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Abstract: Three publications from Part C which strongly influenced the development of the field
of lubrication in human joints are revisited and their impact on the field is outlined. Furthermore,
the impact of the Journal of Mechanical Engineering Science on the field of lubrication and wear
in living and artificial human joints is analysed.

‘Analysis of “boosted lubrication” in human joints’ by Duncan Dowson, Anthony Unsworth,
and Verna Wright appeared in 1970, ‘The lubrication of porous elastic solids with reference to the
functioning of human joints’ by Gordon R. Higginson and Roger Norman was published in 1974,
and ‘Engineering at the interface’ by Duncan Dowson addressed the audience in 1992.
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1 SYNOPSIS OF THE THREE ARTICLES

1.1 ‘Analysis of “boosted lubrication” in human
joints’ by D. Dowson, A. Unsworth, and V.
Wright. Proc. Instn Mech. Engrs, Part C: J.
Mechanical Engineering Science, 1970, 12,
364–369

In 1970, Duncan Dowson had already been a Profes-
sor at the University of Leeds for four years, Anthony
Unsworth was still a graduate student, and Verna
Wright was head of the Rheumatism Research Unit in
the medical faculty of the University of Leeds.

This work [1], reproduced as Appendix 1, pro-
vides a basic analysis of boosted lubrication and was
frequently referenced between 1985 and 2007. The
publication starts with a description of the human
load-bearing joint in engineering terms:

‘The load-bearing human joint is a self-acting dynam-
ically loaded bearing which employs a porous and
elastic bearing material (articular cartilage) and a highly
non-Newtonian lubricant (synovial fluid)’.

The concept of ‘boosted lubrication’ was proposed
by Walker et al. in 1968 [2] as a new mode of lubri-
cation, based on squeeze-film action with porous
bearing surfaces, capable of playing a significant
part in the successful operation of load bearing
human joints. This concept is still valid, 131 scientific
publications (as found on scholar.google.com) dealt

with ‘boosted lubrication’ between 1968 and 2007. In
short, the squeeze-film action leads to concentration
of hyaluronic acid-protein complex in the lubricant
as a result of diffusion of water and low molecular
weight substances through the porous cartilage and
the restricted gap between the approaching cartilage
surfaces. The increased concentration of hyaluronic
acid thereby gives rise to an increase in the viscosity of
the synovial fluid.

In their theoretical analysis of squeeze-film action
under conditions of boosted lubrication, Dowson,
Unsworth, and Wright assumed that the viscosity of
the lubricant increases as the surfaces approach each
other. Three cases were investigated: a cylinder near
a plane, parallel plane surfaces, and parallel circular
plates. They concluded that the ratio of boosted to nor-
mal squeeze-film times is determined by a factor of the
form (1 + k(F /h2)). The initial film thickness h1 was
assumed to be 100 μm, the final film thickness h2 to be
10 μm, and F amounted to (3/160) cm. For the three
cases considered the ratios of the (boosted/normal
squeeze-film) times were found to be 32, 126, and 126.
Thereby, this work demonstrated that any process that
leads to an increase in concentration of hyaluronic
acid and hence, the viscosity of the synovial fluid as the
squeeze-film action takes place leads to an increase in
the squeeze-film time. The boosted squeeze-film time
is more than two orders of magnitude greater than the
normal one. The authors also speculated about the

JMES1138 © IMechE 2009 Proc. IMechE Vol. 223 Part C: J. Mechanical Engineering Science



66 I C Gebeshuber

relative importance of the filtration action provided
by the porous cartilage and the surface undulations
in the boosted lubrication mechanism. As opposed to
early suggestions, Dowson, Unsworth, andWright con-
sidered that the restriction to side-leakage of the large
molecules was the most important factor in boosting
lubrication. They compared pore and film thickness
dimensions and concluded that the permeability of
the space between opposing rough cartilage surfaces
was much lower than that of the cartilage.

