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Investigation of the biomechanical behaviour
of articular cartilage in hindfoot joints
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Numerical models represent a powerful tool for investigating the biomechanical behavior of articular cartilages, in particular in the
case of complex conformation of anatomical site. In the literature, there are complex non-linear-multiphase models for investigating the
mechanical response of articular cartilages, but seldom implemented for the analysis of high organized structure such as the foot. In the
present work, the biomechanical behavior of foot cartilage is investigated by means of a fiber-reinforced hyperelastic constitutive model.
The constitutive parameters are obtained through the comparison between in vitro experimental indentation tests on cartilage and nu-
merical analysis data interpreting the specific experimental conditions. A finite element model of the hindfoot region is developed. Par-
ticular attention is paid to model cartilage in order to respect its morphometric configuration, including also the synovial capsule. The
reliability of the procedure adopted is evaluated by comparing the numerical response of tibio-talar joint model with in vivo experimental

tests mimicking the foot response in stance configuration.
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1. Introduction

Articular cartilages are a hierarchically organized tis-
sue and have the important role to resist and distribute
compressive and shear loads, providing a bearing surface
with low friction [1], thus protecting the underlying bone
from ribbing with the other bones involved in the joint
[2]. For the fundamental function performed in human
movements and the particularly complex structural con-
formation, the mechanical behaviour of cartilaginous
tissue is of high interest. The constitutive models pro-
posed for its characterization are often very sophisti-
cated, as multiphase models with a high number of pa-
rameters to be defined by means of experimental tests
that prove to be very difficult to execute.

With concern to the histological aspect, articular
cartilage is a specialized connective tissue composed
of an extra-cellular matrix and a cellular part. The

extra-cellular matrix is formed of a solid that includes
proteoglycans and a fiber net of collagen and elastin.
The fibres are embedded in interstitial fluid that is
composed prevalently of water in a quantity of 70-85%
of cartilage weight [3]. The content and the organiza-
tion of cartilage components vary within the thickness
of the tissue [4]. The particular organization is opti-
mized depending on the function developed and leads
to the definition of four zones from the upper surface
to the subchondral bone: tangential, medial, deep and
subchondral zone. On the tangential zone collagen
fibres are organized parallel to the articular surface
and radially distributed. This configuration is aimed at
the proper response to compressive load and shear
stress [5], [6]. Moreover the minimum wear is pro-
vided by the interaction of synovial fluid and the
smooth articular cartilage surface [7]. The articular
lined bone ends are enclosed by the fibrous capsule
and inner synovial lining [8].
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In order to define the mechanical response related
to microstructural and histological properties of ar-
ticular cartilage, complex constitutive models are pro-
posed in the literature. These models are capable to
describe with high detail the properties of cartilage
and to consider the components involved in the me-
chanical response, such as cells, fibers, water molecules
and ions charges. For this purpose, linear transversely
isotropic biphasic [9], poroelastic [10], poroviscoelastic
[11]-[13], fiber-reinforced poroelastic [14]-[16], fiber-
reinforced poroviscoelastic [17], biphasic visco-
hyperelastic fiber-reinforced [18] and fiber-reinforced
poroviscoelastic swelling [19], [20] models are intro-
duced to simulate more and more realistically the
composite structure of articular cartilage. In detail
they capture accurately the time-dependent mechani-
cal behavior under loading due to its matrix composi-
tion and fiber organization. These constitutive models
are used in numerical analysis to reproduce experi-
mental conditions of confined and unconfined com-
pressive tests, as well as indentation tests on cartilage
disk samples [9], [20]-[22]. Actually, most numerical
models associated with complex geometries of hind-
foot describe cartilage within less accurate constitu-
tive formulations, limiting the description of the me-
chanical response in the range of linear elastic,
homogenous and isotropic materials [23]-[27]. In
addition, in solid modeling of complex regions of the
foot, the cartilaginous tissue is often considered as
fulfilling unique solid between the two bone heads.
The two different cartilaginous layers composing the
joint are not considered [23]-[26] and, when consid-
ered, there is no synovial capsule [26].

