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Abstract This study presents an evaluation of the role
that cartilage fibre ‘split line’ orientation plays in inform-
ing femoral cartilage stress patterns. A two-stage model
is presented consisting of a whole knee joint coupled to
a tissue-level cartilage model for computational efficiency.
The whole joint model may be easily customised to any
MRI or CT geometry using free-form deformation. Three
‘split line’ patterns (medial–lateral, anterior–posterior and
random) were implemented in a finite element model with
constitutive properties referring to this ‘split line’ orientation
as a finite element fibre field. The medial–lateral orientation
was similar to anatomy and was derived from imaging stud-
ies. Model predictions showed that ‘split lines’ are formed
along the line of maximum principal strains and may have a
biomechanical role of protecting the cartilage by limiting the
cartilage deformation to the area of higher cartilage thick-
ness.
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1 Introduction

Osteoarthritis (OA) causes the most widespread physical
morbidity and impaired quality of life in the western world
(Abramson et al. 2006; Wieland et al. 2005). Almost half of
all people over the age of 60 and virtually all over the age of
80 will have osteoarthritis, costing billion dollars per year in
all major developed countries (Arthritis New Zealand 2010).
Yet the pathogenesis of cartilage degeneration is largely
unknown, and the disease untreatable with no available drugs
that can slow down the disease progression (Wieland et al.
2005). The situation is particularly alarming for the knee
joint, which is the most complex joint in the body that also
experiences the most injury. Even daily activities like nor-
mal walking subject it to forces up to six times body weight
(Accident Compensation Corporation 2003), and this does
not account for highly dynamic tasks such as stair climbing
that constitute our daily loading stimulus. Moreover, partic-
ipation in sports and recreational activities, encouraged for
all age groups, is ‘wreaking havoc with knees worldwide’
(Foy 2001) to the point of being described as ‘an epidemic’
(AccidentCompensationCorporation 2003;Bollen andScott
1996). Much of the damage is to cartilage, a mechanosensi-
tive tissuemaintained by a single cell type—the chondrocyte.
Although cartilage has a very thin layer, it deforms during
movement altering the contact surface area and magnitude
of stress within the tissue (Wang et al. 2001). Consequently,
cartilage damage due to knee injuries reduces tissue integrity
and alters stress levels significantly.

The key feature in articular cartilage that is known to affect
mechanical response is its unique layered microarchitecture
with characteristic collagen fibre orientation (Aspden et al.
1981). In the deep zone of the tissue, the collagen fibres are
aligned perpendicular to the joint surface, while the super-
ficial layers of the tissue exhibit collagen fibre orientations
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tangential to the joint surface. The planar orientation of colla-
gen fibres in the superficial layer also shows specific patterns
called ‘split lines’. It has been postulated that ‘split lines’
are aligned according to principal stress directions that carti-
lage experiences during joint movement (Below et al. 2002).
Some researchers used biomechanical experiment to analyse
the role of ‘split lines’ in the articular surface. Mizrahi et al.
(1986) measured the in-plane deformation of the articular
surface and found that the deformation was the least along
the ‘split line’ direction. Kamalanathan and Broom (1993)
also performed biomechanical experiment and concluded
that ‘split lines’ in the surface of articular cartilage may pro-
vide protection from the influence of distending forces. Other
investigators have used computational methods to analyse
the effects of fibre orientation on cartilage mainly using
finite element (FE) analysis. These studies demonstrated that
microarchitecture, especially the depth-dependent collagen
orientation and ‘split line’ patterns, plays an important role
in cartilage stress redistribution (Li et al. 2009; Mononen
et al. 2011) as well as deformation. In fact, FE models have
been widely used in investigating stress or contact pressure
in the tibiofemoral or patellofemoral cartilage (Besier et al.
2005; Donahue et al. 2002; Henak et al. 2013; Pena et al.
2006; Yang et al. 2010). However, it is still not clear what the
biomechanical roles of ‘split lines’ in the articular surface
are. In particular, the influence of collagen fibre orientation
and ‘split line’ patterns on stress distribution during daily
activities such as walking has not been investigated. There-
fore, the aim of this study is to use a subject-specific FE
model of the knee joint to investigate the biomechanical role
of collagen fibre orientation, especially on the articular sur-
face (i.e. split lines). The present study is focussed on how
‘split lines’ influence internal stress and strain distribution
patterns in the tibiofemoral cartilage during the stance phase
of gait. Our hypothesis is that ‘split lines’ play a role in shift-
ing the pattern of cartilage deformation towards regions of
thicker cartilage.

