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Lubrication aiid Wear of Joints
The na tura l joint is a rem arkable bearing. It is expected 

to  operate in the hum an m achine fo r a period of about 70 
years whilst transm itting loads and yet accom m odating a 
wide range of m ovem ent. It norm ally perform s these 
functions with high efficiency, and  coefficients of friction 
as low  as 0 .0 0 2  have been recorded. In engineering 
situations bearing life is som etim es m easured in m inutes, 
often in hours, and som etim es in years, but it is rare 
indeed fo r the bearing desigser to be asked to provide 
a bearing with an estim ated life o f 70 years in the 
machine! It is fa ir to say that the engineer would find it 
extrem ely difficult to  provide a bearing which would 
operate w ithin the environm ent o f the body, in the same 
space as the n a tu ra l bearing, un d er the sam e loads, 
with the same degree of m ovem ent, with sim ilar friction 
and com parable m ean life to the na tura l bearing.

The influence o f lubrication, friction, w ear and good 
bearing design upon the efficiency and general econom ic 
perform ance of the m achinery in our technological 
society was recognised in 1966 by the introduction  o f a 
new w ord, ‘tribology’, m eaning ‘the science and tech
nology of interacting surfaces in relative m otion’. A t 
the U niversity  of Leeds we have form ed a Bioengineering 
G ro u p  fo r the Study of H um an  Jo in ts which combines 
the expertise o f rheum atologists, orthopaedic surgeons, 
tribologists, biochem ists, polym er scientists, m etallurgists, 
physical educationists and zoologists in an effort to 
understand the rem arkable characteristics of healthy 
joints and, perhaps m ore import-nitty, the reasons why 
some hum an bearings wear out m ore rapidly than others.

Engineers tend to classify form s of lubrication in to  a 
few well-known physical and chem ical m echanism s, and 
a good deal of progress has now been m ade tow ards an 
understanding of the perform ance of the n a tu ra l joint. 
A ttem pts have also been m ade to develop synthetic 
lubricants which m ight be introduced into joints which 
start to show signs of failure in the same way that 
an engineer m ight prolong the life o f a bearing in a 
m achine by in troducing an im proved lubricant. F inally, 
and particu larly  in the case of osteoarthrosis, it may be 
necessary to consider joint replacem ent if function has 
been severely im paired and the patient is subjected to 
pain. It is im portant that endoprostheses should be 
designed on p ro p er engineering principles, otherwise 
undue w ear o r loosening will occur. In  this article a 
brief introduction  will be given to studies in  each of 
these fields.

M odes of Lubrication
In engineering situations lubricated bearing behaviour 

m ay 'be described by one of the following regimes: 
fluid-film lubrication; 
mixed lubrication; 
boundary  lubrication.

Fluid-Film Lubrication
This occurs whenever the bearing surfaces are separated^, 

by a layer of fluid which is th icker than  the sum of th f^ j  
surface roughnesses. The resistance to m otion a risey1' 
entirely from  the shearing of the viscous layer, and in 
general the friction force can be represented by an 
equation  of the form :

F  =  A -------------(1)

where
F =  fraction force;
U =  relative sliding velocity;
h =  lubricant film thickness;
A =  effective area of bearing;
71 =  coefficient of viscosity.

The coefficient of viscosity is the most im portan t pro
perty  o f a lubricant in fluid-film bearings since it governs 
not only the resistance to m otion but also the ability of 
the bearing to develop adequate load-bearing pressures in 
the fluid.

The lubrication films in bearings are themselves 
quite thin in physical term s, norm ally between 10~5 and 
10"3 in. This m agnitude is norm ally  adequate to separate 
the opposing bearing surfaces which are, of course, manu
factured with a high degree of precision. Surface rough
nesses of typical engineering bearings usually range froaf 
one to a few tens of m illionths of an inch. II

If the apposing bearing  surfaces can be prevented from 
touching each other by interposing a layer of fluid, wear 
is alm ost totally  prevented and the resistance to  sliding 
is low. It is for this reason that ‘fluid-film1 is often 
described as the ideal m ode of lubrication. Tf the load- 
carrying pressures are generated by the sliding motion 
of the surfaces the m echanism  is known as the ‘hydro- 
dynam ic’ lubrication, but if  the pressure is generated in 
a pum p outside the bearing the action is known as 
‘hydrostatic lubrication’.