In order to define the mechanical response of car-
tilages of the hindfoot, numerical analysis is devel-
oped. For this purpose detailed solid models are de-
veloped considering two cartilage layers, one for each
bone head, and the synovial capsule for each hindfoot
joint. Considering the complexity of the anatomical
site, it is necessary to choose an adequate constitutive
model in order to have reliable numerical results, with
a reasonable computational effort and a reliable defi-
nition of constitutive parameters, entailing the exis-
tence of adequate experimental reference data, as re-
ported in detail in the following.

2. Material and methods

Constitutive model for the cartilage

In the present work, a fiber-reinforced and almost
incompressible hyperelastic constitutive model is as-

sumed to describe the mechanical response of the
cartilage. The choice is consistent with the large
strains attained by the cartilage tissue, the presence of
specifically oriented collagen fibers and the high
content of liquid phases [14], [28], [29]. Starting from
the right Cauchy—Green strain tensor [30]:

C=F'F (1)

where F is the deformation gradient, there is consid-
ered the multiplicative decomposition in volume-
changing and volume-preserving components

c=J"1.C 2)

with I being the second rank unit tensor and J the
determinant of the deformation gradient. From the

volume-preserving part C of the right Cauchy—Green
strain tensor the modified invariants are obtained

I, =tr(C), I,=C:(n,®n,) 3)

ny being a unit vector defining the local direction of
spatially oriented collagen fibers in the un-deformed
configuration of the tissue.

The strain energy function [30] W is defined as
a sum of two terms, for ground matrix and collagen
fibers [29], respectively,

W=Wm+Wf,

W, =S -2 AT, @

W, = fexphy (T, ~1)) 1)

2

The stress-like parameter K, is related to the initial
bulk modulus of the ground matrix and the stress-like
parameter 4 is its initial shear stiffness. The stress-like
parameter ki, and the dimensionless parameter k, are
related to the mechanical response of the collagen
fibers. The use of the ramp function

(x)=(x+[x[)/2 )

allows the stiffness contribution of the collagen fibers
only in tensile condition to be considered, which is
a mechanical behavior consistent with the conforma-
tion of the unloaded fibers.

The stress response in terms of the second Piola—
Kirchhoff stress tensor is obtained by taking the deriva-
tive of (4) with respect to the right Cauchy—Green
strain tensor and is split in additive terms related to
ground matrix and reinforcing fibers, respectively,

ow
§s=277 -8 4§, (6)
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where the two stress tensors S,, and Syare given by

S, =K, (JP-1C"+ ;{J—”I—%Tlc*j, (7
S, =2k (I, ~Dexplk, (I, = 1)’]

x J‘m{no ®n, —%[C :(n, ®n,)]C" } (8)

According to the use of the ramp function in W

the term of the second Piola—Kirchhoff stress tensor
(8) is considered only in the case the collagen fibers
are elongated. The Cauchy stress tensor is then ob-
tained by the second Piola—Kirchhoff stress tensor
through a standard push-forward

6=J 'FSF’. 9)

The constitutive model assumed for the cartilage is
a specific form of a fiber-reinforced hyperelastic for-
mulation [28] implemented in the general purpose
Finite Element code ABAQUS® (SIMULIA, Daus-
sault Systemes) that has been adopted for all the
analyses of this work.

Constitutive model fitting

The constitutive parameters are fitted on experi-
mental data obtained from in vitro indentation tests on
bovine cartilage samples taken from the literature
[31], having recognized a similarity in the structural
conformation of bovine and human cartilage tissues
[32]. Indentation tests are particularly suitable to de-
fine the mechanical properties of the cartilage because
they reproduce well the compressive states induced in
the cartilaginous thickness during in vivo conditions.
Further, the rate of strain applied in the tests consid-
ered corresponds to the strain rate of stance loading
condition analyzed subsequently. The finite element
model developed to mimic the experimental set up
[31] is shown in Fig. 1.