2 Methods

2.1 Overall modelling framework

The modelling framework is composed of two levels—joint
and tissue levels (see Fig. 1). The joint-level model is a whole
joint knee FE model consisting of the femur, tibia, meniscus
and all four ligaments. Cartilage layers at the tibiofemoral
articulation were chosen as the outer layers of bone using
the numerical integration points, called Gauss points. The
efficiency of this approach to assigning cartilage has been
validated in previous work (Shim et al. 2015). The loads
experienced by the knee during gait were simulated with this
whole joint knee model. This model was linked with detailed

models of cartilage and meniscus that contain accurate fibre
orientations. Strain values at Gauss points located at the
bone–cartilage interfacewere used as displacement boundary
condition for the tissue-levelmodel. Thisway the tissue-level
stress and strain in cartilage during gait was analysed in an
accurate and efficient manner.

The macroscale FE model of the knee was generated
from Visible Human images (NLM, Bethesda, MD) using
a previously developed technique (Shim et al. 2007) which
uses high-order cubic Hermite interpolation functions and an
optimisation-based geometric fitting procedure (Fernandez
et al. 2004) to generate meshes with C1 continuous smooth
surfaces. Our knee model is made up of three bones (femur,
tibia, fibula), four ligaments, namely, anterior cruciate lig-
ament (ACL), posterior cruciate ligament (PCL), medial
collateral ligament (MCL) and lateral collateral ligament
(LCL), and the menisci (Fig. 2). In the macroscale model,
the cartilage layer was modelled using a Gauss point mater-
ial assignment scheme (Shim et al. 2008) (Fig. 2d) . Firstly,
cartilage regions in the tibiofemoral articulation were iden-
tified from the Visible Human images, and the Gauss points
that were in the cartilage regionswere identified and assigned
with cartilage material properties. Therefore, our model had
four different tissues materials with their corresponding con-
stitutive properties. For bones, cortical (Anderson et al. 2005)
and cancellous (Dalstra et al. 1993) and subchondral regions
were modelled as linear elastic material with representative
modulus and Poisson’s ratio values obtained from the liter-
ature (Anderson et al. 2005; Dalstra et al. 1993). Cartilage
and meniscus were modelled as single phase, linear elastic
and isotropic materials. Modulus and Poisson’s ratio values
used in linear elastic materials are summarised in Table 1.

Ligamentsweremodelled as incompressible neo-Hookean
materials with hyperelastic and isotropic material properties
and used values reported in Pena et al. (2006) and shown in
Table 2.

2.2 Creation of a subject-specific FE model with
free-form deformation

The macroscale FE model was customised to a subject-
specific model with the subject’s MRI data (29years old,
female) using the free-form deformation (FFD)method (Fer-
nandez et al. 2004). Firstly, the anatomical landmark points
were identified from the generic knee mesh. Then corre-
sponding target points were found from the patient’s MRI
scans. The differences between the landmark and target
points were minimised to customise the generic mesh to a
subject-specific mesh. Figure 3 illustrates this process.

