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Abstract 
The normal displacement of articular cartilage was measured under load and in sliding, and the coefficient of friction during 

sliding was measured using a UMT-2 Multi-Specimen Test System. The maximum normal displacement under load and the 
start-up frictional coefficient have similar tendency of variation with loading time. The sliding speed does not significantly in- 
fluence the frictional coefficient of articular cartilage. 
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1 Introduction 

Cartilage has excellent biomechanical and tri- 
bological properties with low friction and minimum wear 
in diarthrodial joints throughout the lifetime of most 
people, and the lifetime of articular cartilage can be 40 
years or longer. This has inspired material and bionic 
scientists to study the mechanism of such excellent tri- 
bological characteristics in order to develop artificial 
joints. Various mechanisms have been proposed to ex- 
plain the remarkable low friction behavior of articular 
cartilage, such as fluid film, mixed and boundary lubri- 
cation. In the fluid film lubrication regime, both cartilage 
surfaces are completely separated by a layer of synovial 
fluid, which results in minimal friction"' 'I. However, this 
lubrication theory fails to explain the low friction in 
sensorial joints under conditions of little motion such as 
start-up after a long period of standing. Therefore, vari- 
ous mixed lubrication mechanisms have also been pro- 
posed, including boosted lubrication["], weeping lubrica- 
t i ~ n ' ~ '  and biphasic l~brication[~'. In particular, the load 
carried by the fluid phase in articular cartilage is re- 
sponsible for low friction, and the loading time prior to 
sliding is an important factor'6-81. In addition to these 
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mixed lubrication theories, boundary lubrication is ex- 
tremely important in ensuring low friction and protecting 
the surfaces when two cartilages are in direct contact[". 

In this study we investigate the frictional behaviour 
of articular cartilage of bovine knee with mixedhound- 
ary lubrication regimes in bovine serum, by measuring 
normal displacement under load and the coefficient of 
friction after periods of stationary loading varying from 5 
sec to 60 min. The influence of sliding speed upon fric- 
tion is also investigated. 

2 Materials and methods 

2.1 Materials 
Articular cartilages were collected from bovine 

femoral condyles and from the moral-patella articulating 
surfaces, with the underlying subchondral and cancellous 
bone retained, then were cut to the square form of 7 
mmX7 mm bone and rectangular form of 30 mmX 10 
mm bone which were called upper cartilage and lower 
cartilage respectively. The average thickness of the car- 
tilage layer was 1.3 mm, and that of subchondral bone 
was 2 mm. The surface of cartilage was kept horizontal 
by polishing the underside of the underlying subchondral 
bone, so as to ensure that the contact areas were hori- 
zontal on all specimens. Articular cartilage specimens 
were stored frozen at -20 "C in saline. Prior to the tests the 
cartilage specimens were defrosted and immersed in 
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ured changes in the Z-carriage caused by the displace- 
ment of the cartilages. The upper cartilage was loaded to 
40 N under programmed control, and the computer 
automatically recorded the displacement. Normal dis- 
placement was the total displacement of upper and lower 
cartilages. Loading time ranged from 5 sec to 60 min. 

- - ~~~ . -  

bovine serum for at least one hour before use. 
Bovine serum with concentration of 99% was 

bought from Jianghai Bioengineering Limited Company 
of Heilongjiang Province. A UMT-2 Multi-Specimen 
Test System was used to measure the normal deformation, 
tangential force, normal force and sliding length simul- 
taneously. 

2.2 Methods 

2.2.1 Normal displacement test under load 
A loading test was carried out to investigate the 

normal displacement of cartilages under load. The upper 
cartilage was stuck to a stiff 8 mmX8 mm metal fixture, 
and the fixture was connected to the tool holder of the 
Test System with a pin. The tool holder, pin and fixture 
were in line. The lower cartilage wa4 fixed to the bottom 
of a bath made of Ultra High Molecular Weight Poly- 
ethylene (UHMWP) filled with bovine serum (Fig. I ) .  
When the two cartilages contacted, a strain gauge meas- 
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Fig. 1 Experimental methods of loading test of 
articular cartilage. 

2.2.2 Frictional test in sliding 
Sliding tests were carried out to investigate the 

frictional behavior of cartilages in sliding. Prior to sliding 
test, the cartilage was loaded vertically. When the upper 
cartilage was sliding the lower cartilage remained at rest 
(Fig. 2). The friction force in sliding direction (F,) and 
the normal force (F,) were measured by force transducers 
in the test system. The frictional coefficient was calcu- 
lated as FrIF,.  The sliding was in one direction and at a 
constant speed. Each loading and sliding test was con- 
trolled by computer. The normal load of 40 N applied to 
the upper cartilage produced a stress in the range of 0.5 
MPa to 4 MPa (depending on the contact area) repre- 
sentative of physiological loading. Lower sliding speeds 
were employed to ensure that the contact operated in 
mixed or boundary lubri~ation'~'. Different sliding speeds 
were used to investigate their influence on frictional 
behavior of the articular cartilages. After the sliding test 
the cartilages were unloaded and immersed in bovine 
serum for several minutes allowing them to rehydrate 
again and to recover their former structure. The time for 
which the cartilage was unloaded and immersed in bo- 
vine serum was twice that under load. 
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Fig.2 Experimental methods of sliding test of articular cartilage. 

The experiments were conducted with loading 
times of 5 sec, 30 sec, 1 min, 2 min, 4 min,  7 min, 12 min, 
20 min, 30 min, 45 min and 60 min, and under sliding 
speeds of 2 mm.s-', 4 mm.s-I and 7 mtn.s-l respectively. 
The sliding distances were 10 mm, 12 tnm and 14 mm, 

respectively. Each experiment was repeated three times 
under the same condition, hence 1 1  X3 X 3  experiments 
were performed. The normal displacement and the co- 
efficient of friction were the mean value of three ex- 
periments. 


