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INTRODUCTION

Natural synovial joints, such as hips, are remarkable
bearings in engineering terms. They can transmit a large
dynamic load of several times bodyweight during steady-
state walking, yet with minimal friction and wear achieved
through effective lubrication and with little maintenance.
However, diseases such as osteoarthritis and rheumatoid
arthritis or trauma sometimes necessitate the replacement
of these natural bearings. Artificial hip joints replace the
damaged natural bearing material, articular cartilage. As
a result, pain in the joint is relieved and joint mobility and
functions are restored. Total hip joint replacement has
been considered as one of the greatest successes in ortho-
paedic surgery in the last century in improving the quality
of life of the patients. Currently, > 1 million hip joints are
replaced worldwide each year, with ever increasing use of
these devices in a wider range of patients.

The majority of current artificial hip joints consist of an
ultrahigh molecular weight polyethylene (UHMWPE) acet-
abular cup against a metallic or ceramic femoral head as
illustrated in Fig. 1. These devices can generally last 10–15
years in the body without too many problems. However,
after this period of implantation, loosening of prosthetic
components becomes the major clinical problem. It is now
generally accepted that the loosening is caused by the
osteolysis as a result of biological reactions to particulate
wear debris mainly released from the articulating surfaces.
Therefore, one of the main strategies to avoid the loosening
problem and to extend the clinical life of the hip prosthesis
is to minimize wear and wear particles. Application of
tribology, defined as ‘‘the branch of science and technology
concerned with interacting surfaces in relative motion and

with associated matters (as friction, wear, lubrication, and
the design of bearings’’ (Oxford English Dictionary), to
biological systems (biotribology) such as artificial hip
joints, can play an important role in this process. Coupled
tribological studies of friction, wear and lubrication of the
bearing surfaces, and biological studies of wear debris-
induced adverse reactions become necessary.

HISTORICAL DEVELOPMENT

Early History: Hemiarthroplasty, Interposition Arthroplasty,
and Total Hip Replacement

The first recognizable ball and socket joint was reported in
Germany by Professor Gluck in 1890 in a dog with an ivory
ball and socket hip joint. This did not gain popular support
for use in humans until Hey Groves in Bristol reported his
ivory hemiarthroplasty for fractured neck of femur in 1926.
Attempts to use metal at this stage were unsuccessful. A
significant breakthrough came in 1923. It began with a
chance observation that a piece of glass left in an indivi-
dual’s back for 1 year stimulated a fibrous tissue and fluid
producing reaction. It formed a fluid-filled synovial sac
(Smith Peterson 1948). Smith Peterson went on to insert
a glass cup-shaped mould between the surfaces of an
ankylosed hip. Although the glass broke, at the time of
its removal the acetabulum and the head of the femur were
found to be covered with a smooth lining of fibrous tissue.
Over the next few years a number of different materials
were used including Viscaloid, Pyrex, Bakelite, and finally
Vitallium (chromium–cobalt–molybdenum alloy) in 1938.
This material worked well and was used for � 1000 inter-
position arthroplasties at Massachusetts General Hospital
alone over the next 10 years. It remained the standard
treatment for hip arthritis until the advent of total hip
replacement.

Charnley Era

Jean and Robert Judet reported their use of a replace-
ment femoral head made of poly (methyl methacrylate)
(PMMA). Although the prosthesis failed, it survived
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Figure 1. A typical Charnley hip prosthesis consisting of an
UHMWPE acetabular cup against either a metallic (stainless
steel) or a ceramic (alumina) femoral head.
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long enough to squeak within the human body. It was this
squeaking prosthesis that set Charnley on his quest for
a low friction-bearing surface. He began with Teflon in
1958 and throughout the 1950s Charnley experimented
with two thin cups of Teflon, one in the acetabulum and
one over a reshaped femoral head. They failed within a
year due to loosening of the cup and avascular necrosis of
the femoral head. He abandoned this surface replacement
for an endoprosthesis and as the acetabular cups wore
through Charnley sought better wearing materials. He
moved to high density PE and later to UHMWPE.

Low Friction Arthroplasty. Charnley began his cemented
total hip replacement era with a large femoral head
(Moore’s hemiarthroplasties). He argued that distributing
the load over a large area of contact would decrease wear.
However, after loosening of these large head components,
he began working on the low frictional torque prosthesis,
which reduced the torque at the cement-bone and prosthe-
sis interfaces. He achieved this by reducing the diameter of
the femoral head from � 41 to 22 mm. In this way, Charn-
ley developed his prosthesis of a 22 mm head on a metal
stem, UHMWPE cup and PMMA cement. Charnley hips
still have a survival today of > 90% at 10 years (1).

There continues to be debate as to the cause of up to 10%
failures of Charnley hips. Early belief that it was due to the
cement and cement particles led to the development of
uncemented prostheses. Concern that the production of
PE particles was producing bone lysis, led to the develop-
ment of alternative bearing surfaces, for example, ceramics
that wear less than metal against PE, and metal-on-metal
prostheses, which produce lower volumes of wear debris.
Impingement of the femoral prosthesis on the cup leading
to loosening led to the narrowing of the neck of the femoral
component and the use of cut away angle bore sockets.
Concern about access of fluid to the femoral cement–
prosthesis interface and subsequently to the cement–bone
interface through cement deficiencies, with the production
of osteolysis, have led some manufacturers to produce
polished femoral stems. These self-locking tapers prevent
fluid flowing between the cement and the femoral stem.
The debate continues. It can be difficult to separate the
improvements in surgical techniques that have improved
the clinical results from the effect of modification and
changes in materials used to produce joint replacements.

