
37

3 
Tribology of the Artificial Hip
MARKUS A. WIMMER AND MICHEL P. LAURENT

K E Y  P O I N T S
•	 Wear	of	the	bearing	surface	is	a	major	factor	in	the	service	

life	of	total	hip	and	surface	replacements.
•	 The	hip	bearing	constitutes	a	tribological	system;	thus,	wear	

is	a	system	property	impacted	by	multiple	variables,	such	as	
bearing	dimensions,	anatomic	placement,	bearing	materials,	
loading	conditions,	joint	motion,	and	lubricant.

•	 Various	bearing	couples	with	different	wear	properties	are	
available.	A	cobalt-chromium-molybdenum	(Co-Cr-Mo)	 
and	ceramic	femoral	head	articulating	against	a	highly	
cross-linked	ultra-high-molecular	weight	polyethylene	(XLPE)	
acetabular	component	are	the	most	common	bearing	
surfaces	used	today.

•	 Wear	testing	of	hip	bearings	is	necessary	to	assess	materials	
and	geometries	preclinically	following	American	Society	for	
Testing	and	Materials	(ASTM)	and	International	Organization	
for	Standardization	(ISO)	standards.

•	 Although	wear	has	significantly	decreased	with	the	use	of	
XLPE	liners,	it	is	important	to	try	to	reduce	wear	and	its	
effect	on	host	tissues	because	total	hip	arthroplasty	(THA)	is	
often	performed	on	young	patients.

Introduction

Tribology is the science and technology of interacting surfaces 
in relative motion. It includes the study and application of 
the principles of friction, wear, and lubrication. Friction is a 
natural phenomenon in our daily lives, causing wear of bodies 
in contact. Although Leonardo da Vinci (1452–1519) and Guil-
laume Amontons (1663–1705) recognized and formulated the 
basic principles of friction, the underlying mechanisms of friction 
and wear are poorly understood. Lubrication between contacting 
bodies reduces detrimental consequences of friction and wear. In 
this chapter, we present the current understanding of tribology 
in the context of prosthetic wear, with a focus on hip implants. 
However, many of the principles also apply to other articulating joint  
replacements.

In hip replacement, wear and the consequences of wear continue 
to be an important cause of implant failure. Billions of wear particles 
generated annually can migrate to the periprosthetic tissues, causing 
localized chronic inflammation and resorption of bone adjacent 
to the implant.1,2 This mechanism, called osteolysis, may lead to 
subsequent implant loosening and failure and is discussed in detail 
in later chapters.

Because of the biologic complications of wear debris, it is 
important to identify precise and purposeful measures for wear 
reduction. Knowledge of the multifactorial nature of wear and 
accurate modeling of in vivo conditions within the laboratory 
allow us to overcome the simple trial-and-error methods of the 
past and help reduce risks for the patient. Therefore it is essential 
to analyze surfaces that have been worn under the actual “operating 
conditions” to learn about the influencing factors of the system 
and replicate them satisfactorily in a bench test.

This chapter covers the major aspects of tribology related to 
the articulating surfaces of hip prostheses. First, the definitions of 
terms associated with a tribological system are given, with particular 
emphasis on wear mechanisms, wear modes, and lubrication regimes. 
The hip bearing is then presented as a tribological system, with 
specific wear modes and mechanisms, outputs (material loss, 
heat, and sometimes sound), and lubrication regimes. The wear 
characteristics of hip bearing couples as a function of geometry 
and bearing materials are discussed. This is followed by a section 
on wear testing procedures, covering screening tests for materials 
and full-fledged tests of hip bearings in simulators. The chapter 
ends with a list of current concerns and future directions, which 
include uncertainties regarding the long-term wear behavior of 
highly cross-linked polyethylenes (XLPEs), improving wear of 
metal-on-metal bearings, developing new materials and coatings 
for bearing surfaces, improving wear testing of prosthetic hip joints, 
and developing virtual wear testing that would complement actual 
wear testing.

Basic Science

Definition of Terms
A tribosystem consists of four elements: a body, a counterbody, an 
interfacial medium, and an environment (Fig. 3.1). The relative 
kinematics of the bodies, the contact load and loading profile, 
and the ambient temperature define the input variables of the 
system. The mechanical function of motion with load bearing 
that characterizes every tribosystem is always accompanied by 
some loss of energy, mostly in the form of heat (≈ 90% of the 
introduced energy), sound, and wear. The loss of material that 
constitutes the wear component is influenced by many factors, 
including general bulk properties of the articulating bodies; their 
surface characteristics (e.g., roughness, hardness, surface energy); 
and system conditions, such as the lubricant, relative motion of 
the bodies, and loads transmitted.

