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The unique layered microarchitecture of articular cartilage with characteristic collagen fibre 
orientations is known to affect the mechanical response of cartilage[1]. In the deep zone of the 
tissue, the collagen fibres are aligned perpendicular to the joint surface while the superficial 
layers of the tissue exhibit collagen fibre orientations tangential to the joint surface.  The 
planar orientation of collagen 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 cartilage experiences during joint movement[2]. In fact, previous studies have 
demonstrated that microarchitecture, especially the depth-dependent collagen orientation and 
split line patterns, play an important role in cartilage mechanics[3, 4]. However the influence 
of collagen fibre orientation and split line patterns on stress distribution during gait has not 
been investigated with subject-specific finite element models.  
 
Therefore, we have developed a unique computational modeling framework for investigating 
cartilage tissue stress distribution. Our modeling framework is composed of two levels – joint 
and tissue levels. The joint level model is our whole joint knee FE model made up of major 
bones and soft tissues. 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 interface were used as displacement boundary condition for the tissue level 
model. This way the tissue level stress and strain in cartilage during gait was analyzed in an 
accurate and efficient manner.  
 
Our joint level knee model is made up of three bones (femur, tibia, fibula), four ligaments 
(ACL, PCL, MCL, FCL) and menisci. The cartilage layer was modeled separately using 
spatially-varying Gauss point material assignment scheme. This model was customized to a 
subject-specific model with MRI data of a subject (29 yrs old, female) using the Free Form 
Deformation (FFD) method[5]. Gait analysis was performed with the same subject. Using a 
previously developed method[6], we obtained kinematic and kinetic data with an 8-camera 
VICON Workstation Version 5.0 (Oxford Metrics Ltd., Oxford, England), which was then 
used to generate subject-specific boundary conditions for FE analysis. The whole system was 
solved quasi-statically for three key loading points in the stance phase of the gait cycle, 
namely heel-strike (HS), foot flat (FF) and contralateral toe-off (CTO). Stress strain 
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distribution at the tibiofemoral articulation were computed and passed on to the tissue level 
FE model of cartilage and meniscus, which were generated from the subject’s MRI. The 
shapes and thickness of cartilage and meniscus were identified from the scans and separate 
meshes for femoral and tibial cartilage layers as well as meniscus were generated. Both 
cartilage and meniscus were modeled as transversely isotropic biphasic materials[7]. The 
cartilage and meniscus models were then fitted with an image-based fibre field representing 
the depth-dependent collagen orientation and split line patterns, which allowed the material 
coordinate system in our models to be aligned with the fibre orientations in the tissue[8]. The 
final models were solved with strain values obtained from the 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 as friction less. Octahedral shear stress and 
hydrostatic pressure were computed with and without split lines in the model to investigate 
the role of split lines in stress distribution within the cartilage. 
 
Our results (Fig 1) show that collagen fibre orientation especially the split line patterns 
influence cartilage stress distribution pattern by concentrating peak stresses around the split 

lines. Moreover the 
presence of split line 
patterns shifted peak stress 
locations towards the 
medial posterior region, 
which is known to be an 
at-risk region for cartilage 
thinning and early 
osteoarthritis [9].  Our 
future work includes 
sensitivity analysis on 
parameters such as 

cartilage thickness, degree of defibrillation to identify which causes maximum stress 
concentrations in cartilage during dynamic loading conditions.  
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Fig 1. Octahedral shear stress on femoral cartilage. Medial is left and the scale is 0-2MPa 


