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A B S T R A C T

Background: Neglected ruptures of the tendoachilles pose a difficult surgical problem. There are no data

to determine the optimal positioning of the FHL tendon to the calcaneus.

Methods: Two computer programmes (MSC.visualNastran Desktop 2002TM and Solid Edge1 V19) were

used to generate a human ankle joint model. Different attachment points of FHL tendon transfer to the

calcaneus were investigated.

Results: The lowest muscle force to produce plantarflexion (single stance heel rise) was 1355 N.

Plantarflexion increased for a more anterior attachment point. The maximum range of plantarflexion

was 33.48 for anterior attachment and 24.48 for posterior attachment. There was no significant difference

in range of movement when the attachment point was moved to either a medial or lateral position.

Conclusions: A more posterior attachment point is advantageous in terms of power and the arc of motion

(24.48) is physiological. We recommend that FHL is transferred to the calcaneus in a posterior position.
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1. Introduction

Neglected ruptures of the Achilles tendon are not common but
pose a difficult problem due to the intervening scar tissue that has
been excised and wide separation of the ruptured ends, which
cannot be repaired by end-to-end anastamosis [1]. Chronic tears of
the Achilles tendon result in either a lengthening of the tendon or a
large fixed gap [2]. Operative repair of chronic Achilles tendon
ruptures presents several challenges: restoration of function,
continuity and revascularisation of an ischaemic area of the
tendon. Several techniques for reconstruction of chronic ruptures
of the Achilles tendon have been described [3,4].

Tendon transfers can be used to augment neglected ruptures.
The flexor hallucis longus (FHL) tendon transfer is considered better
than other tendon transfers because it is stronger, isophasic and its
axis of force is close to that of the Achilles tendon [5]. Various
modifications of this technique have been described [1,2,4–7].
Minimal morbidity has been reported with the use of the FHL
tendon transfer [8]. One potential disadvantage of using FHL is that
it has a very limited excursion. Transfer to the posterior aspect of
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the calcaneus gives a long lever arm and thus more power. Limited
excursion may mean a small range of ankle motion. Using a more
anterior attachment will maximise the range of ankle motion, at
the expense of power.

A number of biomechanical models of the ankle–foot complex
have been developed [9–11]. To date there have been no studies
that investigate the optimal positioning of local tendon transfers
on the calcaneus. Specifically the question of how to rationalize the
increased power that posterior attachment achieves with the
increased range of ankle joint motion that anterior attachment
affords has not been addressed. This is particularly relevant when
the very short excursion of FHL is remembered. A three-
dimensional (3D) computer model of the ankle joint complex
was used in order to investigate the optimal insertion of the FHL
tendon transfer on the calcaneus. The aims of this study are to
determine the optimal positioning of the FHL tendon transfer (to
achieve as much plantarflexion as possible given the limited
strength and excursion of FHL) with the use of a preliminary
biomechanical computer model of the human ankle joint.

2. Methods

Two computer programmes were used in order to generate a
dynamic 3D computer model of the human ankle joint. MSC.vi-
sualNastran Desktop 2002TM (MSC.vN) (MSC Software Corpora-
ciety. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. Model with red sphere representing body mass of 70 kg. Anterior and posterior boards in situ.
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tion1, California, USA) is a Windows based engineering tool that
merges motion and stress analysis into a single functional
modelling system. Solid Edge1 version 19 (SEv19) (UGS Corp.,
USA) was used to develop the bone geometry in order that it could
be imported for use in MSC.vN. To the best of our knowledge these
computer programmes have not been used to model human joints.
Anatomically representative models of the skeletal components of
the foot and ankle were based on a Sawbones1 (Sawbones1,
Pacific Research Laboratories Inc., Sweden) model of the foot and
ankle and an articulated human skeletal foot and ankle. The
subtalar joint was not incorporated in the model. Files were saved
in initial graphics exchange specification (IGES) format in order to
be imported. The metatarsophalangeal joint (MTP) of the hallux

was rigidly fixed to the ground to prevent antero-posterior and
medio-lateral shear forces causing unwanted movement. The
lesser toe MTPs were modelled as rotating joints and the distal
aspect of the distal phalanges were connected to the ground with
spherical joints so that there was sufficient freedom of movement
to allow heel rise. The model incorporated three segments, which
included the tibia and fibula; talus, midfoot and metatarsals; and
the forefoot distal the MTPs.