One year later, the trio – Dowson, Unsworth, and
Wright – solved the medical mystery why knuckles
crack, and not only published their insights in a sci-
entific journal [3], but also made it to Time Magazine
on 16 August 1971. They based their findings on obser-
vations and X-ray photographs of 17 patients who
volunteered to have their finger joints stretched on
a specially designed machine. The tests showed that
stretching increased the space between the finger
bones, thus reducing pressure in the clear, viscous
synovial fluid that lubricates the joints. This causes
cavitation within the fluid and when these bubbles
burst they release their energy as noise. As the joint
returns to normal position, the gas is reabsorbed into
the synovial fluid over a period of 15–25 min. This
explains why most knuckle crackers must wait a while
for the satisfaction of performing an encore.

1.2 ‘The lubrication of porous elastic solids with
reference to the functioning of human joints’
by G.R. Higginson and R. Norman. Proc. Instn
Mech. Engrs, Part C: J. Mechanical Engineering
Science, 1974, 16, 250–257

In the second publication [4] revisited in this
mini-review and reproduced as Appendix 2, Gordon R.
Higginson and Roger Norman theoretically and exper-
imentally investigated the lubrication of porous elastic
solids in a very simple model and related this to the
functioning of human joints. The simple model dealt
with the normal approach of a porous elastic solid and
a rigid impervious solid, separated by a viscous fluid.

The two main rival theories at that time concern-
ing lubrication in human joints were the ‘boosted
lubrication’ theory put forward by Dowson et al.
and the ‘weeping lubrication’ theory by McCutchen.
The latter envisaged the load to be carried by the
fluid in a regime described as ‘self-pressurized hydro-
static lubrication’. McCutchen proposed that the fluid
between the opposing solids was there by virtue of
wringing out, and that whatever fluid film was active
it was hydrostatic and not hydrodynamic.

The work by Higginson and Norman is devoted to
those conditions where the entraining velocity is small
or zero. At such points in the human walking cycle, the
load is high, namely at ‘heel strike’ and‘toe off’. At these
points the relative velocity between the two mating

solids is normal approach and any hydrodynamic
lubrication must therefore rely on the squeeze-film
effect.

Their experiments used only isoviscous lubricants,
but the calculations were extended to include the
effect of solute concentration on viscosity.

The authors assumed that the phenomenon as a
whole would not be materially altered by having a
porous elastic layer on only one of the rigid solids.
The normal approach was achieved by allowing the
upper solid to fall under gravity onto the lower one.The
upper solid surface was spherical polished steel with
a radius of 0.3 m. The initial clearance was 0.25 mm.
The mass of the upper surface was 4, 6, and 8 kg and
the soft layers on the lower surface were all 5 mm thick,
mounted on a steel backing plate. Measurements were
made of the displacement of the upper surface, and of
the mean pressure over a small area at the centre of
the upper surface. This pressure was measured with
the help of a small stiff diaphragm in the spherical
surface, on the centre line. At the centre of the back
was mounted a semiconductor strain gauge with a
gauge factor of about 100. Pressure and displacement
were recorded simultaneously. Three mineral oils with
viscosities between 0.21 and 6.3 Ns/m2 were used.

Their computations with constant viscosity sug-
gested that the lubricating effects of permeability were
not as beneficial as had generally been hoped. They
concluded that if further progress was to be made in
understanding the true mechanism, it must next be
sought in the effects of variable viscosity, particularly
in the enrichment mechanisms.

‘If the filtration is completely effective, the additive can-
not flow in the radial direction, and the concentration
is therefore inversely proportional to the film thickness.
For property values of human joints, the calculated clo-
sure time to a tenth of the initial separation is increased
by about an order of magnitude, and that to a hun-
dredth of the initial separation by about two orders. If
a mechanism on these lines does operate, it would be
very effective’.

They concluded that the permeability of cartilage
was much too low to play an important role in
lubrication.