Gait analysis was performed with the subject whose MRI
was used in FFD customisation. Using a previously devel-
oped method (Oberhofer et al. 2009), we obtained kinematic
and kinetic data. Specifically, an 8-camera VICON Work-
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Fig. 1 Modelling pipeline consisting of whole joint cartilage strain
from gait analysis passed to separate cartilage–meniscimodel as bound-
ary conditions. aWhole knee model with major bones and soft tissues.

b Inside view of the whole knee model showing Gauss points assigned
with cartilage material properties. c Separate mesh generated detailed
analysis of cartilage stress distribution

Fig. 2 Steps involved in the generation of the knee joint FE model. The cartilage layer is represented with Gauss points in this macrolevel model
(shown on far right)
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Table 1 Modulus and Poisson’s
ratios

Modulus (MPa) Poisson’s ratio References

Cortical bone 17,000 0.3 Shim et al. (2008)

Cancellous bone 650 0.3 Dalstra et al. (1993)

Cartilage 5 0.46 Li et al. (2001)

Menisci 59 0.49 LeRoux and Setton (2002)

Table 2 C1 values for ligaments

ACL PCL MCL LCL

C1 (MPa) 6.06 6.43 5.38 6.06

station version 5.0 (Oxford Metrics Ltd., Oxford, England)
was used at 100Hz. The Cleveland Clinic Marker set, which
is routinely used in clinical gait analysis was adopted. The
marker set consists of 15 skin markers on anatomical land-
marks and an additional 12 markers on rigid plates wrapped
around shank and thigh. Ground reaction forces were mea-
sured by two Bertec force plates (Bertec Corporation, OH,
USA). Combining all kinematic data and ground reaction
force data, an inverse dynamic analysis procedure was used
to calculate the reactive forces and moments at all joints.
The values for the knee joint were used as subject-specific
boundary conditions for our FE analysis. Specifically, the
whole system was solved quasi-statically for four key load-
ing points in the stance phase of the gait cycle, namely heel
strike, opposite toe-off, heel-rise and contralateral toe-off.
First, flexion rotation, internal–external rotation and medial–
lateral translation were applied to the mesh. And then the
ground reaction force and moments were applied to solve
for varus–valgus rotation, anterior–posterior translation and
superior–inferior translation,which determines the knee con-
tact mechanics. Contact between the bones and menisci was
modelled as frictionless contact, while contact between the
bone and ligamentswasmodelled as tied contact. Stress strain
distribution at the tibiofemoral articulation were computed
and passed on to the tissue level FE model of cartilage and
meniscus, described below in Sect. 2.3.

2.3 Creating tissue-level FE model of cartilage and
meniscus with anatomically based fibre orientation

The subject’s MRI was used to identify the cartilage layer
shapes and thickness on tibiofemoral articulation and sep-
arate meshes for femoral and tibial cartilage layers were
created. Therefore the tissue-level FE model consisted of
femoral and tibial cartilage layers and meniscus (Fig. 4).

The cartilage andmeniscus layers weremodelled as trans-
versely isotropic biphasic materials. Since our boundary
conditions are instantaneous points in the gait cycle (i.e.

heel strike and toe-off) and the instantaneous response of
biphasic cartilage was shown to be equivalent to that of
an incompressible material (Ateshian et al. 1994), a trans-
versely isotropic incompressible elastic material formulation
by Garcia et al. (1998) was adopted. They showed that the
solution of a biphasic transversely isotropic problem at time
zero is equivalent to that of an incompressible transversely
isotropic elastic problem. Specifically, the elastic modulus of
the equivalent incompressible material was found in terms
of the elastic constants of the solid skeleton in the biphasic
material from Eqs. 1 and 2,
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where E (s) denotes elastic constants of the solid skeleton
of cartilage, while E denotes the equivalent incompressible
elastic constants. The subscript denotes planes in the system
with 1–2 being the plane of isotropy. In this study, the equiva-
lent elastic incompressible properties were obtained from the
solid skeleton properties of cartilage reported by Cohen et al.
(1993), who obtained the values from cartilage indentation
tests.