Current Developments

There is currently much interest in reducing the trauma of
the surgery itself. These include surgical techniques of
minimal incision surgery with the skin wound < 8 cm
and a more conservative approach to femoral bone use
at the time of surgery. Surface replacement has returned
with ‘‘better’’ metal-on-metal surfaces, and a short-
stemmed Judet type of metaphyseal fix femoral prosthesis
is also available. Hydroxyapatite as a method of component
fixation is also gaining popularity. The current short-term
results of these techniques are interesting, and may lead to
significant benefits especially for the younger patient in the
future. However, the proof will only come from long-term
clinical results that are not yet available.

JOINT ANATOMY AND ENVIRONMENT

The bearing material in the natural hip joint is articular
cartilage, firmly attached to the underlying bone. Articular
cartilage is an extremely complex material, consisting of
both fluid (interstitial water) and solid (primarily collagen
and proteoglycan) phases. Such a biphasic or poroelastic
feature determines the time-dependent deformation of
articular cartilage, and largely governs the lubrication
mechanism of the natural hip joint. The lubricant present
in the natural hip joint is synovial fluid, which is similar to
blood plasma with hyaluronic acid added and becomes
periprosthetic synovial fluid after total hip replacement.
Rheological studies of these biological lubricants have
shown shear-thinning characteristics, particularly at low
shear rates and for the joint fluid taken from diseased or
replaced joints (2).

The load experienced in the hip joint during steady-state
walking varies both in direction and magnitude. The max-
imum load can reach five times bodyweight during the stance
phase after heel-strike and is largely reduced in the swing
phase after the toe-off. On the other hand, the speed is
relatively low, particularly in the stance phase and during
the motion reversal. However, the hip contact force can be
substantially increased under other conditions. For example,
the hip contact force has been reported to be 5.8 times
bodyweight up a ramp, 6.6 times up and down stairs, and
7.6 times on fast level walking at a speed of 2.01 m 	 s�1 (3).

CURRENT BEARING SURFACES

Biomaterials used for current artificial hip joints include
UHMWPE, stainless steel, cobalt chromium alloy (CoCr),
and ceramics (alumina and zirconia). A number of combi-
nations for the bearing surfaces using these materials have
been introduced since 1950s in order to minimize wear and
wear particle generation. These can generally be classified
as soft-on-hard and hard-on-hard as summarized in
Table 1.

Two main parameters that govern the tribology of the
articulating surfaces are geometrical and mechanical prop-
erties. The geometrical parameters of the bearing surfaces
are the diameters of the acetabular cup (Dcup) and the
femoral head (Dhead). The size of the hip prosthesis is
usually characterized by its diameter, which is important
for both clinical and tribological considerations, such as
stability, dislocation, and sliding distance. In addition to
size, the diametral mismatch or clearance between the
cup and the head (d¼Dcup�Dhead) is also important,
particularly for hard-on-hard bearing surfaces. From a
tribological point of view, these geometric parameters
can often be approximated as a single equivalent diameter
(D) defined as

D ¼ ðDheadDcupÞ
d

ð1Þ

Typical values of equivalent diameter used in current
hip prostheses are summarized in Table 2. In addition,
geometric deviations from perfectly spherical surfaces,
such as nonsphericity and surface toughness, are also very
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important factors in determining the tribological perfor-
mance of the prosthesis.

The mechanical properties of the bearing surfaces are
also important tribological determinants. Typical values of
elastic modulus and Poisson’s ratio are given in Table 3 for
the biomaterials used in artificial hip joints. Other para-
meters, such as hardness, particularly in the soft-on-hard
combinations, are also important, in that the hard surface
should be resistant to third-body abrasion to minimize the
consequences of polymeric wear.

COUPLED TRIBOLOGICAL AND BIOLOGICAL
METHODOLOGY

The vast majority of studies to evaluate the wear perfor-
mance of hip prostheses have simply measured the volu-
metric wear rate (6–8). There are very few groups who have
also investigated the characteristics of the wear particles
generated in in vitro simulations (9–11). The cellular
response to prosthetic wear particles, and thus the func-
tional biological activity of implant materials, is complex
and is dependent not only on the wear volume, but also the
mass distribution of particles as a function of size, their
concentration, morphology, and chemistry (see the section,
Biological Response of Wear Debris).

During the latter 1990s, methods were developed for the
isolation and characterization of UHMWPE particles from

retrieved tissues and serum lubricants from simulators
that allow discrimination between the particles generated
in different patient samples and from different types of
polyethylene tested in vitro (12–18). The basis of this
method is to determine the mass distribution of the par-
ticles as a function of size. Determination of the number
distribution as a function of size fails to discriminate
between samples since the vast majority of the number
of particles are invariably in the smallest size range detect-
able by the resolution of the imaging equipment.