Knowledge of the contact conditions between interacting bodies 
is important for the understanding of wear mechanisms. On the 
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reactions, which involve primarily chemical processes (Box 3.1). 
Depending on the chemical reactivity of the bearing material, 
chemical bonding between articulating materials (adhesion) or 
with surrounding agents (tribochemical reaction) can occur. In 
simulating the wear of hip prostheses within the laboratory, it is 
essential to replicate the in vivo wear mechanisms, not just the 
observed wear rates (the wear loss per cycle or unit time). Key 
validity indicators of laboratory simulations include the surface 
appearance and morphology of the worn surfaces, which must 
resemble those of explanted components, and the shapes, size 
distributions, and chemistry of wear particles generated during 
testing, which must duplicate those collected from periprosthetic 
fluid and tissue.

microscopic level, all surfaces have an intrinsic roughness, even 
those that appear perfectly smooth (see Fig. 3.1). Hence, contact 
between articulating surfaces is established only on asperities, 
yielding many tiny contact spots, so that the real contact area is 
significantly smaller than the apparent contact area (Fig. 3.2). This 
distinction between real and apparent contact areas is a key concept 
in tribology. During motion, these tiny contact locations are 
deformed elastically and/or plastically within a chemically chal-
lenging environment. Particles are then created by mechanically 
or chemically dominated wear mechanisms.

Currently, 4 major wear mechanisms are known and distinguished: 
(1) abrasion; (2) surface fatigue, which involves microscopic crack 
initiation and propagation; (3) adhesion; and (4) tribochemical 
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• Fig. 3.1 General description of a tribosystem, which consists of 4 elements: the 2 bodies in contact, 
the interfacial material, and the environment. All of these elements can affect one another and change 
the mechanism of interaction. 
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• Fig. 3.2 Apparent and real areas of contact established on asperities. 
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for technical bearings using the Reynolds equation, derived from the 
general Navier-Stokes equations for laminar fluid flow.3 Stribeck 
developed the groundwork for a quantity known as the lambda ratio 
(λ), which is the thickness of the lubricating fluid film relative to 
the surface roughness of the contacting materials.4 The higher the 
value of λ, the greater the fluid film thickness relative to the height 
of the asperities. The value of λ increases with the viscosity of the 
lubricant and the sliding velocity, and decreases with the load on 
the interface and the roughness of the mating surfaces. The value 
of λ also depends on the local gap geometry, because formation of 
a fluid film during sliding motion requires that the mating surfaces 
form a convergent gap (i.e., a slight wedge). During sliding, the 
fluid is entrained into the wider end of the wedge and gets partially 
trapped, forming a pressurized film that supports load. In a hip 
bearing, slight differences between the head and cup radii naturally 
produce such a convergent gap. The λ ratio is used to estimate 
the occurrence of 3 distinct lubrication regimes (Fig. 3.5): (1) λ 
< 1, a region of boundary lubrication in which the asperities of 
the 2 articulating surfaces are in contact and the lubricant reduces 
resistance to relative motion between counterfaces by chemical and 
physical processes; (2) 1 < λ < 3, a region of mixed lubrication 
in which parts of the surfaces are separated by the lubricant but 
isolated surface points remain in contact; and (3) λ > 3, a region 
of hydrodynamic lubrication in which a full fluid film covers the 
asperities, completely separating the articulating surfaces. Although 
the friction coefficient is relatively low in this region, it increases 
with film thickness because the ability of the film to support 
load (FN) decreases faster than the corresponding reduction in 
viscous drag (FT). Thus, the friction coefficient, which equals FT/
FN, increases. In the mixed lubrication regime, the importance of 
well-polished surfaces is apparent: the higher a single large asperity 
protrudes through the lubricating film, the longer it will remain 
in contact with the other surface.