The cartilage and meniscus models were then fitted with
an imaging-based fibre field representing the surface layer
split line pattern taken from Below et al. (2002). Firstly, a
referencematerial coordinate system (curvilinear andorthog-
onal) is defined based on the finite element coordinate system
(x1 − x2 − x3). Secondly, a mutually orthogonal curvilinear
material coordinate system (u1−u2−u3) for the deformable
body is defined, which is used to represent the fibre vector
direction and a further two arbitrary directions (orthogonal)
to complete the structure-based 3D material coordinate sys-
tem. For each point in the cartilage, three sequential rotations
(Carden sequence) are then performed using the computed
Euler angles to align the initial reference material coordinate
systemwith the final structure-basedmaterial coordinate sys-
tem. Following these rotations, direction one (x1) aligns with
the fibre vector direction (u1). These Euler angles are then
fitted as a finite element nodal field (i.e. nodally based infor-
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Fig. 3 Procedures for obtaining a subject-specific FE model of the
knee with free-form deformation. a Generic mesh form visible human
images alongwith the initial host mesh. bGetting target points for mesh
morphing by aligning the generic mesh with subject’s MRI. Red points
are target points form MRI and blue are landmarks from the generic

mesh. c Deforming the host mesh to minimise the distance between
landmark and target points. Green is the initial host mesh and purple
is deformed host. d Morphing the mesh according to the host mesh
deformation pattern to get a subject-specific mesh

mation field) and aligned with the fibre orientation within the
cartilage. For more details on determining Euler angles, the
reader is referred to Mithraratne et al. (2010).

To analyse the influence of split lines on stress distri-
bution, three different split line patterns were tested in a
similar manner to Mononen et al. (2011); (1) normal split
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Fig. 4 Getting cartilage geometry and thickness from the MRI. a FE model with cartilage layer, bMRI scan with the FE model of cartilage layers.
The collage fibre orientation embedded in the model is shown

line reflecting the actual pattern shown in Below and col-
leagues work (2002); (2) anterior–posterior (AP) line where
tangential layer collagen fibres run in the AP direction; and
(3) random fibre orientation (Fig. 4).

Once the depth-dependent fibre orientation and split lines
patterns were implemented, the final models were solved
with strain values obtained from the whole joint-level knee
model. Nodes from the top layer of the femoral cartilage
and the bottom layer of the tibial cartilage were constrained
according to the strain values at the corresponding Gauss
points. The contact between cartilage and meniscus were
described using frictionless conditions. The role of split lines
in the articular cartilage was investigated using the follow-
ing three measurements computed from the FE analysis.
First, von Mises stress patterns were used to show the over-
all stress distribution patterns. Maximum principal strain
vectors were also used to identify the directional proper-
ties of split line patterns, particularly how it influences the
development of tensile strain and its direction. Finally, the
amount of in-plane cartilage deformation was measured by
computing the total amount of deformation in the articu-
lar surface. This was done by comparing undeformed and
deformed meshes of the femoral cartilage for all three cases
of split line patterns tested. The total amount of deformation
was calculated and compared the three split line patterns.
Statistical significance of the differences was tested using
paired two-sample t test. The models were solved using the
open-source finite element software CMISS (www.cmiss.
org), which has been developed as a part of the Physiome
Project (Hunter and Borg 2003) and is freely available for
academic use.

3 Results

The amount of deformation predicted by the FE model was
compared with values reported in a previous study by Lui
and colleagues, which measured cartilage deformation dur-
ing stance phase of gait using fluoroscopy (Liu et al. 2010)
(Fig. 5).

Thework of Liu et al. is shown in blue (with error bars) and
the results from this study are shown in red. The predicted
cartilage deformation pattern followed the measured values
reported by Liu et al. (2010) (Fig. 6). However, while the pre-
dicted medial values were close, the model predicted lateral
side deformation was larger than that measured by Liu et al.,
but was within the standard deviation of their measurement,
except at 100% of gait. The predicted cartilage deformation
was the largest during the opposite toe-off phase of gait.

Von Mises stress distribution patterns on the femoral car-
tilage were plotted for the three fibre orientation patterns
tested (normal, AP and random split line patterns) (defined
in Fig. 5). Figure 7 shows these surface von Mises stress pat-
terns at heel strike, opposite toe-off, heel-rise and toe-off for
the three fibre orientation patterns.