In our laboratories we have pioneered cell culture stu-
dies with clinically relevant UHMWPE wear particles
generated in experimental wear simulation systems oper-
ated under aseptic conditions (17–21). These studies have
been extended to cell culture studies of clinically relevant
metal (22), ceramic (23), and bone cement wear particles
(24,25).

By combining volumetric wear determinations in hip
joint simulations with experiments to determine the direct
biological activity of the particles generated, we have
developed novel methodologies to evaluate the functional
biocompatibility of different materials used in prosthetic
joint bearings. The functional biocompatibility can be
used as a preclinical estimate of the in vivo performance
of the material under test compared to historical materi-
als. We have adopted two different approaches to deter-
mining functional biocompatibility. Our choice of method
is dependent on the bearing material and the type of
prosthesis.

The first approach is indirect, but can be applied to all
materials and devices. It utilizes data obtained from the
direct culture of UHMWPE wear particles in three differ-
ent size ranges: 0.1–1, 1–10, and > 10 mm at different
volumetric concentrations with human peripheral blood
macrophages. Measurements of the biological activity for
unit volumes of particles in the different size ranges are
generated (20). The use of TNF-a as a determinant is
justified since, in our experience the major cytokines con-
cerned in osteolysis (TNF-a, IL-1, IL-6, GM-csf) all show
the same pattern of response to clinically relevant wear
particles (19–21). By using our methods to determine the
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Table 1. Typical Biomaterials and Combinations for the Bearing Surfaces of Current Artificial Hip Joint Replacements

Acetabular Cup

Soft Hard

Femoral Head (Hard) UHMWPE Cross-linked UHMWPE Polyurethane CoCr Alumina

Stainless Steel H H
CoCr H H H H
Alumina H H H H H
Zirconia H H H H

Table 2. Typical Geometric Parameters of Various Bearing Couples for Artificial Hip Jointsa

Bearing Couples Femoral Head Diameter, mm Diametral Clearance, mm Equivalent Diameter, m

UHMWPE-on-metal 28 (22–40) 300 (160–1000) 2.6 (1.0–5.0)
Metal-on-metal 28 (28–60) 60 (60–300) �10
Ceramic-on-ceramic 28 (28–36) 80 (20–80) �10

aSee Ref. 4.

Table 3. Typical Mechanical Properties in Terms of Elastic
Modulus and Poisson’s Ratio of the Bearing Materials
for Artificial Hip Jointsa

Bearing Materials Elastic Modulus, GPa Poisson’s Ratio

UHMWPE 0.5–1. 0.4
Cross-Linked UHMWPE 0.2–1.2a 0.4
Stainless steel 210 0.3
CoCr 230 0.3
Zirconia 210 0.26
Alumina 380 0.26

aSee Ref. 5.



volumetric concentration of particles generated in simula-
tions as a function of size (see above), it is then possible to
integrate the volume concentration and biological activity
function to produce a relative index of specific biological
activity (SBA) per unit volume of wear. The functional
biological activity (FBA) has been defined as the product
of volumetric wear and SBA (26). This has allowed us to
compare the functional biological activity of different types
of PE in hip joint simulators (27) and different types of
bearing materials (23).

The second approach is to directly culture wear debris
from wear simulators with primary macrophages. For
metal and ceramic particles, we can directly culture wear
particles from standard simulation systems after isolation,
sterilisation, and removal of endotoxin by heat treatments
(23). However, for PE this is not feasible since the heat
treatment at elevated temperature required to remove
endotoxin cannot be applied. For these materials, we have
developed a sterile endotoxin free multidirectional wear
simulator in which wear particles are generated in macro-
phage tissue culture medium. While this does not test whole
joints, it allows the application of different kinematics to
represent the hip and the knee. The advantage of this
approach is that all the wear products are directly cultured
with the cells, and there is no risk of modification during the
isolation procedure. This method has recently been used to
compare the biological reactivity of particles from PEs of
different molecular weights and different levels of cross-
linking. Higher molecular weight of GUR 1050 and higher
levels of cross-linking of both GUR 1020 and 1050 produced
particles that were more biologically reactive (18).

Tribology of Bearing Surfaces

Tribological studies of the bearing surfaces of artificial hip
joints include friction, wear, and lubrication, which have
been shown to mainly depend on the lubrication regimes
involved. There are three lubrication regimes: boundary,
fluid-film, and mixed. In the boundary lubrication regime,
a significant asperity contact is experienced, and conse-
quently both friction and wear are high. In the fluid film
lubrication regime, where the two bearing surfaces are
completely separated by a continuous lubricant, minimal
friction and wear is expected. The mixed-lubrication
regime consists of both fluid film lubricated and boundary
contact regions. Friction and lubrication studies are
usually performed to understand the wear mechanism
involved in artificial hip joints. However, friction forces
may be important in determining the stresses experienced
at the interface between the implant and the cement bone
(28) as well as temperature rise (29).

