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Abstract: Experimental studies report that ligaments of the ankle joint are prestrained. The prestrain
is an important aspect of modern biomechanical analysis, which can be included in the models by:
applying symmetrical, arbitrary prestrains to the ligaments, assuming a strain-free location for the
joint or by using experimental prestrain data. The aim of the study was to comparatively analyze
these approaches. In total, 4 prestraining methods were considered. In order to do so, a symmetrical
model of the ankle with six nonlinear cables and two sphere–sphere contact pairs was assumed. The
model was solved in statics under moment loads up to 5 Nm. The obtained results showed that the
arbitrary prestrains caused an unbalanced load for the model at rest, and in turn modified its rest
location in an unpredictable way. Due to the imbalance, it was impossible to enforce the assumed
prestrains and thus cartilage prestrain was required to stabilize the model. The prestraining had a
significant effect on the angular displacements and the load state of the model. The findings suggest
that the prestrain values are patient specific and arbitrary prestrains will not be valid for most models.

Keywords: ankle model; static analysis; angular displacement

1. Introduction

A mechanical structure is in a state of prestrain if its elements remain strained when
the system is at rest and no external loads are applied on it [1]. This phenomenon occurs in
most human body joints and can be visually observed when a joint’s ligaments retract after
excision from the body.

As there is no viable way to noninvasively record experimental ligament prestrain,
many numerical approaches were proposed to account for it in biomechanical models.
The most common of which is to apply arbitrary prestrain values on the ligaments of the
model at its rest location. It is typical to use a prestrain of approximately 2.0% for all
ligaments [2–8]. Intuitively, the non-symmetrical distribution of ligaments in the body
joints could prove to be difficult to model with the 2.0% prestrain approach. Nevertheless,
this has never been discussed. The second option is to assume prestrain values based on
the available experimental results. While this approach accounts for the asymmetrical
ligament placement, due to the lack of complete data sets, the experimental data are often
combined with arbitrary values, as in [9] for the elbow joint. Moreover, the prestrain can be
completely omitted from the model by assuming a strain-free location for the joint, which
was undertaken for the ankle: [10,11], the knee: [12,13] and the intervertebral joint: [14]. For
the sake of completeness, it is additionally worth noting that the prestrain can be indirectly
addressed by numerical estimation [15].

1.1. Modeling the Ankle

The upper ankle joint, considered in this research, contains four major bones: the tibia,
fibula, talus and calcaneus. These bones can be grouped into two segments for simplicity:
the tibia/fibula and the talus/calcaneus. These segments are connected with several
ligaments, which transfer tensile loads: the anterior tibiotalar ligament (ATT), tibiocalcaneal
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ligament (TC), posterior tibiotalar ligament (PTT), anterior talofibular ligament (ATF),
calcaneofibular ligament (CF), and posterior talofibular ligament (PTF). The bones also
interact through a layer of soft tissue called cartilage, which transfers mostly compressive
loads. There are two major options when modeling such a complicated structure:

• the finite element method (FEM), in which most of joint’s structures are modeled as
deformable [16–19],

• the multibody method (MBS), in which the major elements of the joint are substituted
with simple mechanical counterparts [4,10,20–27].

The models prepared using the methods differ mostly in the cartilage description—FEM
offers fully deformable cartilage, while MBS substitutes it with a constraint—often based on
symmetrical shapes (ball socket joint or rigid/deformable contact pair [2–8,10,11,15]). It is
worth noting that in FEM the bodies can experience large deformations, as in [28], while
MBS covers mostly rigid bodies with flexible outer layer.

The common point for the methods is in the description of ligaments. In most of
the available studies the ligaments were substituted with linear or nonlinear cables and
springs [2–8,10,11,22]. Moreover, it is worth mentioning that studies focusing on kinematics
of joints substitute the ligaments with rigid bodies [27,29–32].

