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SUMMARY 
Fluid flow in articular cartilages and menisci in the knee 
joint produces time-dependent load response or viscoelastic 
behavior of the knee.  However, the short term behavior, or 
instantaneous load response of the knee is elastic, because 
the fluid is trapped in the tissues and a flow cannot be 
developed immediately.  It has been widely believed that an 
elastic model can be used to describe the instantaneous load 
response of the knee as long as larger effective moduli, 
instead of the actual moduli, for the cartilaginous tissues are 
used.  In the present study, the instantaneous response of the 
knee was obtained from a proposed knee model including 
fluid pressure and fibril reinforcement in the cartilaginous 
tissues.  The results were then compared with those obtained 
from an elastic model using effective moduli.  It was found 
that the deformations and contact pressures predicted by two 
models were substantially different.  An analysis performed 
for the simple case of unconfined compression indicated that 
the equivalence in deformation could not be established 
between the instantaneous and elastic responses when a 
generic elastic solution procedure was used.  It did not 
matter whether a Poisson’s ratio close to 0.5 was used. 
 
INTRODUCTION 
Finite element models of the knee joints have been 
developed for various bioengineering applications [1,2].  
The analysis is time-consuming because of the complex 
knee geometry and multiple mechanical contacts involving 
femur, tibia, patellar, menisci, femoral and tibial cartilages.  
To simplify the problem, single-phase elastic models of 
cartilage and meniscus have been extensively used in the 
joint modeling.  It is believed that an elastic model can be 
used to describe the instantaneous load response of the knee, 
if an effective Young’s modulus is applied.  In addition, the 
effective Poisson’s ratio is set to close to 0.5 to approximate 
the tissue incompressibility at fast compression. 
 
The equivalence of instantaneous response of fluid saturated 
materials to the elastic behavior of a solid has been found 
long time ago [3].  In the mechanics of soft tissues, both the 
solid and fluid phases are considered incompressible [4].  
Applying the linear biphasic theory, the effective modulus 
for the instantaneous compression of a unconfined isotropic 
disk is 1.5E/(1+ν), where E and ν are the actual modulus 
and Poisson’s ratio of the tissue matrix [5].  First, we see 
this effective modulus does not apply to confined 
compression; it is dependent on boundary conditions.  
Secondly, this effective modulus (< 1.5E) cannot be used in 
knee joint modeling; at least 10 times greater values were 
actually used [6].  The objective of the present study was to 

determine whether the equivalence can be established in a 
numerical procedure for problems involving material 
nonlinearity and irregular boundary, such as for the knee. 
 
METHODS 
An anatomically accurate knee model was previously 
constructed using MRI measured geometry (Figure 1). The 
bone was modeled as elastic because of its greater stiffness 
as compared to the cartilaginous tissues. Fluid flow and site-
specific nonlinear fibril-reinforcement were considered for 
the cartilages and menisci [7]. Mechanical contact allowing 
small frictional sliding was modeled between the following 
pairs using ABAQUS: femoral and tibial cartilages, femoral 
cartilage and meniscus, meniscus and tibial cartilage. Knee 
compression without flexion was simulated. 

 
Figure 1:  Knee finite element model built from MRI data. 
 
Finite element solution was first obtained using the 
proposed model including fibril reinforcement and fluid 
pressure (Table 1). The instantaneous response was 
approximated by sealing all tissue surfaces with 
impermeable boundary conditions and using virtually zero 
permeability. The proposed model was reduced to an elastic 
model when fluid pressure was ignored. A Poisson’s ratio of 
0.48 and a large effective modulus for the nonfibrillar 
matrix were used in the latter case. The effective modulus 
was determined by matching the total forces predicted by 
the two models for the given compression. The modulus is 
commonly determined this way in published studies when 
the force data are available, and finite element analysis is 
desired for contact pressure etc. 
 
Four cases were analyzed when both linear and nonlinear 
tissue properties were considered (Table 1). 