Friction in artificial hip joints is usually measured in a
pendulum-like simulator with a dynamic load in the ver-
tical direction and a reciprocating rotation in the horizon-
tal direction. The coefficient of friction is usually expressed
as a friction factor defined as

m ¼ T

wðdhead=2Þ ð2Þ

where T is the measured friction torque and w is the
load.

The measured coefficient of friction in a particular hip
prosthesis itself can generally reveal the nature of the
lubrication regime, since each mechanism is associated
with broad ranges of the coefficient of friction. The varia-
tion in the coefficient of friction against a Sommerfeld
number defined as, S ¼ ðhudhead=wÞ, where is viscosity
and u velocity, can further indicate the lubrication regime.
If the measured friction factors remain constant, fall or
increase as the Sommerfeld number is increased, the asso-
ciated modes of lubrication are boundary, mixed, or fluid-
film, respectively (30).

Lubrication studies of artificial hip joints are generally
carried out using both experimental and theoretical
approaches. The experimental measurement is usually
involved with the detection of the separation between the
two bearing surfaces using a simple resistivity technique.
A large resistance would imply a thick lubricant film,
while a small resistance is attributed to the direct surface
contact. Such a technique is directly applicable to metal-
on-metal bearings as well as UHMWPE-on-metal and
ceramic-on-ceramic bearings if appropriate coatings are
used (31,32). The theoretical analysis is generally involved
with the solution to the Reynolds equation, together with
the elasticity equation subjected to the dynamic load and
speed experienced during walking. The predicted film thick-
ness (hmin) is then compared with the average surface
roughness (Ra) using the following simple criterion.

l ¼ hmin

½Ra2
head þ Ra2

cup�
1=2

ð3Þ

The lubrication regime is then classified as fluid film, mixed,
or boundary if the predicted ratio is > 3, between 1 and 3, or
< 1, respectively.

Wear of artificial hip joints has been investigated exten-
sively, due to its direct relevance to biological reactions and
clinical problems of osteolysis and loosening. Volumetric
wear and wear particles can be measured using the follow-
ing machines, among others:

� Pin-on-disk machines.

� Pin-on-plate machines.

� Joint simulators.

A unidirectional sliding motion is usually used in the
pin-on-disc machine, and the reciprocating motion is added
to the pin-on-plate machine. Both of these machines are
used to screen potential bearing materials under well
controlled, and often simplified conditions. Generally, it
is necessary to introduce additional motion in order to
produce a multidirectional motion. The next stage of wear
testing is usually carried out in joint simulators with a
varied degree of complexity of the 3D loading and motion
patterns experienced by hip joints, while immersing the
test joints in a lubricant deemed to be physically and
chemically similar to synovial fluid. Wear can be evaluated
by either dimensional or gravimetric means.

Contact mechanics analysis is often performed to pre-
dict the contact stresses within the prosthetic components
and to compare with the strength of the material. However,
other predicted contact parameters such as the contact
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area and the contact pressure at the bearing surfaces have
been found to be particularly useful in providing insights
into friction, wear, and lubrication mechanisms. Contact
mechanics can be investigated either experimentally using
pressure-sensitive film and sensors, or theoretically using
the finite element method.

Biological Response of Wear Debris

Our current understanding of the mechanisms of wear
particle-induced osteolysis has developed from > 30 years
experience with UHMWPE-on-metal. The major factor
limiting the longevity of initially well-fixed UHMWPE total
joint replacements is osteolysis resulting in late aseptic
loosening (33). There is extremely strong evidence from
in vivo and in vitro studies that osteolysis is a UHMWPE
particle related phenomenon.

Following total hip arthroplasty, a pseudocapsule forms
around the joint and this may have a pseudosynovial
lining. A fibrous interfacial tissue may also form at the
bone–cement or bone–prosthesis interface that is normally
thin with few vessels or cells (34–36). At revision surgery
for aseptic loosening, the fibrous membrane is thickened,
highly vascularized, and contains a heavy infiltrate of
UHMWPE-laden macrophages and multinucleated giant
cells (37,38). There is a correlation between the number of
macrophagesandthevolumeofUHMWPEweardebris inthe
tissues adjacent to areas of aggressive osteolysis (39–45).
Analyses of interfacial membranes have demonstrated the
presence of a multitude of mediators of inflammation includ-
ing cytokines that may directly influence osteoclastic bone
resorption:-TNF-a (46), IL-1b (47), IL-6 (48),andM-CSF(49).
There is a direct relationship between the particle concen-
tration andthe duration the implant, andthere are billionsof
particles generated per gram of tissue (9,15,50,51). Osteoly-
sis is likely to occur when the threshold of particles exceeds
1� 1010/g of tissue (45). Each milligram of PE wear has been
estimated to generate 1.3� 1010 particles (15).

The UHMWPE particles isolated from retrieved tissues
vary in size and morphology, from large platelet-like par-
ticles, up to 250 mm in length, fibrils, shreds, and sub-
micrometer globule-shaped spheroids 0.1–0.5 mm in
diameter (15,52–54). The vast majority of the numbers
of particles are the globular spheroids and the mode of
the frequency distribution is invariably 0.1–0.5 mm,
although the larger particles may account for a high pro-
portion of the total volume of wear debris. Analysis of the
mass distribution as a function of size is therefore neces-
sary to discriminate between patient samples (15,55).