The publication describes a beautiful basic mechan-
ical experiment, and the theory accompanying it starts
from basic equations. The authors gave errors of all
instruments. This publication is of such high qual-
ity that it is proposed to serve as basic reading for
mechanics students.

1.3 ‘Engineering at the interface’ by D. Dowson.
Proc. Instn Mech. Engrs, Part C: J. Mechanical
Engineering Science, 1992, 206, 149–165

From 1992 to 1993, Duncan Dowson was the 106th
President of the Institution of Mechanical Engineers.
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In his presidential address [5] entitled ‘Engineering at
the interface’ reproduced as Appendix 3, he states that
many of the challenging problems in engineering and
life seem to occur at interfaces between the estab-
lished disciplines or experiences. Sound solutions to
current problems in engineering must be established
on the twin pillars of respect for engineering educa-
tion and research and an ever increasing collaboration
between industry and higher education in relation
to education and training and the solution of the
technical problems of the future.

The publication starts with describing the author’s
family background. His mother’s respect for education
strongly influenced the guidance and advice offered
to him at critical stages in his school career. His
father was a talented blacksmith producing beautiful
wrought iron work such as the Nelson memorial gates
at Duncombe Park.

The main part of the Presidential Address deals with
research in lubrication and bioengineering. Dowson
states the importance of knowledge about interfaces:

‘The level of confidence drops markedly when we con-
sider the behaviour of surfaces, or even worse, of
interfaces between machine elements’.

Today, in the age of nanotechnology, where surfaces
are of ever more importance, knowledge in this area
continuously increases. Still, interfaces continue to
pose a challenge,

‘not only in the relation to real behaviour of physi-
cal interfaces and their engineering significance but
also in relation to the educational barriers and inter-
faces between established disciplines in engineering
and science’.

The main section starts with historical remarks on tri-
bology. In the second half of the nineteenth century,
there was growing confusion about the nature of fric-
tion in lubricated machinery, and the Council of the
Institution of Mechanical Engineers (founded in 1847)
adopted in 1878 a proposal to sponsor research on
the subject. Beauchamp Tower investigated friction in
bearings and pivots and found out that

‘. . . the brass was actually floating on a film of oil . . .’.

Osborne Reynolds of the University of Manchester
recognized that the behaviour of the lubricating film
detected by Tower could be determined from the
laws of fluid mechanics. The Reynolds equation of
fluid film lubrication was published, and provided the
foundation of twentieth century bearing analysis and
design.

Dowson continued to illustrate some of the fea-
tures of ‘his first love, cavitation’ and his major field
of endeavour – elasthydrodynamic lubrication. He
showed beautiful cavitation patterns of accumulated
air and vapour phase lubricants in clearance spaces in
machinery.

In 1956, Duncan Dowson and Gordon Higginson
started their work on elastohydrodynamic lubrica-
tion. The reason for developing a new theory was the
fact that all the solutions to the Reynolds equations
predicted film thicknesses much inferior to the sur-
face roughness of the devices. It was found that the
influence of very high pressures upon lubricant vis-
cosity and the elastic deformation of the solids in the
vicinity of the stressed conjunction were remarkably
supportive of film formation.

Their initial publication appeared in the first issue of
the Institution’s distinguished Journal of Mechanical
Engineering Science ( JMES) in 1959 [6].

The calculations were at that time performed by
hand, and it took weeks of work to solve equations
that can now be solved by computers in a matter of
seconds.

Dowson and Higginson provided a formula that
could be applied to predict the lubricant film thickness
in a wide range of highly stressed machine elements.

The film thicknesses were about 40 times larger than
those predicted by conventional hydrodynamic theory
and ranged between 0.1 and 1 μm.

There is still no clear understanding of the mecha-
nism, neither of lubrication in healthy human synovial
joints nor of the factors responsible for the deterio-
ration of some of them in osteoarthritis. In a long-
standing cooperative research approach, research at
this interface between engineering and medicine
yielded quite remarkable results.