The von Mises cartilage stress distribution revealed that
the pattern is highly dependent on the fibre orientation at
the articular surface as well as the contact area. The con-
tact area changed during the stance phase of gait, which
is reflected in the peak stress pattern changes at different
stages of the stance phase. When normal split line pattern
was used, the peak stress value was 2.1MPa and occurred
during the opposite toe-off point of the gait cycle. When
split line direction was changed from normal to AP and to
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Fig. 5 Three split line patterns tested in our tissue level cartilage FE simulation. a Normal split line, b split line in AP direction only, c random
split line

Fig. 6 Comparison between predicted and measured cartilage deformation on the medial and lateral tibial condyles. Liu et al. is shown in blue
and the current study shown in red

Fig. 7 Von Mises stress distribution on the femoral cartilage during stance phase of the gait. Left is medial and right is lateral. Red is a peak of
2MPa
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Fig. 8 Vector plot of maximum principal strain in cartilage for (left) normal split line; (middle) anterior–posterior split line; and (right) random
split line pattern

random, the peak stress value also increased slightly to 2.3
and 2.4MPa, respectively. However, it was the stress distrib-
ution pattern that changed more drastically when the split
line direction was changed. The influence of split line is
most visible when the direction switched from a medial–
lateral direction to anterior–posterior (first and second rows
of Fig. 7) where the peak stress region changed to align with
the fibre orientation. Specifically, examining the stress dur-
ing opposite toe-off and heal rise, it is clear the peak von
Mises ‘hot spots’ in the area of contact have shifted from
a medial–lateral elongation to anterior–posterior elongation
pattern. To highlight the influence that the split line pat-
tern is having, a simulation with a random split line pattern
generated peak stresses in random locations, indicating that
the location of fibre split may cause peak stress to occur
especially when this region coincides with the area of con-
tact.

The strain vector plot showed that the direction of max-
imum principal strain aligned with the fibre orientation
(Fig. 8). The change in fibre orientation changed the strain
vector orientation accordingly when run using the same
boundary conditions. This confirms that the split lines are
formed along the principal strain direction as postulated by
others (Below et al. 2002).

The in-plane deformation of the femoral cartilage was
also dependent on fibre orientation. The amount of in-plane
cartilage deformation was measured by computing the total
deformation of femoral cartilage meshes for all three cases
of split line tested (normal, AP and random). Model pre-
dictions showed that the cartilage model with random split
lines had more cartilage deformation than the other cases
and the difference was statistically significant (p = 0.01)
(Fig. 9).

Fig. 9 Comparison of total in-plane deformation of the three split line
patterns tested. The cartilage mesh with random split line pattern (cen-
tre) showed a significantly larger amount of total deformation than the
other two cases

4 Discussion

This study presents a computational framework developed
to analyse stress distribution patterns in the femoral cartilage
during gait. We used a subject-specific finite element model
that is composed of two levels; (1) a joint-level model that
has all major bones, ligaments and meniscus of the knee.
Cartilage layers were embedded inside the bone model as a
set of Gauss point that occupies the area of cartilage layer
in the knee; and (2) a cartilage and meniscus model that
contains accurate collagen fibre distribution pattern includ-
ing the ‘split line’ patterns in the superficial region of the
cartilage.
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The strength of this approach is that one can analyse
cartilage mechanics with subject-specific loading conditions
while retaining greater computational efficiency. In fact, it
took about than twohours to run thewhole jointmodel for one
point in the gait cycle, but only a fewminutes to run the carti-
lagemodel using a standard PC. The complexity of the whole
knee model and the high computational cost were some of
the reasons that previous FE models had cartilage layers run
mainly with simplified loadings conditions (Gu and Li 2011;
Mononen et al. 2011; Shirazi and Shirazi-Adl 2009). How-
ever, the current approach allowed investigation of various
aspects of cartilage mechanics with a full FE model of the
knee joint using physiological and subject-specific loading
conditions.

