetic component motion as
predicted by the FE model and that reported previously
in the same geometric configuration of the four bar-
linkage (Leardini et al., 2001; Leardini and Moschella,
2002a). In particular, the meniscal bearing slides
forwards over both the tibial and talar components
and the talar component slides backwards while rolling
forwards during dorsiflexion, and vice versa occurs in
plantarflexion. The amount of the predicted antero-
posterior translation of the centroid of the meniscal
bearing (4.2mm) and of the centre of the prosthetic talar
arc (5.3mm) compares well with the corresponding
values (3.9 and 6.0mm) of the previous study (Leardini
et al., 2001). The talar component was observed to
slightly move in the proximal–distal direction (0.1mm),
well replicating corresponding previous calculations. As
expected, the IC experienced a motion path from
postero-distal to antero-proximal positions during
dorsiflexion.
3.2. Simulation of the stance phase of gait

During stance, the meniscal bearing was observed to
move 5.6mm posteriorly (Fig. 3), resulting from mutual
interaction between ligaments and articular surfaces and
from the constraining inter-component friction in
response to external forces. Corresponding antero-
posterior displacement of the talar component was
8.3mm. The ankle remains in external rotation for
nearly half of the stance phase, then it rapidly internally
rotates, to give a total range of 10.61 rotation in the
transverse plane. The magnitude of the maximum
contact pressure (Fig. 4) experienced by the tibial and
talar articulating surfaces had an average value over
stance of 6.4 and 10.3MPa, respectively, reaching a
peak value of 10.3 and 16.1MPa at 79% of stance (Fig.
5). On the upper (tibial) surface (Fig. 4), the largest
contact area that exhibited a contact pressure higher
than 10MPa was observed in the lateral region, at 65%
of stance. On the lower (talar) surface, this was
observed in the medial region, at 75% of stance. These
are the joint positions near to maximum dorsiflexion
(see Fig. 2d).



ARTICLE IN PRESS

Fig. 3. Time-histories of the relative internal–external rotation

between tibial and talar components (top) and of the antero-posterior

displacement of the centroid of the meniscal bearing (bottom).
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TiCa, PTaFi, DPTiTa and DATiTa ligaments experi-
enced the maximum reaction force of 334N at 94% of
stance, 366N at 81%, 205N at 79% and 256N at 81%,
respectively. The remaining four ligaments showed
much lower values, all within 36N, with STiTa even
not experiencing any load.
4. Discussion and conclusion

Success of TAR depends on the kinematics of the
replaced joint and the contact pressures generated at the
prosthetic surfaces. Unphysiological kinematics and
excessive contact pressures kinematics can lead to
instability and to poor function in the short term and
to accelerated wear and, in extreme cases, to cata-
strophic failure in the long term. Currently, there is a
lack of suitable tools able to assess likely TAR
performance in vivo. The main objective of this work
was to develop a FE model that was able to assess the
kinematics and contact pressures developed in a
replaced ankle when subjected to forces typical of a
gait cycle. An original model, which combines a
validated mechanical analysis of the ankle ligaments
(Corazza et al., 2003) and an innovative TAR design,
was developed and investigated under passive and active
loading conditions.

Direct comparison of the present results with previous
reports from the literature is difficult because of the
different TAR design analysed, of the different bound-
ary conditions, particularly the model of the ligamen-
tous apparatus, and of the loads applied. Most of the
previous attempts to predict the biomechanics of
replaced ankles by means of FE analysis have included
simplified loading and boundary conditions, often only
simulating static load cases. These fundamental differ-
ences justify the reported prior analysis of passive
flexion with the present computational code, performed
explicitly to corroborate the model in controlled and
simple conditions, as previously analysed by these
authors (Leardini et al., 2001; Leardini and Moschella,
2002a). The close agreement encouraged the use of this
FE model to analyse TAR during gait.