‘…sustained cooperation between engineers, physi-
cians and surgeons at this difficult interface provides
the best foundation for progress in bioengineering
research’.

The load in the human synovial joint is dynamic,
reaching peaks of three to six times body weight with
every step he takes, while the motion is oscillatory
rather than steady. The bearing is self-contained, sub-
jected to a few million cycles of loading each year.
The problem has been that hydrodynamic and even
elastohydrodynamic theory predicted film thicknesses
that were much too small compared with the known
roughness of cartilage surfaces (typically 2 to 5 μm).
Dowson and co-workers found that the undulations
on the rough cartilage surfaces could be effectively
smoothened out by self-generated perturbations to
the hydrodynamic pressure during articulation.

Like many dynamically loaded engineering bear-
ing systems the joint probably experiences fluid-film,
mixed and boundary lubrication during normal oper-
ation.

The hip joint replacement is widely regarded as
the major advance in orthopaedic surgery during the
last century. Tribologists and material scientists have
worked closely in association with orthopaedic sur-
geons to provide a sound engineering and medical
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base for the developments. A challenging task for the
twenty-first century is to develop total replacement
joints that enjoy the benefits of fluid-film lubrication,
similar to natural joints.

In his presidential address, Dowson then touches
upon the education of engineers and the academic-
industrial interface:

‘The main challenge is to establish the foundations
of sound engineering principles and to develop skills
in their application to the exciting range of prob-
lems encountered in our subject, while at the same
time ensuring that the undergraduate develops an
understanding of the human, social, political, and eco-
nomic interactions affecting responsible professional
engineering activity’;

and

‘… the engineers of the future are stimulated to seek
careers in industry. Likewise, the research carried out
in universities provides that longer term fundamen-
tal knowledge base which underpins more imme-
diate industrial developments. Neither teaching nor
research thrive within a framework of short-term deci-
sions, but I am not yet convinced that the value
of long-term research in selected fields which can
underpin our industrial base is fully recognized by
society’.

2 IMPACT ON THE FIELD

2.1 Impact of these articles and the authors

The impact of Duncan Dowson’s work on science
and engineering is evident. One example is the high
number of citations in the scientific literature.

The 1970 publication [1] was one of the initial publi-
cations by the author in this field. In the years around
that date (1968, 1969, 1970 (2), 1972, 1973, 1974 (2),
1975 (3)), and also recently, in 2001, he published alto-
gether 12 articles with‘human joint’ in the title (source:
ISI Web of Knowledge). The 2001 article appeared in a
journal of the IMechE, in Proc. Instn Mech. Engrs, Part
J: J. Engineering Tribology [7].

Verna Wright (1928–1998) was a rheumatologist
at Leeds University. His research in rheumatology
was characterized by a multi-disciplinary approach,
including engineering and pharmacology. He wrote
or co-authored hundreds of scientific articles and 21
books. Between 1968 and 1976 Dowson and Wright
published seven articles together.

Higginson and Dowson have been publishing
together for nearly half a century. Their first joint pub-
lication was in 1959 [6]: In the first issue of the first
volume of the JMES, Duncan Dowson and Gordon Hig-
ginson, then lecturers in Mechanical Engineering at
the University of Leeds, published the numerical solu-
tion to the elasto-hydrodynamic problem of highly
loaded cylinders under isothermal conditions. They

solved the simplified problem of two circular cylin-
ders that were steadily rolling and/or sliding, being
separated by a lubricating film. The lubricant film
shape required to produce a given pressure curve can
be determined completely by inverse hydrodynamics
from the pressure curve. Therefore, the shape of the
elastically deformed surface can be compared with
the hydrodynamic film shape by equating the thick-
ness of the oil films at the point of maximum pressure
by solving the Reynolds equation. This fundamental
publication has been cited 85 times between 1961 and
2007 (source: scholar.google.com).