The Hip Bearing as a Tribological System
Because of the complex nature of tribology, wear at the hip cannot 
be reduced to a material property but rather is determined by the 
characteristics of the system. Such a system (compare with Fig. 
3.1) consists of the acetabular liner and the femoral head, which 
are the contacting bodies, the fluid that interacts between the 2 
bodies, and the surrounding soft tissue, with the latter defining 
environmental conditions such as ambient temperature and gas 
concentrations. These system characteristics and the loads and 
motions that occur during daily activities should be known for 
proper understanding and modeling of wear processes.

Wear Mode and Mechanisms
The wear mode in the human hip joint can be designated as 
multidirectional sliding wear—multidirectional because the wear 
tracks form quasi-elliptical paths, which cross each other during 
the cyclical motion of gait.5 Crossing of wear tracks accelerates 
the formation of particulate debris.6 In addition, McKellop7 has 
defined 4 modes of hip wear based on the in vivo conditions 
under which the joint functions: (1) regular (sliding) wear; (2) 
impingement (impact) wear; (3) third-body abrasive wear; and 
(4) backside (fretting) wear (see Box 3.3, item 5). During sliding 
wear, all wear mechanisms—adhesion, abrasion, surface fatigue, 
and tribochemical reactions—can act simultaneously (see Fig. 
3.3). Therefore, to improve an artificial bearing tribologically, the 
mechanisms that dominate wear behavior must be identified. This 
has been done through retrieval analysis, and identification of 

The wear mode is the particular dynamic configuration of body, 
counterbody, lubricant, and environment that generates wear in 
the tribosystem. Common wear modes include sliding wear, rolling 
wear, and third-body abrasive wear (Fig. 3.3). In the hip, for 
example, wear between the head and cup occurs from sliding wear. 
In the presence of bone cement particles, the wear mode shifts to 
third-body abrasive wear. These two modes trigger profoundly 
different wear mechanisms; thus, they generate different types and 
amounts of wear. A wear mode is not a steady-state condition, 
and a shift between modes can occur. For example, worn carbides 
generated from metal-on-metal sliding wear between cobalt alloy 
surfaces can change the wear mode to third-body abrasion, as the 
carbide particles released from the bearing surfaces actively par-
ticipate in the tribological process. Each wear mechanism generates 
a characteristic wear appearance, also known as a wear pattern or 
wear damage, observed through visible changes in surface structure 
(texture and shape) that occur as a consequence of wear (Fig. 3.4).

Friction is the introduction, transformation, and dissipation of 
energy. Surface asperities become elastically and/or plastically 
deformed when they come in contact (or interlock) with asperities 
of the countersurface (see Fig. 3.1). Another contribution comes 
from the adhesion of surface atoms and molecules of the body 
and counterbody.

Lubrication can reduce friction and wear. Both deformation and 
adhesion contributions to friction can be significantly reduced by 
lubrication. The extent of fluid film formation plays an important 
role in the wear process of joint replacements, as has been described 

Abrasion
•	 Mechanical	cutting	or	plowing	process
•	 Induced	by	asperities	of	the	counterbody,	foreign	particles	(contaminants	

from	outside	the	wear	system	[e.g.,	bone	cement]	or	particles	generated	
within	the	system	itself	[e.g.,	fractured	carbides,	wear	debris])

•	 Four	different	submechanisms	of	abrasion	exist,	depending	on	the	
properties	of	the	bodies	in	contact:	microplowing,	microcutting,	
microcracking,	and	microfatigue,	reflecting	the	cyclical	elastic	and/or	
plastic	nature	of	the	contact.

Surface Fatigue
•	 Repeated	sliding	or	rolling	over	the	same	wear	track
•	 Initiation	and	propagation	of	microcracks	parallel	and	orthogonal	to	the	

bearing	surfaces	for	mechanical	or	material-related	reasons
•	 Wear	appearance:	shallow	pits	and	delaminations

Adhesion
•	 Materials	from	both	surfaces	adhere	to	each	other	(similar	to	friction	

welding).
•	 During	mechanical	action,	these	microjunctions	are	torn	off	and	fragments	

become	particles	that	are	transferred	from	body	to	counterbody	(and	vice	
versa).

•	 Wear	appearance:	adhering	material	flakes	and	pits.	In	severe	cases,	
generated	flakes	and	particles	act	abrasively,	leaving	severe	scratches	and	
grooves	behind.	The	latter	may	cause	joint	seizure.