1.2. The Aim of the Study

The prestrain is an important aspect of an ankle joint, crucial for highly-accurate joint
models employed in surgical planning. Nevertheless, to this day, there has been no direct
comparison of the aforementioned approaches to ligament prestrain. Furthermore, the
approaches have never been tested in how they accommodate asymmetrical distribution of
the joint’s elements. Therefore, the main aim of the study was to comparatively analyze the
different approaches for including prestrain when modelling the ankle joint.

2. Materials and Methods
2.1. The Assumed Model of the Ankle

In order to simplify the problem of prestrain, the assumed model of the ankle was
chosen to be highly symmetrical (based on [10,33]—see Figure 1). It contained:

• six nonlinear cables substituting the ligaments,
• two Hertzian contact pairs, based on spheres, representing a ball-and-socket joint,

which modeled the cartilage,
• two rigid segments representing the tibia/fibula (TFS) and the talus/calcaneus (TCS).
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Figure 1. The assumed symmetrical model of the ankle at rest (at neutral location) in the sagit-
tal plane and a representation of its spherical contact pairs in the frontal plane, reproduced with
permission from [10].
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Additionally, the model was assumed to be symmetrical in the sagittal plane. These
assumptions reduced a complex three-dimensional structure to a simple two-dimensional
counterpart and made it possible to visualize the load state in the joint and analyze the
prestrain of the ligaments. In order to ensure that the two-dimensional links joining the
bones behaved in a similar fashion to their three-dimensional equivalents, their material
parameters were optimized [10].

To specify the relative location of TCS with regard to TFS, three variables were used:
two linear coordinates px and py, which formed the translation vector p between the two
coordinate frames of the base (TFS) and the moving body (TCS), and the angle θ between
the frames used to obtain the rotation matrix R(θ).

The model in Figure 1 corresponded to the ankle at its neutral location (approximately
90 deg between the plane of the foot and the long axis of the tibia). At this location, the
model was at rest when no external loads were applied. Furthermore, at this location, the
reference frames of TFS and TCS were set to be coincident, which meant that the angle θ
was at 0.0 deg, while the linear coordinates px and py were both at 0.0 mm.

2.2. Including Ligament Prestrain in the Model

In the assumed model, a cable i, representing a ligament i, was characterized by five pa-
rameters: two position vectors ai, bTCS

i of its attachments to TFS and TCS, two material
parameters Ai, Bi and a slack length lslack,i—the length of a retracted ligament after its
excision from the joint. Based on these parameters, the value of the force Fi generated by
the cable i was obtained using an exponential model [34]:

Fi = Ai exp
(

Bi
li − lslack,i

lslack,i
− 1

)
, (1)

where li was the current length of the cable, dependent on the location of TCS:

li =
∣∣∣R(θ)bTCS

i + p − ai

∣∣∣. (2)

The prestrain was included in the model by shortening the slack lengths of the cables
with regards to their lengths when the model was at rest (at the neutral location). In this
case, the proportionality ratio between these lengths, corresponded to the prestrain value
specified for each ligament:

lneutral,i = lslack,i(1 + εprestrain,i), (3)

where: lneutral,i—the length of a ligament j for the model at rest (at the neutral configuration—
Figure 1), lslack,i—the slack length of a ligament i, εprestrain,i—the prestrain value for the
ligament i (dimensionless).

The length of a ligament lneutral,i could be obtained using (2). Therefore, for a given
prestrain value of εprestrain,i, slack length lslack,i was as follows:

lslack,i =
lneutral,i

(1 + εprestrain,i)
, (4)

Using the equation above it was possible to compute a slack length corresponding to a
custom level of prestrain εprestrain,i for each ligament for the model at the neutral location.
The computed slack lengths were then used in Equation (1), when computing the forces
generated by the ligaments. With this, ligament prestrain was introduced into the model.

The proposed approach was general and could be used for any custom prestrain values.
Nevertheless, in this study four approaches were selected—see Table 1. They represented
the state-of-the-art in the prestraining methods used in current biomechanical models.
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Table 1. The assumed prestrain values for all the considered prestrain approaches for the ankle at the
neutral location.