The thickness o f the fluid layer in a hydrodynamic 
bearing in which the viscosity of the fluid rem ains con
stant increases as the sliding speed (U) increases and 
decreases as the load fW ) increases, o r

hoc /’U’\ n
\W /  ------------ (2)

A nother very im portant feature of hydrodynam ic bear
ing is that the film thickness decreases in the direction 
of sliding—a concept know n as the  ‘physical wedge 
arrangem ent.
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Boundary Lubrication
j t js clear from  equation (2) ' that the thickness of the 

l u b r i c a n t  layer will decrease at low speeds and high 
loads and in due course the opposing bearing surfaces 
vvill come into contact a t high spots o r asperities. As the 
severity of this condition increases the effectiveness of 
the lubricant layer diminishes, friction rises, and the 
b earing  surfaces start to wear.

It is found th a t friction and resistance to w ear are no 
longer governed by the viscosity o f  the bulk fluid but by 
the properties of thin surface layers form ed by physical 
and chemical action on the surfaces o f the solids; hence 
the term ‘boundary  lubrication’.

If the operating conditions in m achinery are severe, 
as they are in gear boxes and m any bearings, steps have 
to be taken to provide adequate protection for the su r
faces under conditions o f boundary  lubrication. This 
is normally achieved in engineering situations by in tro 
ducing an additive into the bulk lubricant. Substances 
like fatty acids are frequently  used for m oderately severe 
conditions, whilst extreme pressure (E.P.) additives which

t act chem ically with the bearing solids are employed in 
ore extrem e conditioss.
The resistance to m otion under boundary-lubricated  

co n d itio n s  is found to  obey sim ilar laws to  those of dry 
friction, although the coefficient o f friction is norm ally 
higher in the la tter case. Thus:

F =  | i W ----------(3)
wSnre

F =  friction force;
W =  applied load;
P. =  coefficient o f friction.

It should be noted from  equations (1) and (3) that the 
friction characteristics of ‘fluid-film’ and ‘boundary- 
lubricated’ bearings are quite different.

Mixed Lubrication
Many bearings operate in the in term ediate condition 

between boundary  and fluid-film lubrication. The su r
faces are not com pletely separated by a layer of fluid, 
although the regions o f close approach and asperity 
interaction occur over a very small fraction  of the 
effective bearing area. T he friction characteristics of the 
bearing show indications o f both m echanism s, and the

j'-omplete behaviour is thus know n as ‘m ixed lubrication’.

fiction
Under conditions of dry contact o r boundary  lubrica- 

t.on equation (3) gives a good description of the resist
ance to sliding m otion. This equation  reflects the well- 
known laws of friction, known as A m ontons’ Laws which 
state that:
1- the force o f friction is independent o f the apparen t 

bearing area;
2- the force o f friction is directly p roportional to the 

applied load.

Most surfaces are quite rough on a m olecular scale 
and when two solids com e together they touch only at 
nigh points for asperities). A sperity  interactions cause 
appreciable local elastic and plastic deform ation but the 
real area of contact norm ally rem ains a very small frac- 
«on of the ap paren t bearing area. It is, of course, the 
real contact area which governs the resistance to sliding 
and this explains A m ontons’ first finding that the force 
w friction is independent o f the apparen t bearing area 
, ? >0031 shear stresses on the areas of asperity in te r
action are found to be reasonably  uniform , and since the
in ^  a rea , ■ is d irectlV Proportional to total
uaa (w ); thus explaining A m ontons’ second law.

Wear
Although practically everything w hich an engineer 

m akes will ultim ately wear out, this aspect of tribology is 
the least explored. T he physical and chem ical actions 
involved in the wear process are complex, and m uch 
current research w ork is devoted 10 their elucidation. 
W ell-iyjown forms of wear include abrasion, adhesion, 
fatigue, erosion and corrosion.