47 years later Dowson and Higginson were still
publishing together [8].

Higginson’s first scientific publication dealt with the
strength of short cylinders under internal pressure
1954 [9]. Starting from 1974, when he was dealing
with a model investigation of squeeze-film lubrica-
tion in animal joints he included biological systems
in his investigations [10]. Ever since then his work has
focused on articular cartilage and hip joints.

Higginson and Norman published three articles
together in 1974: they were dealing with lubrication
of porous elastic solids with reference to the func-
tioning of human joints [11], a model investigation
of squeeze-film lubrication in animal joints [10], and
fluid entrapment by a soft surface-layer [12]. These
publications are still widely cited.

Tony Unsworth, now a Professor in the School of
Engineering and Applied Science at the University of
Durham, has 112 peer reviewed scientific articles listed
in the ISI Web of Knowledge. He has contributed to
hip implant research over several decades, and just
recently published an article on soft layer lubrication
of artificial hip joints [13]. He has been the director
of the Centre for Biomedical Engineering since 1989
and is the editor of the Proceedings of the Institution of
Mechanical Engineers, Part H: Journal of Engineering
in Medicine.

3 IMPACT OF THE JOURNAL

In 1967, the Institution of Mechanical Engineers pub-
lished the Proceedings of a Symposium on human
joints. These Proceedings were called ‘Lubrication and
wear in living and artificial human joints’ (for title
page, Fig. 1) [14]. The contributions and authors read
like a ‘who-is-who’ in the field: ‘Basic anatomy of
weight-bearing joints’ by M. A. MacConaill, ‘Forces
transmitted by joints in the human body’ by J. P.
Paul (cited 166 times, scholar.google.com), ‘Physical
characteristics of articular cartilage’ by J. Edwards
(cited 16 times, scholar.google.com), ‘Properties of
synovial fluid’ by D. V. Davies, ‘Materials and the
design of artificial weight-bearing joints’ by M. J. Neale,
‘Friction and wear, detection and measurement’ by
F. T. Barwell, ‘Modes of lubrication in human joints’
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Fig. 1 Title page of the proceedings volume of the symposium on ‘Lubrication and Wear in Living
and Artificial Human Joints’ [14]

by D. Dowson (cited 35 times, scholar.google.com),
‘Physiological lubrication’ by C. W. McCutchen (cited
twice, scholar.google.com), ‘Arthroplasty of the hip
using foreign materials: a history’ by J. T. Scales (cited
eight times, scholar.google.com), ‘Developments in
total hip joint replacement’ by G. K. McKee, ‘Total
human hip joint prostheses – a laboratory study of
friction and wear’ by I. Duff-Barclay and D. T. Spill-
man (cited five times, scholar.google.com), ‘Factors in
the design of an artificial hip joint’ by J. Charnley,
‘Problems of acetabular fixation in total hip replace-
ment’ by J. N. Wilson, ‘Complex movements at the
knee joint’ by C. D. Shute, ‘Hyaluronic acid films’ by
Alice Maroudas (cited 14 times, scholar.google.com),
‘Are synovial joints squeeze-film lubricated?’ by R. S.
Fein (cited nine times, scholar.google.com), ‘Patterns
of ageing in human joints’ by J. W. Goodfellow and P. G.
Bullough, ‘Friction and wear of artifical joint materials’
by P. S. Walker, D. Dowson, M. D. Longfield, and V.
Wright, ‘Influence of carbide distribution on the wear
and friction of “vitallium”’ by S. J. H. Ahier and K. M.

Ginsburg (cited ten times, scholar.google.com), ‘A lab-
oratory experiment on total hip prosthesis’ by A. Poli,
‘Current status of joint lubrication’ by L. Dintenfass
(cited twice, scholar.google.com), and ‘A theoretical
analysis of hip joint lubrication’ by P. Marnell.

This volume of proceedings [14] established the
state of knowledge and provided the springboard for
much of the work to follow.
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