UHMWPE wear particles generated in vitro in hip joint
simulators have a larger proportion of the mass of particles
in the 0.01–1 mm sized range than those isolated from
periprosthetic tissues (27,55). This may indicate that
in vivo, the smaller particles are disseminated more widely
away from the implant site. Recently, improvements to
particle imaging techniques have revealed nanometer
sized UHMWPE particles generated in hip joint simula-
tors. These particles have yet to be identified in vivo. These
nanometer size particles account for the greatest number of
particles generated, but a negligible proportion of the total
volume (18).

Studies of the response of macrophages to clinically
relevant, endotoxin-free polyethylene particles in vitro
have clearly demonstrated that particle stimulated macro-
phages elaborate a range of potentially osteolytic media-
tors (IL-1, IL-6, TNF-a, GM-CSF, PGE2) and bone
resorbing activity (19–21,56–58). Induction of bone resorb-
ing activity in particle stimulated macrophage superna-
tants has been shown to be critically dependent on particle
size and concentration with particles in the 0.1–1.0 mm size
range at a volumetric concentration of 10–100 mm3/cell
being the most biologically reactive (19,56). The impor-
tance of UHMWPE particle size has also been demon-
strated in animal studies (59). These findings have
enabled the preclinical prediction of the functional biolo-
gical activity of different polyethylenes by analysis of the
wear rate and mass distribution of the particles as a function
of particle size (26,27). For a review of the biology of osteo-
lysis, the reader is referred to Ingham and Fisher (60).

In metal-on-metal bearings in the hip, an abundance of
small nanometer size particles are generated (61,62). It is
believed that the majority of metal debris is transported
away from the periprosthetic tissue. While only isolated
instances of local osteolysis have been found around metal-
on-metal hips, this is most commonly associated with high
concentrations of metal debris and tissue necrosis. In vitro
cell culture studies have shown that these nanometer size
metal particles are highly toxic to cells at relatively low
concentrations (22). These particles have a very limited
capacity to activate macrophages to produce osteolytic
cytokines at the volumes likely to be generated in vivo
(63), however, metal particles are not bioinert and concerns
exist regarding their potential genotoxicity (22).

Ceramic-on-ceramic prostheses have been shown to
have extremely low wear rates. Ceramic wear particles
generated in hip joint simulations under clinically relevant
conditions in the hip joint simulator (64) and in vivo (65)
have a bimodal size distribution with nanometer sized (5–
20 nm) and larger particles (0.2–> 10 mm). Alumina cera-
mic particles have been shown to be capable of inducing
osteolytic cytokine production by human mononuclear pha-
gocytes in vitro (23). However, the volumetric concentra-
tion of the particles needed to generate this response was
100–500 mm3/cell. Given the extremely low wear rates of
modern ceramic-on-ceramic bearings, even under severe
conditions, it is unlikely that this concentration will arise
in the periprosthetic tissues in vivo (60).

APPLICATIONS

UHMWPE-on-Metal and UHMWPE-on-Ceramic

The friction in UHMWPE hip joints has been measured
using a pendulum-type simulator with a flexionsol–exten-
sion motion and a dynamic vertical load. The friction factor
has been found to be generally in the range 0.02–0.06 for 28
mm diameter metal heads and UHMWPE cups (66),
broadly representative of mixed lubrication, and this has
been confirmed from the variation in the friction factor
with the Sommerfeld number. These experimental obser-
vations are broadly consistent with the theoretical predic-
tion of typical lubricant film thicknesses between 0.1 and
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0.2 mm and the average surface roughness of UHMWPE
bearing surface between 0.1 and 1 mm. Therefore, wear of
UHMWPE acetabular cups is largely governed by the
boundary lubrication mechanism. An increase in the
femoral head diameter can lead to an increase in sliding
distance and consequently wear (41). As a result, 28 mm
diameter femoral heads appear to be a better choice.
Furthermore, reducing the surface roughness of the metal-
lic femoral head or using harder alumina to resist third-
body abrasion and to maintain the smoothness is also very
important. For example, the wear factor in UHMWPE-on-
ceramic implants is generally 50% of that in UHMPWE-on-
metal (67). The introduction of cross-linked UHMWPE has
been shown to reduce wear significantly in simulator
studies. However, the degree of wear reduction appears
to depend on cross-linking, kinematics, counterface
roughness, and bovine serum concentration (68). It should
be pointed out that volumetric changes are often accom-
panied by morphology changes, which may have different
biological reactions as discussed below.

First, let us consider the effect of irradiation and cross-
linking on the osteolytic potential of UHMWPE bearings.
Historically, UHMWPE acetabular cups were gamma irra-
diated in air until it became clear that oxidative degenera-
tion of the PE was occurring. This oxidative damage was
caused by the release of free radicals, which produced
strand scission of the long PE chains. Research has indi-
cated that deterioration to important mechanical proper-
ties such as tensile strength, impact strength, toughness,
fatigue strength, and Young’s modulus occurs (12). These
time-dependent changes have been shown to affect the
volumetric wear of the UHMWPE and typical values are
in the region of 100 mm3/million cycles. In addition,
UHMWPE that had been gamma irradiated in air pro-
duced a greater volumetric concentration of wear particles
that were in the most biologically active size range, 0.1–
1 mm (46% of the wear volume compared to 24% for non-
irradiated UHMWPE). When the specific biological activity
(biological activity per unit volume of wear; SBA) of the
wear particles was calculated this gave an SBA that was
1.7-fold higher than the SBA of the nonirradiated material,
which translated into a functional biological activity (FBA),
which was 3.5-fold higher than the FBA of the nonirra-
diated material (Table 4).