Table 1:  Four cases were investigated when combining 
linear and nonlinear matrix properties, and using the 
proposed and elastic models. 

 Nonlinear matrix Linear matrix 
Proposed model 
 (Fluid trapped) “Full solution” “Linear trapped” 

Elastic model 
  (No fluid) “Elastic solution” “Linear elastic” 

 
RESULTS AND DISCUSSION 
The results in displacements were not the same in magnitude 
or distribution (Figure 2).  The distributions of the contact 
pressures on the articular surface of femoral cartilage were 
substantially different (not shown), even the total forces 
were matched at 100μm compression by adjusting the 
effective moduli.  The forces were not the same for any 
other magnitude of compression (not shown for cartilage in 
situ). 

       
(a)   
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Figure 2:  Surface displacement vectors of the femoral 
cartilage at 100 μm knee compression (inferior review, 
medial condyle on right).  (a) Full solution (8-225μm); (b) 
Elastic solution (35-142μm). 
 
In order to find the reasons behind the phenomenon, the four 
cases were also analyzed for the simple load and boundary 
conditions of unconfined compression (Figure 3).  These 
latter numerical solutions were supported by closed form 
solutions.  Analysis indicated that a full equivalence could 
not be established with a regular elastic formulation of a 
single phase material.  When only linear constitutive laws 
were applied, a partial equivalence in forces and stresses 
could be established for the case of uniform deformation 
using an effective modulus (Figure 3), but could not be 
established for the case of non-uniform deformation such as 
in the knee joint.  When any nonlinear constitutive law was 
involved, even a partial equivalence could not be established 
by using constant effective material properties.  The 
effective properties must be strain dependent, although it is 

not clear whether the equivalence can be expressed with 
simple functions for general cases.  No equivalence will be 
established in finite element analysis unless numerical 
procedures are particularly formulated to accommodate the 
strain dependent equivalence. 
 
It is neither necessary nor sufficient to use an effective 
Poisson’s ratio close to 0.5 to establish the equivalence.  The 
equivalence for the deformation cannot be established using 
generic elastic formulae regardless of Poisson’s ratio.  The 
partial equivalence in stress can be established for 
unconfined compression for a range of effective Poisson’s 
ratio and modulus if the tissue matrix is linear. 
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Figure 3:  Total reaction forces for the cartilage disk in 
unconfined compression.  The four cases were also 
investigated for the knee joint (Table 1). 
 
CONCLUSIONS 
A generic elastic model may not predict the incompressible 
behavior of soft tissues.  Although a full equivalence 
between the instantaneous and elastic load responses should 
exist, it cannot be simply established using constant 
effective modulus and Poisson’s ratio.  The material 
nonlinearity and inhomogeneous deformation make it 
difficult to establish.  Although not explored in the present 
study, the boundary condition could be another issue that 
must be considered when establishing such equivalence.  
The proposed model accounting for the fluid pressure is 
more time-consuming than the elastic model.  However, it 
has the advantage to determine the fluid pressure 
distribution in the tissues, which may not be identical to the 
contact pressures on the surface of the tissues. 
 
ACKNOWLEDGEMENTS 
Natural Sciences and Engineering Council of Canada; 
Canadian Institutes of Health Research. 
 
REFERENCES 
1. Li G et al., J Biomech Eng 121: 657-662, 1999. 
2. Peña E et al., Clinical Biomech 20: 498-507, 2005. 
3. Biot MA, J Applied Physics 12: 155-164, 1941. 
4. Bachrach NM et al., J Biomech 31: 445-451, 1998. 
5. Armstrong CG et al., J Biomech Eng 106: 165-173, 

1984. 
6. Shirazi R et al., J Biomech 41: 3340-3348, 2008. 
7. Gu KB and Li LP, Medical Eng & Physics, in press, 

DOI: 10.1016/j.medengphy.2010.12.001. 