2.1. Ligament modelling

Eight major ankle ligaments were included in the model (three
portions of the deep deltoid complex: anterior (ATT) and posterior
tibiotalar (PTT) and tibiocalcaneal ligaments (TiC); three portions
of the lateral ligament complex: anterior (ATaF) and posterior
talofibular (PTaF) and calcaneofibular ligaments (CF); and the
anterior (ATiF) and posterior tibiofibular (PTiF) ligaments). The
anatomical location of the ligaments was in accordance with
details from the work of Leardini et al. [12]. Non-linear viscoelastic
ligament material properties were incorporated into the model
[13]. Springs were generated using MSC.vN with a spring force
equal to kx2 (k = spring coefficient and x = strain on the spring). The
elastic response function (T(e)) is defined by AðeBe � 1Þ (e = strain
on the ligament and A and B are constants specific to each
ligament). T(e) was calculated for strains of 1–10% for each
ligament. The material properties of cortical bone were used in the
model as described by Bandak et al. [9] as homogenous, isotropic
and linearly viscoelastic with a uniform density.
2.2. Body mass modelling

Body mass was represented with the use of a concentrated
spherical mass of 70 kg attached to a long cylinder attached to the
proximal tibia of the model (see Fig. 1). This was used in order to
resemble normal physiological load during a single stance heel
rise. The height of the centre of mass of the model was determined
with the use of body segment data [14]. The foot length was
approximately 0.152H (H = body height) and the centre of mass
was at 0.530H. The FHL muscle was modelled as a linear actuator in
order to contract by a given length (muscle excursion). The
attachment point of FHL was modelled to represent its anatomical
attachment to the inferior two thirds of the fibula and interosseous
membrane. The amount of muscle excursion was set at 27 mm and
has been shown to equal 57% resting fibre length [15]. The linear
actuator shortened by 27 mm was set to occur over one second.
The linear actuator started to shorten at 0.8 s when the centre of
mass was positioned over the MTP of the hallux and represented
the foot flat to heel off stage of the gait cycle.

2.3. Verification of model parameters

Meters were positioned within the model in order to monitor
forces acting on various structures. These included monitoring the
contact forces between the hallux and the ground plane, calcaneus
and ground plane, between the centre of mass and anterior plate,
the force at the ankle joint, force in the FHL muscle (linear actuator)
and tension in the eight modelled ligaments. A meter to measure
the range of motion at the ankle joint was incorporated into the
model.

Different attachment points of the linear actuator to the
calcaneus were investigated in order to determine the optimal
position for a potential FHL tendon transfer. The attachment points
were at 2 mm intervals (chosen at random) along antero-posterior
axis in the midline, medially and laterally (see Fig. 2).

3. Results

More force was required to produce plantarflexion at the ankle
as the FHL attachment point moves anteriorly. Conversely, the
amount of plantarflexion at the ankle joint increased with a more



Table 1
The highest and lowest values recorded in the model for plantarflexion (PF) range of

movement and force in FHL in the medial, midline and lateral attachment points.

Medial Midline Lateral

PF (8) Force (N) PF (8) Force (N) PF (8) Force (N)

Highest 32.7 1866 33.4 1938 31.0 2004

Lowest 24.0 1355 24.4 1392 24.3 1382

Fig. 3. The relationship between plantarflexion range of movement, FHL force,

midline (A), medial (B), lateral (C) attachment points and the variation in antero-

posterior attachment on the calcaneus for single stance heel rise.
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anterior attachment point of FHL on the calcaneus. Table 1 shows
the degree of plantarflexion and force required to produce it at the
most anterior and posterior attachment points medially, in the
midline and laterally in a single stance heel rise (body mass 70 kg).
Fig. 2. Calcaneal attachment points of linear actuator investigated using model.
Moving the attachment points away from the midline (either
laterally or medially) produced no significant difference in the
readings.

The relationship between plantarflexion, force and attachment
points are shown in Fig. 3A–C. The most posterior attachment
points require 39% less force to achieve plantarflexion. Conversely,
the most anterior attachment points result in 37% more plantar-
flexion.

Ground reaction forces (GRF) at the hallux and calcaneus were
recorded. The forces measured between the spherical centre of
mass and anterior and posterior plates were small (85 N). Tensions
recorded in the ankle ligaments modelled were below failure loads
published [13].