The model consists of one fourth of cartilage sam-
ple with the shape of a disk 2 mm thick and a plane
ended cylindrical indenter with a diameter of 4 mm, as
reported in Fig. la. A total compressive displacement
of 0.6 mm corresponding to a strain of 33% is im-
posed on the cartilage sample at strain rate of about
0.1 s'. The contact between indenter and cartilage is
considered frictionless. The cartilaginous tissues of
the model are characterized with the hyperelastic fi-
ber-reinforced model reported in the previous section.
According to the disposition of the collagen fibers the
unit vector ng is parallel to upper and lower surfaces
and locally disposed in radial direction.

displacement (mm)

stress (MPa)

()

strain (%) (d)

Fig. 1. (a) Representation of experimental [31] loading conditions
used to perform the numerical analysis on cartilage samples;
(b), (c) contours of the displacement field for 15% and 30% of strain,
respectively; (d) comparison between experimental (open circles)
and numerical results (continuous lines)
as nominal compressive stress (MPa) and nominal strain

The procedure for the definition of the constitutive
parameters is based on the minimization of a function
[33], [34] estimating the error between experimental
data and numerical model results

mod ex]
Ve, A7)
Vjexp

Vjexp
mod ex
V@A)
(10)

where m is the number of experimental data, A7 the

Q(oz):l i 2

m\“5

J-th experimental input datum, V™ the j-th experi-

mental output datum, ij"d the j-th numerical model

result obtained with the constitutive parameters set o'
and the experimental input A7*. For the case at hand,

AP is the compressive displacement and V&P, ymd
J J J

the ratio between force acting on the indenter and
contact area of indenter and specimen. The minimiza-
tion of the function (10) makes use of a stochastic-
deterministic procedure [35] to avoid problems arising
from the possible existence of local minima.

Numerical analysis

The set of constitutive parameters obtained with
the previously described procedure are implemented
within the constitutive model adopted for the analysis
of the biomechanical behaviour of hindfoot joint. For
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this purpose, a specific numerical analysis is devel-
oped to interpret in vivo experimental tests reported by
Liet al. [4] and Wan et al. [36].

tibia ——— \ @&—— fibula

tibio—talar[ﬂ |
joint

) | i 3 talo-fibular
joint
sub-talar
joint

Fig. 2. Solid model of the hind foot, pointing out
the regions considered in the numerical model

The solid model of the hindfoot (Fig. 2) is developed
with particular attention to the morphometrical aspects
of the tibio-talar, sub-talar and talo-fibular joints, consid-
ering the sensitivity of numerical results with respect to
this aspect. Each joint is modelled with bones, cartilages
structures and synovial capsule (Fig. 3). In detail, the
models of the bones are developed from TC images of
a 58 year old male while cartilages are obtained on
the basis of morphometric data from the literature [3],
[4], [37]-[40], averaging data pertaining to thickness and
mean contact area. The synovial capsule is modelled as
a structure enveloping cartilage edges on the basis of
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Fig. 3. Numerical model of the hindfoot
with details concerning synovial capsule and cartilage layers
in the tibio-talar joint

anatomical data [41]. The numerical model is obtained
by the discretization of the solid model by meshing each
hindfoot region with linear tetrahedral elements.

To properly characterise the mechanical properties of
each tissue of the hindfoot, specific constitutive formu-
lations are adopted. The cortical portion of the bony
segments was assumed to be orthotropic and linearly
elastic [41]. The cartilaginous tissue is modelled using
the specific fiber-reinforced hyperelastic constitutive
model reported above [28], with the set of constitutive
parameters given by the fitting obtained through the
numerical analysis of the indentation test. The orienta-
tions of the collagen fibers are defined by attributing the
unit vector ny being parallel with respect to the upper
surface of the cartilage and radially disposed in the plane
of the cartilage. The synovial capsule is characterized as
linear elastic and incompressible material [41]-[43],
with longitudinal elastic modulus E = 6 MPa.

The experimental tests considered [5], [36] are
obtained by non-invasive measurement technique to
evaluate the biomechanical behaviour of the tibio-talar
joint during a load bearing condition in the stance
phase of gait. The procedure uses a dual-orthogonal
fluoroscope coupled with MR-images. The experi-
mental set up has incorporated into the fluoroscopic
system a force plate to measure ground reaction forces
during the test. A series of ankle solid models is de-
fined and the relative position and distance between
tibia and talus during stance configuration are meas-
ured, making it possible to deduce the variation in
thickness of the articular cartilage. In order to inter-
pret the in vivo experimental set-up, the boundary
conditions in the numerical model include a load of
765 N along the longitudinal axis of the tibia.