Case #1 #2 #3 #4

prestrain value
(εprestrain,i):

all ligaments
at: 0.0%

all ligaments
at: 0.5%

all ligaments
at: 2.0%

- ATF, PTF, CF, TC at: after [35],
- ATT and PTT at: 0.5%

notes neutral location as strain-free - - combination of arbitrary and experimental

3. Results

The model was solved under static conditions based on equilibrium equations [10],
which were composed from forces/moments generated by the cables and the contact pairs,
as well as an external moment acting on TCS.

A detailed summary regarding the computation of the force vectors, their moments
and more can be found in [10,12,36,37].

The equilibrium equations were solved numerically with the Levenberg–Marquardt
method obtained from SciPy library [38] for the following moment loads:

• Mext = −0.20:0.20 Nm in 51 steps,
• Mext = −5.00:5.00 Nm in 51 steps.

The negative values of the external moment Mext corresponded to dorsiflexion, while
the positive moments represented plantarflexion. The obtained solution was considered
acceptable, if the sum of the residual loads was less than 1.0 × 10−10.

3.1. The Angular Displacements and the Rest Location

The different variants of prestrain had a significant effect on the angular displacements
of the model. In plantarflexion, the relative difference between the considered cases reached
up to 10% (see Figure 2a,b).
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Figure 2. (a) The angular coordinate θ versus the external moment Mext in the considered prestraining
approaches; (b) the angular displacement ∆θ versus the external moment Mext in the considered
prestraining approaches; (c) the values of the forces Fi generated by the ligaments and the contact
pairs versus the external moment Mext in the considered prestraining approaches, where: con. is the
magnitude of the contact force generated by the two contact pairs. In all figures: the shaded area
corresponds to the minima and the maxima of all the considered prestrain cases.

Interestingly, in cases #2–#4, due to the non-symmetrical distribution, the prestrained
ligaments generated an unbalanced net force for the model at the neutral location (see
Figure 3). Therefore, in these cases, the model at the neutral location was not at rest, while
the “actual” rest location had to be obtained numerically. This affected the reference angle
for computing the angular displacement (see Figure 2a) and made the analysis of the results
more complex. Furthermore, as seen in Figure 4, to stabilize the model at the “actual” rest
location, additional contact forces were necessary.
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Figure 3. The ligament forces acting on the TCS at the neutral location of the model. The number
above the model corresponds to the prestraining approach. The scale of the vectors was adjusted per
drawing for clarity and only relevant parts of the TCS’s contour were drawn.
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Figure 4. The ligament forces along with the contact forces stabilizing the TCS at the “actual”
computed rest location. The number above the model corresponds to the prestraining approach.

Due to the change in the rest location, the prestrains set at the neutral location and
the actual prestrains at the “actual” rest location differed significantly—see Table 2. All of
these issues were not a present occurrence in the prestrain-free case #1.

Table 2. The prestrains assumed for the neutral location and the ones obtained for the “actual” rest
location in the prestrain case #3.

ATF [%] ATT [%] TC [%] CF [%] PTT [%] PTF [%]

at the neutral location 2.00 2.00 2.00 2.00 2.00 2.00
at the “actual” rest location 1.29 1.52 1.65 1.81 2.18 1.11

3.2. Forces—The Ligaments and the Contact Pairs

The forces generated by most ligaments were largely unaffected by the prestrain
as seen in Figure 2c. Nevertheless, significant relative differences of 38% and 19% were
recorded for ATT and ATF, respectively. Again, it is worth noting that in the prestrained
cases (#2–#4) a contact force was necessary to stabilize the joint (see Figure 4). This force
differed in terms of the magnitude between the cases, nevertheless, its direction remained
mostly unchanged.

4. Discussion

The presented simulations showcased several interesting behaviors of the ankle joint
model under prestrain. The behavior of the prestrained model—cases #2–#4—was difficult
to control and analyze.

Firstly, the model experienced a shift in the rest location due to the imbalance of
internal loads generated by the prestrained ligaments at the neutral location. This shift



Symmetry 2022, 14, 261 6 of 8

in turn affected the reference location for computing the displacement of the model. This
presented an extremely serious issue as it rendered the model unpredictable—the rest
location under an absence of external loads was dependent on the assumed prestrains.