A number of studies have previously reported
predicted contact pressures generated within TAR.
McIff et al. (2001) assessed this within the fully
conforming polyethylene insert of the STAR prosthesis
under a 3650N static axial load. The insert was
constrained solely by friction and by conformity of the
articular surfaces. They reported a maximum contact
pressure on the upper flat surface of the insert
approximately of 10MPa. A value ranging between 8
and 10MPa was recorded on most of the lower surface,
except from the anterior, posterior and internal edges
where a 20MPa contact pressure was observed. Miller et
al. (2003) performed a FE analysis of two different talar
component sizes for the two-part partially conforming
Agility prosthesis under a 3330N load applied to the
proximal tibia and fibula. The predicted peak and
average contact pressure values drop, respectively, from
36 to 25MPa and from 23 to 19MPa when a double
posterior talar width is simulated. Using this TAR
design in 9 specimens axially loaded with 720N in
neutral configuration, Nicholson et al. (2002) measured
an average contact pressure of 5.6MPa, with a
corresponding peak value of 21MPa, and an average
contact area of 0.8 cm2. Three time larger stresses at the
Agility than at the STAR were estimated also by Mclff
et al. (2002). Despite the latter design has fully
conforming articulating surfaces, an uneven distributed
stress was observed (Mclff et al., 2002; Mclff, 2002). For
the presently analysed fully conforming three-part TAR
design, an uneven distribution of the contact pressure
was observed as well, though a relatively small value of
the peak contact pressure was measured even in the
demanding loading experience of gait. Moreover, a
contact pressure less than 10MPa was experienced by
the meniscal bearing surfaces for most of the stance and
for most of the contact areas, likely accounted for full
congruency over all joint positions demonstrated by this
design. A similar value of the contact pressure normal-
ized by the applied axial load was observed with Miller
et al. (2003), with a lower and larger value, respectively,
than those by Nicholson et al. (2002) and McIff et al.
(2001)
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Fig. 4. Topography of the contact pressure on the surfaces over several frames within the simulated stance phase. Pressure distribution is shown on

both the talar (left) and the tibial (right) surfaces that articulate with the meniscal bearing.
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Only McIff et al. (2004) has simulated the kinematics
of TAR during a complete gait cycle. They investigated
behaviour of the STAR prosthesis, and an initial model
of the ankle ligaments was included. Although no ankle
rotational moment was applied, their results were
similar to those found in the present study. In both
studies, prosthesis component relative motion is guided
and restricted by friction and by the action of the
ligaments. In particular, the latter prevented the
polyethylene insert from slipping outside of the metal
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Fig. 5. Time-history of the maximum contact pressure over both the

meniscal bearing articular surfaces: toward the tibial (top) and talar

(bottom) components.
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component entrapment at maximum dorsiflexion in the
present work. The mobile bearing was observed to move
consistently in these two studies, i.e. about 5mm
posteriorly with respect to the tibial component in the
second-half of the stance phase. McIff et al. (2004)
reported relatively low internal–external rotations
(about 41), but they did not include any internal–exter-
nal moment. Moreover, it should be noted that only
sagittal plane loads were considered and no pre-stress or
laxity of the ligaments was included in that work. The
pattern and amount (10.61) of internal–external rotation
reported in the present study were found to be in good
agreement (10.71) with corresponding in vivo measure-
ments on normal ankles (Leardini et al., 1999c). This
could lead to prove the capability of the new TAR
design to restore the original joint mobility during gait,
as well as it does in passive flexion.

During the simulated stance, ligament forces were
observed to remain within reasonable values. This
maximum experienced force was well within the load
at failure (Funk et al., 2000) for TiCa, PTaFi, ATaFi
and CaFi ligaments, respectively 403N, 554795N,
297780N and 598753N. The load at failure was not
available in that paper for the DPTiTa, STiTa and TiNa
and was 13172N for the DATiTa, the only one
ligament with a predicted force larger than that of
failure.

Among the main limitations of the present study there
is the simple constitutive model of the ligaments,
assumed to be non-linear elastic and extrapolated from
a small specimen sample (Funk et al., 2000), and of the
polyethylene, assumed as an elastic–plastic material.
Although it is known that human ligaments have a non-
linear and viscoelastic behaviour, this may be neglected
for applications involving very high or very slow strain
rates (Funk et al., 2000), as in the present case. Also, the
polyethylene was represented as an elastic–plastic
material, where as it may be better represented as a
elastic–viscoplastic material (Reeves et al., 1998). The
current material model takes no account of the loading
history and will tend to over-predict the amount of
plastic deformation that may occur. In addition, the
boundary conditions utilised for simulating the stance
phase of gait were taken from inverse dynamics models
of the ankle (Procter and Paul, 1982; Seireg and
Arvikar, 1975).

Despite these limitations, the FE model developed in
this study provided insight into the biomechanics of
TAR. The full conformity of the analysed design, jointly
with the ligament actions, was found capable to allow
the necessary range of mobility as well to constrain the
motion of the prosthetic components. The high con-
gruency of this design in all joint flexion positions
resulted in small peak contact pressure magnitude
although slightly not evenly distributed.
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