3. Results

The results of the numerical analysis concerning
the indentation test are reported in Fig. 1. The con-
tours of the displacement along the longitudinal axis
of the indenter are reported in Fig. 1b and Fig. 1c. The
numerical results display the cartilage response for
different indentation levels. The contact region be-
tween the indenter and the cartilage disk layer evolves
during the test involving the deformation of the pe-
ripheral area of the sample. The constitutive parame-
ters are defined minimizing the discrepancy between
indentation experimental data [31] and numerical
results (Fig. 1d). The comparison between numerical
and experimental data is reported in terms of nominal
stress versus nominal strain. Nominal stress is calcu-
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lated as the reaction force at the indenter divided by its
transversal area, while nominal strain along the thick-
ness of the sample is deduced from the displacement of
the indenter divided by the initial thickness. The
optimal parameters obtained by the fitting and as-
sumed for describing the biomechanical behavior of
articular cartilages are K, = 9.09 MPa, ¢ = 0.02 MPa,

ki =33.0 MPa and &, = 2.1.

These constitutive parameters are adopted when
evaluating the biomechanical response of hindfoot carti-
laginous tissue during the stance phase of gait. For this
purpose, numerical analyses that interpret in vivo ex-
perimental test [5] are performed. The comparison be-
tween in vivo experimental data and numerical results
obtained in this simulation is represented in Fig. 4.

61

The graph (Fig. 4a) reports the nominal strain
evaluated at the positions indicated by black dots in the
cartilage of the talus (Fig. 4b). The representation fo-
cuses on the area where the strain assumes the highest
intensity and, in agreement with the range of values
reported in literature [36], the maximum strain value is
30% at 5 mm of distance from the lateral surface of the
talar dome. A transversal section of hindfoot joints
(Fig. 5) is considered with more detail and the strain
within the articular cartilage is reported.

In order to give a more complete description of the
results obtained on tibio-talar cartilages during the
stance phase, the contours of the strain field on each
layer of the tibio-talar cartilage are illustrated (Fig. 6).
Similarly, the strain field contours are reported for the

4

L] TISUC AR W

————r———r--

exp
= num

(b)

(=]
D
n

5 7.5 10 125
distance (mm)

15

(a)

Fig. 4. Comparison between in vivo experimental data and numerical results (a)
evaluated at the positions indicated by black dots in the cartilage of the talus (b)
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Fig. 6. Numerical model of the hindfoot (a): contours of the strain field on internal surfaces of cartilage of the tibio-talar joint:
(b) talar and (c) tibial surfaces
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Fig. 7. Numerical model of the hindfoot (a); contours of the strain field on internal surfaces of cartilage of the talo-fibular (b) and (c)
and sub-talar (d) and (e) joints, reported on cartilage surfaces of fibula (b), calcaneus (d) and talus (c), (e)

talo-fibular (Fig. 7b and 7¢) and sub-talar joint (Fig. 7d
and 7e). It is noted that in this condition the maximum
value of compressive strain reached in the cartilagi-
nous layers of these joints is about 20%.

4. Discussion

Results from numerical analyses show a good
agreement with experimental data from in vitro and in
vivo tests, in particular with the compressive strain
field in the cartilage obtained by the analyses of in
vivo conditions [36]. The maximum compressive
stress corresponding to the peak strain is about 3 MPa.

This value appears to be consistent with physiological
range and under the damage level. In fact, contact
stresses in healthy joints typically range from 1 to 6
MPa for light to moderate daily activity [44], while
higher stresses are experienced only in localized re-
gions [45], [46]. Moreover, it was found that repeti-
tive compressive stresses of 6.9 MPa are sufficient to
produce accelerated fissuring in plugs of articular
cartilage and subchondral bone [47].