Currently, UHMWPE is sterilized by gamma irradia-
tion (2.5– 4 Mrad) in an inert atmosphere. This material
undergoes partial cross-linking as a result of this proces-
sing, and is often referred to as moderately cross-linked
or stabilized PE. This material produces lower wear
rates than the nonirradiated UHMWPE, but has a higher

volumetric concentration of wear particles < 1 mm com-
pared to the nonirradiated material as shown in Table 4
(69). Consequently, the specific biological activity of the
wear particles is higher at 0.5 compared to 0.32 for the
nonirradiated material. However, as the wear volume is
substantially lower, the FBA value for the stabilized
UHMWPE is very similar to the nonirradiated material.

As the level of cross-linking increases, the wear volume
decreases (69). The highly cross-linked UHMWPE is GUR
1050, irradiated at 10 Mrad and remelted, and has very low
wear volumes at 8.6� 3.1 mm3/million cycles. However, as
can be seen from Table 4, 95% of the wear volume is
comprised of particles in the most biologically active size
range, leading to an extremely high SBA. However, as the
wear volume is significantly lower than the other
UHMWPEs, the FBA is one-half of those of the nonirra-
diated and stabilized materials (Table 4).

In addition, the wear particles from the cross-linked
materials have increased biological activity per unit
volume of wear (Fig. 2). A recent study by Ingram et al.
(18) has shown that when worn against a scratched coun-
terface, PE irradiated with 5 and 10 Mrad of gamma
irradiation produced higher volumetric concentrations of
wear particles in the 0.01–1.0 mm size range compared to
noncross-linked material. This increased volumetric con-
centration of wear particles in the 0.01–1.0 mm size range
meant that both cross-linked materials were able to sti-
mulate the release of elevated levels of TNF-a, an osteolytic
cytokine, at a 10-fold lower volumetric dose than the
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Table 4. Volumetric Wear Rate, % wear volume <1 mm, SBA, and FBA for Nonirradiated and Irradiated UHMWPEs
and Alumina Ceramic-on-Ceramic Hip Joint Prosthesesa

Material Volumetric Wear rate, mm3/106 cycles� 95% CL % Volume < 1 mm SBA FBA

Nonirradiated UHMWPE 50�8 23 0.32 16
Gamma in air UHMWPE, 2.5 Mrad GUR1120 49�9 46 0.55 55
Stabilized UHMWPE (2.5–4 Mrad) GUR1020 35�9 43 0.5 17.5
Highly cross-linked UHMWPE, 10 Mrad GUR1050 8.6�3.1 95 0.96 8
Alumina ceramic-on-ceramic (microseparation) 1.84�0.38 100 0.19 0.35

aSee Refs. 60,69.
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noncross-linked polyethylene (0.1 mm3 debris/cell com-
pared to 1–10 mm3 debris/cell). So, while the cross-linked
materials produced lower wear volumes, the particles pro-
duced from these materials were more reactive compared
to the noncross-linked PE.

However, when the same materials were worn against a
smooth counterface, analysis of the wear particles showed
that both cross-linked and noncross-linked PE produced
very high numbers of nanometer-sized wear particles. In
addition, the cross-linked and noncross-linked materials
produced similar low volumes of particles in the 0.1–
1.0 mm size range, which resulted in wear debris that
was only stimulatory a the highest volumetric dose of 50
mm3 debris/cell. This offers further explanation as to why
the FBA or osteolytic potential of the highly cross-linked
polyethylene’s are lower than the moderately cross-linked
and noncross-linked materials (Table 4).

Metal-on-Metal

The friction factor measured in metal-on-metal hip joints
with different sizes and clearances in simple pendulum
type machines is generally much higher than for
UHMWPE-on-metal articulations, in the range between
0.1 and 0.2, indicating a mixed-boundary lubrication
regime (66). However, the lubrication regime in metal-
on-metal bearings has been shown to be sensitive to the
surface roughness, loading and velocity, and design para-
meters (70–74). Consequently, different friction factors or
wear factors are possible. Therefore, it is important to
optimize the bearing system, in terms of the femoral head
diameter, the clearance and the structural support (75,76).
From a lubrication point of view, the femoral head dia-
meter is the most important geometric parameter, since it
is directly related to both the equivalent diameter defined
in Eq. 1 and the sliding velocity (70). If the lubrication
improvement is such that a fluid-film dominant lubrication
regime is present, the increase in the sliding distance
becomes unimportant. Such an advantage has been uti-
lized in large-diameter metal-on-metal hip resurfacing
prostheses (77). However, it should be pointed out that
the lubrication improvement in large-diameter metal-on-
metal hip resurfacing prostheses can only be realized with
adequate clearances (78). A too large clearance can reduce
the equivalent diameter, shifting the lubrication regime
toward mixed–boundary regions. In addition, the increase
in the sliding distance associated with the large diameter
means that the bedding-in wear becomes important. The
wear in optimised systems can be quite low, of the order of a
few millimeters cubed.