Secondly, it was impossible to actually enforce the prestrain values on the ligaments.
As aforementioned, the prestrains set at the neutral location caused a shift in the rest
location. Therefore, the actual prestrains of the ligaments had to be computed at the
“actual” rest location and differed from the assumed prestrains at the neutral location. To
clarify, the model was prestrained, but the prestrain values were impossible to enforce
and were dependent on the “initial” strain values set at the neutral location. It could
be concluded that arbitrary prestrain values caused numerical problems with the model
and made the analysis of the results much more difficult. These findings suggested that
prestrain values were patient specific. It is worth mentioning that these issues were not
present for the model with a strain-free configuration—case #1.

The prestrain had a significant effect on the angular displacement, as the maximal
relative difference between the angular displacements was 10%, considering all cases.
Furthermore, a significant difference was recorded in the behavior of ATT and ATF, as the
relative differences between their forces were between 38% and 19%, respectively. This
issue should be explored further in future studies.

As mentioned before, in cases #2–#4, the net force generated by the ligaments at the
neutral location was unbalanced. In other to balance it, the model had to change its rest
location, as shown in Figure 4. Interestingly, the ligaments could not balance themselves. An
additional contact force was required. This contact force was generated by the prestrained
cartilage in the knee. This further implied that the prestrain was directly connected to the
geometry and material parameters of the model. Therefore, arbitrary values of prestrain
or even prestrains taken from published experiments could not be valid for most models.
The prestrain would require registration along with patient-specific geometry and material
parameters of the joint. Nevertheless, this result should be taken with caution, as it could be
specific to the model. The assumed model of the cartilage did not account for the friction in
the joint. The exact effect of the friction remains, however, difficult to assess, as the friction
coefficient can range from 0.002 to 0.500 based on the loads applied on the system [39]. The
problem of friction should be considered in future studies.

To summarize, the main novel finding of the study was that the arbitrary prestrain
values, commonly employed in biomechanical models of the ankle, cause significant
numerical issues with the model, namely:

• a shift in its rest location,
• a difference in its angular displacements and the load state,
• the inability to truly control the assumed prestrain values and, by extension, the model

itself.

To the best of my knowledge, an analysis highlighting these problems has never
been reported in literature. Furthermore, none of these issues were considered in the
papers [2–9] covering biomechanical models. As seen in the results, there was no simple
way to introduce ligament prestrain into a model. The actual prestrain values seem to be
patient specific, while there remains no viable method to measure them in a noninvasive
way. Therefore, based on the performed simulations, a general recommendation is to
carefully examine the behavior of the prestrained model near its rest location, as this
exemplifies most of the aforementioned issues and could help to estimate their extent.
Such an analysis should be taken into account especially, when designing highly-accurate
models for surgical planning.

5. Conclusions

The results obtained from the performed prestrain analysis showcased numerical
problems when using arbitrary prestrain values for the ligaments in an ankle joint model.
The prestrained ligaments, regardless of the prestrain value, caused a shift in the rest
location of the model. In this new, shifted location an additional contact force was required
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to stabilize the joint. Moreover, due to the shift, the prestrains of the ligaments at the rest
location differed from the set ones. This proved that the prestrain values were correlated
with the geometry and the material parameters of the studied joint. Due to the highly
non-symmetrical distribution of ligaments in the joint, setting the prestrains to arbitrary
or even experiment-based values rendered the behavior of the model difficult to control,
predict and more complex numerically.

The highest difference in the angular displacements was observed at 10% between the
considered prestrain cases. Furthermore, the load state in the joint was highly affected by
prestrain. For precise models used in presurgical planning this phenomenon should not be
omitted. The future work should be focused on further analysis of the prestrain impact on
the internal load state of the joint.

To summarize, the problem of prestrain remains difficult to include in biomechanical
models. It is advisable to verify the load state in the model at its rest location, which empha-
sizes the aforementioned problems and can be used to assess their impact on the results.
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