In the literature several refined constitutive models
are proposed for the mechanics of articular cartilage.
However, to describe the mechanical behaviour con-
sidering an accurate morphological representation and
physiological loading, the refinement of the constitu-
tive models adopted is reduced and sometimes the
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general complexity of the numerical models induces up
to characterize cartilage tissue as linear elastic material
[44], [48]. In the present work, within the evaluation of
a complete hindfoot three-dimensional model, cartilages
are described by using a fiber-reinforced hyperelastic
constitutive model, therefore taking into account
geometric and material non linear behaviour and ani-
sotropic response due to the collagen fibers contribu-
tion. This constitutive model was already considered
for its general reliability [50], but not adopted in
numerical analyses of a complete ankle joint. Both
experimental tests modelled are characterized by the
same strain rate (30% s') and are consequently
adopted within the numerical analysis.

The description of the mechanical response of the
cartilage could be refined by considering more com-
plex models that can take into account, for example, the
presence of free water to flow in fibers net [14]-[20], or
even the inter-molecular forces due to negative and
positive charges in a fiber-reinforced poro-viscoelastic
swelling model [18], [19]. The adoption of these mod-
els would increase the complexity of the numerical
approach not only because of the definition of the con-
stitutive parameters set, but also because of the defini-
tion of boundary conditions and, in general, must be
in direct relationship with experimental data for reli-
ability evaluation. On the other hand, the interest of
this work is addressed to the estimation of the maxi-
mum compression of the cartilage in the loading phase
and proved to be adequate for the purpose.

The numerical model developed in this work in-
cludes a cartilage layer juxtaposed on each bone sur-
face of the joint and a region mimicking the synovial
capsule with synovial fluid. This can represent an im-
provement with respect to previous three-dimensional
numerical models for the foot reported in literature that
do not consider a realistic structural model of hyaline
cartilages and synovial capsules. Often articular car-
tilages are reproduced as homogeneous region simu-
lating the articular connection between the two bone
heads. In other cases the mechanical connection is
simply described as direct interaction between carti-
lage surfaces [24]. Within the procedure to account for
the effects of the synovial region, the present model has
been preliminarily compared with a simplified model
where the synovial was not included, as sensitivity
analysis. In the latter case, the peak of compressive
strain shows to be confined in a much smaller region of
the cartilage not compatible with physiological obser-
vation, as reported in the literature [51].

Discrepancies between model and in vivo experi-
mental data can be caused by morphological differ-
ences due to inter-subject variability. Several studies

demonstrate that inter-subject variability can be consid-
erably high as far as volume, mean thickness and joint
surface [2] of hindfoot cartilage and talus morphology
[51] are concerned. In particular, there is emphasized
the difference between medial and lateral edges of talus
along the coronal plane, which is the medial-lateral line
considered in the comparison between numerical analy-
sis experimental data [36]. The cartilages of the tibio-
talar joint model are developed considering the specific
anatomical conformation, reporting values between
0.67-1.63 mm and 0.4-2.1 mm, respectively, recalling
data from literature [2], [3], [36]-[40], [52]-[55]. These
considerations stress the necessity of using more ex-
tended experimental data.

5. Conclusion

A procedure to investigate articular cartilage from
a biomechanical point of view and with regard to the
action during the stance phase of the gait is proposed.
In particular, attention is focused on hindfoot joints for
the important role paid. The comparison between ex-
perimental data and numerical results leads to the con-
clusion that the constitutive model developed is able to
offer a proper interpretation of the problem, accounting
for typical features of the mechanical behavior of car-
tilaginous tissue, such as non-linear elasticity, almost-
incompressible behaviour and anisotropy.

The numerical analysis pertains to a load repre-
senting the effects of weight of a subject in stance
configuration. In future development of the present
work, more general loading conditions will be as-
sumed, for example, to interpret different physiologi-
cal configurations such as dorsiflexion, plantar flexion,
inversion and eversion, that induce more intense stress
and strain states in the cartilage. Moreover, time de-
pendent response will be evaluated, in consideration
of effects induced during gate cycle, pointing out
characteristic aspects related to strain rate depend-
ency. In addition, the procedure developed for the
constitutive modelling of healthy cartilage will be
extended to osteoarthritic cartilage. This extension is
aimed to evaluate possible mechanical effects related
to degraded conditions of the cartilage tissue, facing
biomechanical problems that prove to be relevant for
their social and economic impact.
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