A brasive wear m ay occur when a rough, hard surface 
slides over a softer one (e.g. steel over plastic), o r when 
hard  particles are trapped betw een rubbing surfaces.

In the latter case the abrasive m aterial may en te r the 
con junction  from  the environm ent, or it may be debris 
resulting from  the wear process.

Adhesive wear, which occurs as a result o f local 
welding at asperity junctions, is by fa r the  m ost comm on 
wear m echanism . In m any cases the volum e of m aterial 
removed in the adhesive w ear process satisfies the 
following relationships:

where

V =  volume of m aterial w orn away;
W =  applied load;
x =  total sliding distance;
Pm =  hardness of softer m aterial;
k =  w ear coefficient;

This equation  enables the bearing designer to estim ate 
the useful life of a bearing or endoprosthesis under given 
operating conditions. It also enables the w ear resistance 
of different m aterials to be evaluated if the hardness can 
be m easured and the dim ensionless w ear coefficient 
evaluated.

Synovial Joints
The synovial joint possesses m any of the features of 

engineering bearings. T he bearing  m aterial ‘articular 
cartilage’ is supported on a relatively hard backing (bone) 
and lubricated by a viscous fluid (synovial fluid). It is 
necessary to understand the properties o f all these bearing 
elem ents and the conditions encountered in the  jo in t if 
the lubrication mechanism  is to be resolved.

A rticular cartilage is a relatively soft, porous m aterial 
with a surface roughness abou t ten times greater than 
conventional engineering bearing surfaces. Tt deform s 
under load and the fluid contained w ithin the porous 
m aterial is slowly expelled. Synovial fluid is a dialysate 
o f blood plasma to which is added hyaluronic acid, 
m anufactured by the synovial m em brane. The fluid is 
non-N ew tonian  as far as its viscous properties are 
concerned.

Thus at low shear rates when the jo in t is alm ost 
stationary, synovial fluid is usually a t least as viscous as 
glycerine. A t the highest shear rates encountered in ru n 
ning it is only a few times m ore viscous than  water. The 
additive m ainly responsible fo r the viscous property  of 
synovial fluid is hyaluronic acid. N a tu re  has provided a 
fluid which gives excellent tribological properties fo r the 
conditions encountered in the hum an joint.

Synovial joints are really dynam ically loaded bearings. 
Tn the case of the hip and knee joints the loads vary 
considerably. It has been shown that in the norm al 
walking cycle loads on the hit? jo in t can rise to three or 
four times bodyweight. Sim ilar loads are encountered 
in the knee. Tn vigorous exercises o r accidents m uch 
greater forces may be applied to the a rticu lar surfaces.

F rom  a knowledge of the overall geom etry of synovial 
joints, the properties o f a rticu lar cartilage and synovial 
fluid, the sliding speeds, and loads encountered in typical 
activities, it is possible to estim ate the thickness o f the
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effective lubricating layer. Several im portan t results 
emerge from  such investigations, bu t the m ain conclu
sions are as follows:
1. D uring exercises like walking the effective layer of 

lubrican t is thicker than  the surface roughness of 
healthy  articu lar cartilage (even though the latter is 
rough  com pared with engineering bearing surfaces):
i.e. fluid-film lubrication exists fo r pa rt o f the cycle.

2. The local deform ation  of the elastic cartilage en
courages the generation of this effective layer of 
lubrican t during  sliding m otion and the jo in t thus 
experiences elastohydrodynam ic lubrication. 
N ew tonian  behaviour) leads to  enhanced pro tection

3. A t heel-strike the load rises considerably and the 
jo in t surfaces move tow ards each o ther to give a 
form  of fluid-film lubrication know n as squeeze-film 
action, particu larly  when sliding velocities are low.

4. D uring  squeeze-film action the  unique com bination 
of cartilage properties (particularly  elasticity, p o r
osity, and surface quality) with synovial fluid charac
teristics (m ainly m olecular com position and non- 
N ew tonian  behaviour) leads to enhanced  protection  
fo r the  articu lar surfaces. T his has been term ed 
‘boosted lub rication ’.

