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1. Introduction

During normal walking, human lower leg joints support more than 3 times body weight
because muscle forces are added to the net body weight, and contact pressure between
articular cartilage exceeds 1 MPa. Though articular cartilage is not a strong material, it
can survive as long as a human life under high load and low velocity. Therefore, many
researchers with different backgrounds have been proposed many lubrication models to
explain the reason for low friction and low wear in natural joints. This paper reviews the
studies of lubrication in human joints from the standpoint of a tribologist.

2. Materials and composition of natural joints

Sliding surface in joint is covered with articular cartilage. It is a soft tissue composed of
cells (chondrocytes), polysaccharides, collagen fibers and 80 wt% water (1). The cells
are surrounded with matrix of amorphous polysaccharide substances and collagen fibers.
The moment external force is applied, the articular cartilage behaves like an elastic solid.
Then, the cartilage continues to creep with pressure induced water flow through the
cartilage. For instantaneous or dynamic loading, elastic modulus of the cartilage is
estimated to be about 10 MPa (2). The rate of flow in the cartilage decreases gradually
with time. Elastic modulus is estimated to be about 1 MPa for the final equilibrium
condition when creep deformation diminishes. The mechanical property of the articular
cartilage is expressed by poro-elastic model or biphasic model (3). The articular
cartilage attaches firmly to sub-chondral bone plate.

The synovial fluid includes hyaluronic acid, proteins, cells, phospholipids and
inorganic ions. Viscosity of the synovial fluid is higher than pure water due to
hyaluronic acid supplied from synovial membrane. Viscosity of synovial fluid decreases
from 1 Pa s to 0.01 Pa s with an increase of shear rate (2).

3. Soft-EHL (4)-(7)

The articular cartilage and sub-chondral cancellous bone is deformed by pressure
applied to the cartilage surface. Therefore, the major lubrication mode of natural joints
is soft elasto-hydrodynamic lubrication (soft-EHL). In other words, most of joint load is
supported by fluid pressure. According to a numerical analysis of EHL film in human
ankle joint (8), fluid film thicker than 1 pm is formed between cartilage surfaces during
walking. The fluid film is formed by hydrodynamic wedge effect and maintained by
squeeze film effect. However, it is unlikely that complete fluid film is always keptin a
human joint because human motion is not always periodic. For example, when a human
joint is moved suddenly after a long rest under load, the cartilage surfaces inevitably
slide contacting to each other. Then, supplemental lubrication mechanisms act to reduce
contact pressure and wear (3), (5), (7).
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4. Weeping lubrication (9)

As the articular cartilage is a porous and elastic material, water flows through the
cartilage, flows out of the cartilage to the gap or flows into the cartilage. However, rate
of flow into the cartilage and out of it is negligibly small if the cartilage is pressed by
fluid (6) because its permeability is very low. However, if the cartilage is pressed with
solid or porous material, pressure gradient arises in the layer beneath the cartilage
surface in direction normal to the surface. As the layer is very thin at the moment of
contact, pressure gradient becomes very steep even if contact pressure is low. Therefore
a small amount water weeps from the cartilage to the gap and lubricate the cartilage
surface for a while (10). The articular cartilage detects lubrication condition and
responds to direct contact pressure.

According to an experiment (11) with an end-face friction apparatus for cartilage-
flat disk combination, creep deformation continues for 1 hour until creep deformation
velocity approaches zero. This result suggests that weeping of water continues for 1
hour. On the other hand, friction continues to increase for more than 2 hours until
coefficient of friction becomes constant. From the difference in these intervals, it may
be concluded that the effect of water exuded from the cartilage continues for more than
1 hour. This period is much longer than the interval estimated for squeeze film effect.
Then, it is likely that another lubrication mechanism takes place to keep low friction
coefficient for long time.

5. Surface gel hydration lubrication

A thin bright layer is observed on the cartilage surface with an optical microscope.
Sasada (12) presented a new lubrication model with the surface layer of hydrophilic
macromolecules and water. The main source of the macromolecules is the cartilage
while molecules from synovial fluid bond to them. Water molecules are attracted by the
macromolecules and separate the compliant branches of macromolecules from the ones
on the mating surface. The restricted water has intermediate property of sol and gel.
Friction and wear are kept low by the water rich surface layer. Though the surface gel
hydration lubrication resembles to squeeze film action, the effective time of the former
is much longer than that of the latter because of attractive force between the water and
the macromolecules.

Similar low friction is experienced at skating, skiing, walking on a rock covered
with wet slippery moss or polymer surface grafted with hydrophilic materials.
According to experiment with polyurethane graft polymerized with dimethylacrylamide
(13), friction depends on water content of the surface layer. Low friction coefficient is
kept long even at extremely low sliding velocity.

6. Boundary lubrication

The boundary lubrication is the final mechanism that acts even when other lubrication
effects fails. Proteins from the synovial fluid reduce friction and wear (14), (15). y-
globulin is the most effective boundary lubricant among the proteins included in
synovial fluid. The synovial fluid also include phospholipids. A small amount of
dipalmitoy] phosphatidylcholine attaches at the hydrophobic region of the cartilage
surface reduces friction after the surface lubricating layer is removed by treatment with
detergent (16). While hyaluronic acid contribute to fluid film lubrication by increasing
viscosity, it does not affect boundary lubrication.



7. Discussion ,

As stated before, the major lubrication mode in a human joint is soft-EHL. If complete
fluid film is kept throughout the cartilage surface, the lubrication condition depends
only on joint profile, elastic modulus of the cartilage and viscosity of synovial fluid.
Therefore, we would be able to realize an artificial joint of a material with low elastic
modulus regardless of its anti-wear property. However, wear resistance of sliding
surface is inevitable even for a compliant surface artificial joint because direct contact is
unavoidable in artificial joints as well as natural joint.

Generally speaking, simple lubrication mechanism is desired for an industrial
bearing to confirm reliable operation. In contrast, in a human joint, complex lubrication
mechanisms collaborate to make the articular cartilage survive as long as a human life.
The difference in design concept is due to the difference in history. Natural joints has
obtained reliability through the evolution for hundreds of million of years. However, 1
believe that we can get many ideas from the human joints.

8. Summary

The major lubrication mode of human joint is soft-EHL while supplementary
lubrication mechanisms affect at mixed lubrication region. This paper focuses weeping
lubrication and surface gel hydration lubrication because they are not recognized in
industrial bearings.
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