4. Discussion

The ankle has been mathematically modelled and described as a
simple hinge joint [11,16]. The ankle and subtalar joints can
adequately be modelled as simple hinge joints in order to study the
angular motion during normal gait [17]. The simple hinge theory
was disputed by Barnett and Napier [18] who reported that due to
differing radii of curvature of the medial and lateral profiles of the
superior surface of the talus. Our initial 3D model was not
constructed with the intent of creating a single degree of freedom
of movement at the ankle joint. Without ligamentous restraint,
however, it was unstable and not anatomically representative. Our
model was able to determine the position for a FHL tendon transfer
to mimic the plantarflexion function of the gastrocnemius–soleus
complex.

Using the current model the optimum position to place the FHL
tendon transfer in order to minimize the force required for
plantarflexion is as close to the postero-superior margin of the
calcaneus as possible. This is to be expected as this most closely
mimics an anatomic reconstruction. However, positioning the FHL
tendon transfer more anteriorly resulted in greater plantarflexion
at the ankle joint. This is because of the longer lever arm, where
muscle excursion is so limited (27 mm). The most posterior
attachment points require 39% less force to achieve plantarflexion.
The surgeon has to weigh this benefit against the fact that the most
anterior attachment points result in 37% more plantarflexion. A
compromise exists between achieving as much plantarflexion at
the ankle joint as possible and the ability of the FHL muscle to
generate the force required to achieve a heel rise.

Ikai and Fukunaga [19] reported muscle strength per unit cross-
sectional area of human muscle by means of ultrasonic measure-
ment. The mean cross-sectional area of the muscles of the lower
limb have been calculated by Silver et al. [20] and FHL represented
3.6% of this total value. The cross-sectional areas of other potential
donor tendons, flexor digitorum longus and peroneus brevis were
1.8% and 2.6% respectively. FHL can generate a force based on the
above work of 556 N. In vivo measurements of the peak Achilles
tendon force in a human subject have been recorded at 2600 N at
push-off phase of gait [21]. FHL muscle in isolation may not be able
to generate the force required to plantarflex the foot in single or
double stance heel rise. However, the model does not take into
account the residual functioning capacity of the other plantarflexor
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muscles including the gastrocnemius–soleus complex. Further-
more considerable muscle hypertrophy has been shown for both
FDL transfer (in treatment of the acquired flat foot) [22] and FHL
(when used for the treatment of chronic non-insertional Achilles
tendinopathy) [23].

Arndt et al. [24] differentiated dorsiflexion and plantarflexion at
the ankle and subtalar joints in normal gait and showed a range of
ankle motion of 18.78 and 3.78 at the subtalar joint. Andriacchi et al.
[25] reported a mean maximum plantarflexion angle of 258 and 248
for stair ascent and descent respectively. The results of gastrocne-
mius turn down flap and FHL transfer for chronic Achilles tendon
rupture demonstrated a clinically measured range of motion of 20–
458 (mean 368) [2]. Raman and Harris [6] reported 408 plantar-
flexion following FHL tendon transfer for a chronic Achilles rupture
at 12 weeks. The range of motion at the ankle joint increased for a
more anterior attachment point of FHL on the calcaneus. In this
study the results are very similar to those found in vivo. The
greatest plantarflexion recorded was 33.48, using an anterior
attachment point. The lowest plantarflexion recorded 24.08 when
the tendon was transferred to the posterior part of the superior
surface of the calcaneus.

The position of the drill hole through the calcaneus for the local
tendon transfer varies [1,2,4–7]. Surgical techniques involving a
transverse drill hole from a medial to lateral direction in order to
secure the tendon transfer have been described [1,2,4]. The
sensitivity of the subtalar joint moment arm of the Achilles tendon
to its insertion site placement has been investigated using a
graphical musculoskeletal computer model by Zifchock and
Piazza [26]. It was shown that subtalar joint moment arms are
sensitive to medial–lateral displacement of the Achilles tendon
insertion site. Studies describing the surgical technique using a
medial to lateral fixation point in the calcaneus do not comment
on subtalar function post-operatively. Caution needs to be
exercised when considering the attachment point of the FHL
tendon. A small degree of misplacement of the Achilles tendon in
the medial–lateral insertion site is likely to have a marked affect in
the function of the subtalar joint. Variations of 6 mm in the
medial–lateral location of the Achilles tendon insertion site
caused subtalar joint moment arms to change by approximately
5 mm [25]. However, for the purposes of studying sagittal plane
movement a single point insertion is likely to be sufficient. The
results of this study show a medial attachment point to be
advantageous, as less force is required to be generated in the FHL
muscle. These differences are small and our model has no motion
at the subtalar joint.