5. A fter prolonged loading and possibly at the  tim e of 
‘toe-off’, when the second loading peak is applied 
to the joint in the walking cycle, a rticu lar surfaces 
come very close together and are protected  by 
boundary  lubrication  action.

It is c lear th a t no unique m ode of lubrication  governs 
the behaviour of load-bearing synovial joints. Indeed, 
the jo in t appears to encounter all the conventional lub ri
cation m echanism s known to  the engineer. In addition, 
the rem arkable ability  of the jo in t to  resist squeeze-film 
action appears to be unique to the biological system.

Synthetic Lubricants
The possibility o f influencing the developm ent of osteo

arthrosis by in troducing a synthetic lubrican t into the 
capsule o f a jo in t has been explored in recent years. 
L ubricants which resem ble synovial fluid in flow term s 
have been subjected to  toxicity  tests and a num ber of 
clinical trials have been undertaken. Silicones and 
polym er solutions have been evaluated, and a lthough 
som e patients dem onstra ted  rem arkab le  im provem ent, 
there is not sufficient evidence to prom ote  confidence in 
the view th a t lubrican t changes in hum an jo in ts  will soon 
be com m onplace. Extensive studies o f potential lubri
cants leading to  clinical trials are now  in hand and it

will be som e tim e before  the fu ll potential of this, 
approach can be evaluated.

The Behaviour of Replacement Joints
Tw o of the m ajor problem s encountered in endo- 

prosthetic design are tribological in nature. In  the first 
place, the rate o f wear has to be sufficiently low  to 
enable the joint to operate satisfactorily  as a bearing for 
the rem aining life o f the hum an m achine. Secondly, the 
friction force developed between th s  sliding surfaces 
m ust be m inimised, no t only to provide freedom  of 
m ovem ent fo r the patient, bu t also to lim it the severity 
of the problem  of im plan t fixation.

M ost replacem ent jo in ts are e ither o f the  metal-on- 
m etal or m etal-on-plastic varieties. If  two m etals are 
used it is custom ary to em ploy like m aterials to  avoid 
corrosion problem s in the hostile environm ent o f  the 
body. Such a com bination o f m etals norm ally leads to 
high friction and is generally avoided in engineering 
bearings. In the hum an jo in t m any successful metal-on- 
metal bearings based upon chrom e-cobalt alloys haw 
been designed and used. T hey have a relatively IcA 
wear-rate bu t the friction forces and torques are hig| 
com pared with m etal-on-plastic bearings. T he main 
w ear m echanism s encountered  in m etal-on-m etal joints 
are abrasion  and adhesion.

In recent years designers have turned increasingly to 
m etal-on-plastic com binations of m aterials. Stainless 
steels and chrom e-cobalt alloys have been used and the 
m ost popular plastic has been m edium -density, high- 
m olecular weight polyethylene. These com binations pro
vide m uch lower friction, thus relieving the fixation 
problem , but the plastic tends to w ear away by adhesion, 
abrasion, and possibly fatigue. C areful lab o ra to ry  studies 
have shown th a t in load-bearing jo in ts such as the hip 
and the knee the w ear ra te  is sufficiently low to enable 
useful lives to some twenty-five years to be envisaged for 
this kind of joint.

The search fo r im proved bearing m aterials fo r endo- 
prosthetic developm ent continued alongside fundamental 
studies o f the friction and wear process. Replacement 
joints usually  operate in the presence of a fluid similar 
to healthy synovial fluid, bu t it is im portan t to realise 
th a t those jo in ts m ade of a m etal-on-plastic combination 
c f  m aterials could perform  adequately  as dry bearings.

R eplacem ent hum an bearings are now  available in a 
variety o f form s fo r the hip, knee, shoulder, elbow and 
finger. D evelopm ent has been rapid  during the past 
decade and there appears to  be every prospect thr' 
steady and possibly spectacular progress will be made® 
the next ten years. '

A rticle received A ugust, 1976
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