The biological activity in terms of osteolytic potential of
metal-on-metal hip prostheses is difficult to define. If
macrophages and fibroblasts are challenged with clinically
relevant cobalt chrome wear particles, there is some
release of the osteolytic cytokine TNF-a (Fig. 3), however,
this only takes place at very high levels of particulate load
(50 mm3 debris/cell), and the level of cytokine produced is
at lower levels compared to UHMWPE particles [see
Fig. 2(79)]. The predominant biological reaction is cyto-
toxicity or a reduction in cell viability (Fig. 4). Macrophage
and fibroblast cell viability is significantly reduced when

challenged with 50 or 5 mm3 debris/cell (22). The specific
biological activity of metal wear particles is difficult to
assess as the cells may release cytokines, such as TNF-a
as a consequence of cell death. In addition, the high levels
of particulate load required to stimulate cytokine release
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Figure 3. TNF-a production by human peripheral blood mono-
nuclear cells stimulated with clinically relevant cobalt–chromium
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may only be achieved in vivo if a pairing is particularly
high wearing.

Ceramic-on-Ceramic

The friction factor in ceramic-on-ceramic hip implants is
quite low, particularly when the nonbiological type lubri-
cant is used (66). However, when biological lubricants such
as bovine serum are tested, the friction factor can be quite
high due to the complex interactions with proteins. The
wear under normal ideal conditions is low, but can be
increased substantially under adverse conditions such as
microseparation (80). Despite this, the wear in ceramic-on-
ceramic hip implants is generally the lowest among current
hip prostheses available clinically.

The introduction of microseparation conditions into the
in vitro simulation model replicates clinically relevant
wear rates, wear patterns, and wear particles. Alumina
wear particles have a lower biological activity than
UHMWPE particles. A 10-fold higher concentration of
alumina wear particles is required to stimulate the release
of osteolytic cytokine TNF-a from macrophages compared
to UHMWPE wear particles (23). It is questionable
whether the volume of alumina wear particles will reach
this threshold in vivo given the extremely low wear rates of
ceramic-on-ceramic prostheses even under severe micro-
separation conditions. Consequently, alumina wear parti-
cles have a lower specific biological activity than
UHMWPE particles (Table 4). When this lower SBA is
integrated with the comparatively small volumetric wear
rates that are produced by ceramic-on-ceramic couples
compared to metal-on-polyethylene, a substantially lower
functional biological activity or osteolytic potential is pro-

duced (Table 4; Fig. 5). In fact, alumina ceramic-on-ceramic
couples produce a 20-fold lower FBA than the currently
used highly cross-linked UHMWPEs.

Summary

Typical values of friction factor, wear factor, and biological
reactions are summarized in Tables 5, 6, and 7 for various
hip implants with different bearing couples.

FUTURE DEVELOPMENTS

Cross-Linked Polyethylene

The introduction of highly cross-linked PE into clinical use
in the last 5 years has been extensive. Standard UHMWPE
is irradiated at high dose levels ( 5–10 Mrad), which
produces chain scission and cross-linking between the
molecular chains. Subsequent heating and remelting
recombines the free radicals producing a more stable mate-
rial (81). The additional cross-links provide improved wear
resistance, particularly during kinematic conditions with
high levels of cross-shear as found in the hip. A number of
early simulator studies showed no wear for these materials
(81), while other studies demonstrated measurable wear
(82). Initial clinical studies, however, do show penetration
and wear (83). Wear and surface cracking has been identi-
fied in a few isolated retrievals. The wear rates reported
more recently in simulator studies have been found to be in
the range 5–10 mm3/million cycles, which is four to five
times less than with conventional material (69). Recent
work has also shown that cross-linked PE produces a
greater proportion of smaller particles, per unit volume
of wear debris and has been found to be up to three times
more biologically active than conventional material (18).
This leads to a functional reduction in osteolytic potential
of about twofold compared to conventional PE. This
improvement in functional osteolytic potential may not
be sufficient for high demand patients, and in patients
who require large head sizes. In these patients, larger
diameter hard-on-hard, such as ceramic-on-ceramic or
metal-on-metal, may be a more appropriate bearing choice.

Ceramic-on-Metal Bearing

Currently used hard-on-hard bearings are comprised of
similar materials, such as alumina ceramic-on-ceramic or
metal-on-metal. When lubrication conditions are depleted,
like bearing materials can produce elevated adhesive fric-
tion and wear. The ceramic-on-metal hip was developed to
produce a deferential hardness hard bearing (84). Labora-
tory simulation studies have shown a reduction in wear of
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Figure 5. Predicted functional biological activity or osteolytic
potential of alumina ceramic-on-ceramic and highly cross-linked
UHMWPE-on-metal hip prostheses.