The main focus of this study was to investigate the role
of ‘split line’ patterns in stress distribution in the femoral
cartilage. It has been postulated that ‘split lines’ are oriented
according to joint movements and principal stress directions.
The results showed that the presence of ‘split lines’ changed
the stress distribution patterns, and the location and distri-
bution of peak stresses followed the ‘split line’ patterns.
The strain vector plots confirmed that the ‘split lines’ do
get formed along the line of maximum principal strain. The
analysis of in-plane cartilage deformation revealed an inter-
esting biomechanical role of ‘split lines’, in that it limits
the deformation of cartilage to the central region of car-
tilage, which coincides with the thickest cartilage zones.
Therefore, this study suggests that the ‘split lines’ in the
articular surface play a role in guiding the deformation pat-
tern of cartilage and limiting it to the region with thicker
cartilage.

There have been previous FE studies that investigated the
role of ‘split lines’ in tibiofemoral cartilage (Gu and Li 2011;
Mononen et al. 2011). These studies also showed that ‘split
lines’ controlled stress and strain values. However, they used
either FE models of the cartilage layer only or simplified
knee joint models, and all used an axial loading to simulate
their results. This study, in contrast, used a full knee joint FE
model with boundary conditions from subject-specific gait
data coupled to a tissue-level cartilage model. This way, the
influence of ‘split lines’ on stress distribution within the car-
tilage was identified throughout the gait cycle. Furthermore,
the role of split lines in keeping peak cartilage deformation
to the central thicker region of cartilage during gait was also
revealed. Split lines may be seen as providing an additional
structural adaptation to loading that improves cartilage pro-
tection.

There are a few limitations that should be consideredwhen
interpreting the results in this study. The ‘split line’ pat-
tern incorporated in this study was estimated from images
of femoral cartilage in a previous anatomical study (Below
et al. 2002), which had limited resolution. Therefore, the
fibre orientation and location of fibre split pattern also had to

be estimated from the images, which might have influenced
the location of predicted peak stress. One might need to per-
form an anatomical dissection study to have better resolution
images. However, a parametric study was performed to see
the effect of ‘split line’ patterns by using three representative
cases. In each case, the pattern of peak stress were heav-
ily influenced by split line orientation and focussed towards
the centre. Therefore, the findings from this study about the
biomechanical role of ‘split lines’ are still valid despite the
resolution of those images used in implementing fibre ori-
entation. Secondly, we have not performed direct cadaveric
validation of our model. Instead we have used a previous
study by Liu et al. (2010) who reported measured cartilage
deformation during stance phase of the gait. We found that
our model prediction closely followed the measured pattern
reported by Liu and colleagues. However, caution is required
in interpreting this result as our predicted pattern deviates
from that of Liu and colleagues especially at 100% point of
the stance phase of the gait cycle. One major reason behind
this discrepancy can attributed to the difference between the
subjects used in their and our study. Specifically, Liu and col-
leagues used a dataset of eight healthy subjects aged between
32 and 49 among whom six were males and two females. On
the other hand, we used a gait data from a single female sub-
ject of 28years old. The bodymass index of the subjects from
Liu et al. was 23.5 kg/m2, while our subject has the BMI
of 21 kg/m2. Although our subject matches the qualitative
description of ‘healthy subjects’ free from any knee abnor-
malities used in Liu et al., the details in body composition
and age do not match perfectly. Due to these differences, our
prediction does not completely match the measured defor-
mation of Liu et al. However, the pattern matched relatively
closely, and the amount of deviation at 100% point of the
stance phase was just above or below their standard devia-
tion. Therefore, we are confident that our model is capable of
recreating cartilage deformation patterns during gait. Finally,
our knee joint models only have proximal parts of the femur
and tibia, so we could not use muscle forces from gait analy-
sis in our study. Muscle forces account for up to half the
loading in a joint and should be considered future version of
this work.

To conclude, we performed full subject-specific FE analy-
sis of the knee joint to investigate the role of split lines in
the tibiofemoral cartilage. We built a novel computational
framework for investigating cartilage stress during gait. Our
results showed that split lines are formed along the line of
maximum strains, and it has a biomechanical role of protect-
ing the cartilage by limiting the cartilage deformation to the
area of higher cartilage thickness.
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