The model components were monitored with meters in order
to check that forces were within normal physiological values. The
strain values for the ankle ligaments were recorded throughout
plantarflexion. Colville et al. [27] showed that the strain in the CF
ligament decreased to a maximum value at 108 plantarflexion,
then increased slightly (1%) at maximal plantarflexion. CF
ligament strain in our model followed this pattern to a degree
but maximal relaxation was observed at maximal plantarflexion.
The ATaF ligament has been shown to increase in strain from
dorsiflexion to maximal plantarflexion [27]. This did not correlate
with the strain data recorded in our model, which showed a
marginal increase during plantarflexion. The PTaF ligament has
been shown to exhibit an increase in strain by less than 5% at
maximal plantarflexion [27]. However, Buzzi et al. [28] reported a
decrease (�2.3%) in plantarflexion [28]. Our model showed that
the strain decreased during early plantarflexion then reached a
plateau.

The deltoid ligament components incorporated into the model
included the three deep ligaments (TiC, ATT and PTT). The TiC
ligament in the model followed the strain rate of the CF closely.
Leardini et al. [17] have shown that some fascicles of the CF and TiC
ligaments remain isometric and guide passive ankle motion in the
midrange (75% of unloaded ankle motion). The ligaments modelled
were in accordance to the strain changes reported in the literature.
There are, however, so many conflicting study results that
comparison is difficult [29–31].

4.1. Limitations of present model

There are obvious disadvantages using computer modelling in
order to solve clinical problems. At best it is an approximation of a
complex array of interactions. The model used in this study is an
approximation of a complex anatomical region with complex
kinematic and kinetic interactions.

The current model lacks anatomical detail. Geometrical
measurements of the bones of the ankle and subtalar joints are
complex. Ankle morphometry has been recorded with the use of
radiographic methods and computer software to give detailed
information for samples of normal subjects [32–35]. The linear
actuator used is a simplistic way to simulate muscle contraction.
The Zajac muscle model is a Hill-type muscle model, which has
been widely accepted [36]. Previous models have varied in their
anatomical complexity [9,33,37]. It is difficult to conclude for the
purposes of this study whether a lack of other soft tissue
constraints would alter the results. Further work using cadaveric
testing would be warranted in order to validate this model further
as the sole use of a computer model to solve clinical problems is
subject to error as mentioned previously.

The subtalar joint has been shown to contribute slightly to
dorsiflexion and plantarflexion range of motion as a result of
kinematic coupling. It contributes more to inversion and eversion
compared to the ankle joint [17,38]. However, the incorporation of
the subtalar joint into our model would serve to increase the range
of plantarflexion a little, but this would affect anterior and
posterior attachment points equally.

Scott and Winter [11] published data on a model foot
comprised of eight rigid segments each connected by a simple
hinge joint. It was noted in their study that the complexity of the
model was too great to be used in dynamic human models.
Interestingly, internal forces were compared between a four-
segment and one-segment foot and ankle model and showed that
a more realistic anatomical model does not result in more accurate
force estimation. This is because of the increased number of input
parameters required [39]. In our study, the lack of anatomical
detail of the foot and the rigidity of the midtarsal joints is not likely
to affect our results.

5. Conclusions

The optimal FHL tendon transfer position is a compromise
between:
1. a
chieving as great a range of plantarflexion as possible to allow
normal function, by transferring to an anterior attachment
point, versus
2. t
ransferring the relatively weak FHL tendon to a posterior
position where it is at maximum mechanical advantage by
virtue of the longer lever arm of the calcaneal tuberosity.

This study shows that a more posterior attachment point to the
calcaneus is advantageous in terms of power and yet maintains a
functional range of plantarflexion. We consider this to be more
important clinically than the extra range of motion that anterior
attachment affords at the expense of power.

Further investigation of the effect of tendon transfer on the
function of the subtalar joint is required and further work
necessary to validate this model.
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