Table 5. Typical Friction Factors and Lubrication Regimes in Various Bearings for Hip Implantsa

Bearing Couples Friction Factor
Variation of Friction Factor Against

Increasing Sommerfeld Number
Indicated Lubrication

Regimes

UHMWPE-on-Metal 0.06–0.08 Constant/decreasing Boundary/mixed
Metal-on-metal 0.22–0.27 Decreasing Mixed
Ceramic-on-ceramic 0.002–0.2 Increasing Fluid-film/mixed

aSee Ref. 4.



up to 100-fold compared to metal on metal. The ceramic
head does not wear and remains smooth, improving lubri-
cation and reducing wear of the metallic cup. This new
concept is currently entering clinical trials.

Surface Replacement Bearings

There is considerable interest in surface replacement solu-
tions in the hip (85). In this approach, a large diameter
metallic shell is placed over the reamed femoral head,
preserving femoral bone stock, and this articulates against
a large diameter acetabular cup. Both cobalt chrome cast
and wrought alloys have been used in different bearing
designs. The larger diameter head improves lubrication
and reduces wear compared to smaller head sizes (70).
However, it is important to maintain a low radical clear-
ance between the components to ensure low bedding-in
wear (78,86,87). Surface replacement metal on metal
bearings are not suitable for all patients, due to the nature
of the femoral bone, but are currently used in � 10% of
patients receiving hip prostheses.

Surface Engineered Metal-on-Metal Bearings SUREHIP

Concerns still remain about wear particles in metal on
metal bearings and elevated metal ion levels. Surface
engineering solutions are an attractive option for reducing
wear and metal ion levels, and can be readily applied to
surface replacement hips. Recent research with thick
AEPVD chromium nitride and chromium carbon nitride
surface engineered coatings of thicknesses between 8 and
12 mm have shown a 30-fold reduction in wear and metal
ion levels (88,89). These coatings are now undergoing
product development in preparation for clinical studies.

Compliant Materials, Cushion Form Bearings

In recent years, the trend has been to move toward harder
bearing materials that wear less, and away from the lower
elastic modulus properties of articular cartilage. Compli-
ant materials such as polyurethane have been investigated
as bearing materials in acetabular cups. The cups have been
formed as a composite structure with a higher modulus
substrate to give structural support (90). The bearing has

shown improved lubrication and reduced wear compared to
conventional polyethylene bearings. However, concerns
remain about the long-term stability of these low modulus
materials. More recently an experimental polyurethane
surface replacement cup has been investigated (91).

Hemiarthroplasty and Hemisurface Replacements

Interest in more conservative bone preserving, and mini-
mally invasive surgery has generated renewed interest in
surgical treatments that replace only one side of the dis-
eased joint or potentially just the diseased surface itself. In
these scenarios, consideration has not only to be given to
the biomaterial replacing the degenerated tissue, but also
the function of the apposing articulating surface.

In the hip hemiarthroplasty using compliant materials
has just entered clinical trials, where the femoral head
covered with a layer of polyurethane articulates against
the natural cartilage in the acetabulum (http://www.im-
pliant.com/home/index.html). Future designs will focus on
full or partial replacement of the diseased cartilage on one
side of the joint.

SUMMARY

This article summarizes the biotribology of artificial hip
joints and development over the last four decades. Although
adequate solutions exist for the elderly less active patients
> 65 years old with average life expectances < 20 years,
considerable technological advances are required to meet
the demands and improved performance of younger
patients. Recent moves toward large diameter heads to give
greater function, stability and range of motion are placing
greater demands on tribological performances and increas-
ing use of the hard-on-hard bearings.

Nomenclature

d Diametral clearance

D Dearing diameter or equivalent diameter defined in
Eq. 1

FBA Functional biological activity
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Table 6. Typical Volumetric and Linear Wear Rates for Different Bearings for Hip Implantsa

Bearing Couples Volumetric Wear Rate, mm3/million cycles Linear Wear Rate, mm/million cycles

UHMWPE-on-metal 30–100 100–300
UHMWPE-on-ceramic 15–50 50–150
Metal-on-metal 0.1–1 2–20
Ceramic-on-ceramic 0.05–1 1–20

aSee Ref. 4.

Table 7. Typical Particle Sizes and Biological Responses in Different Bearings for Hip Implantsa

Bearing Couples Dominant Particle Diameters, mm Biological Responses

UHMWPE-on-metal/ceramic UHMWPE, 0.01–1 Macrophages/osteoclasts/osteolysis
Metal-on-metal Metallic, 0.02–0.1 Low osteolysis, cytotoxicity
Ceramic-on-ceramic Ceramic, 0.01–0.02 Bioinert, low cytotoxicity

Ceramic, 0.1–10 Macrophages/osteoclasts/osteolysis

aSee Ref. 69.



hmin Minimum lubricant film thickness

PMMA Poly(methyl methacrylate)

Ra Average surface roughness

S Summerfeld number

SBA Specific biological activity

T Frictional torque

u Siding velocity

UHMWPE Ultrahigh molecular weight polyethylene

w Load

h Viscosity

l Ratio defined in Eq.3

m Frictional factor defined in Eq. 2

Subscripts:

Head Femoral head

Cup Acetabular cup
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