Tribochemical Reactions
•	 Surfaces	in	mechanical	contact	become	activated	and	react	with	the	

interfacial	medium	and/or	environment.
•	 Results	in	the	alternating	formation	and	removal	of	reaction	products	at	

the	surfaces,	which	change	the	material	characteristics	of	the	surface.
•	 Wear	appearance:	often	microscopically	visible	as	a	patchy	layer

The Four Major Wear Mechanisms• BOX 3.1 
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1012 particles are generated per milligram of debris, corresponding 
to the generation of approximately one hundred million wear particles 
per step.11

Despite the relevance of wear, most of the dissipated energy is 
transformed into heat. The clinically observed heat generation of 
hip endoprostheses12 is a direct result of this process. In cases of 
couples with small contact areas, as in metal-on-metal bearings, 
local temperatures can reach between 60°C and 80°C for a few 
milliseconds.13 These temperature changes can initiate chemical 
reactions that generate reaction products and films on the acetabular 
and femoral bearing surfaces.14 This phenomenon explains the 
higher starting torque measured for these metal-on-metal pairings,15 
which stresses the prosthesis–bone interface. In large-diameter 
prostheses, start-up torque can reach clinically relevant values and 

characteristic wear appearances shows all 4 major wear mechanisms 
to be acting (see Fig. 3.4).

System Output
Material loss is the most relevant system output (see Fig. 3.1) for 
orthopedic applications. The characteristics of wear particles are 
particularly important in the context of wear-induced osteolysis. 
Tissue reaction to wear debris depends on the size, shape, and 
composition of the particles generated.8,9 A comparison of particle 
images (Fig. 3.6) reveals that different types of polyethylene result 
in different particle size distributions.10 For instance, in some cases, 
significantly more particles are released even though the overall 
quantity of wear debris may be smaller. Conversion of current 
wear rates and particle sizes predicts that between 0.2 to 2.0 × 
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• Fig. 3.3 Schematic diagram of wear modes and possible wear mechanisms in a tribological system. 
Tribological operating conditions are shown pictographically, followed by a description of the wear mode. 
Possible wear mechanisms are listed in the outer boxes for each mode, with the prevalent ones shown 
in bold. 
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better wear resistance. However, theoretical calculations23 showed 
that these effects are limited to the geometries not available in 
current prostheses. Nonetheless, clinical studies reported significant 
differences in whole blood and urinary levels of cobalt and chro-
mium between a theoretically low-friction group and a control 

in unfortunate circumstances can contribute to loosening of the 
artificial device.16 From a wear perspective, tribochemical reactions 
are positive. Transformation of the original surface into a hybrid 
material consisting of nanometer-sized metal crystals, oxidized 
wear debris, and organic matter from the interfacial synovial fluid17 
can be similar to the action of antiwear additives in high-performance 
lubricants used in race car engines. Here, additives form surface 
films that protect the underlying material, making them more 
durable and reducing their wear rates.18

Audible sound as a system output has come under scrutiny for 
hip replacements. Cases of “squeaking” of ceramic-on-ceramic 
bearings19–21 have been related to stick slip phenomena,22 which 
occur as the result of roughening of bearing surfaces. The exact 
cause of hip squeaking, however, remains unclear and is presumably 
a multifactorial phenomenon that could involve component neck-
cup impingement, microseparation, and subluxation.

Lubrication Regime
Ideally, the lubricating film completely separates the two articulating 
elements (see Fig. 3.5). This scenario requires a large contact area, 
sufficiently high relative velocities, and sufficiently smooth surfaces. 
Theoretically, the combination of a large femoral head (leading to 
high relative velocity), a small clearance between the head and 
socket (yielding a large lubricated area), and smooth bearing surfaces 
facilitates hydrodynamic lubrication, yielding an implant with 

A 

C D 

B 

• Fig. 3.4 Typical appearances of the 4 major wear mechanisms. (A) Abrasion: scratches and grooves on 
a polyethylene cup. (B) Adhesion: transferred polyethylene flakes. (C) Surface fatigue: intergranular fracture 
in the high wear region of a ceramic cup. (D) Tribochemical reactions: organometallic deposit on the head 
of a metal–metal articulation. 
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specific lubricant film thickness. 
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revolutionary implant geometries is without question. For instance, 
Harry Craven29 was able to convince his boss, Sir John Charnley, 
who had considered the experiments a waste of time, of the suit-
ability of ultra-high-molecular-weight polyethylene (UHMWPE) 
as a bearing material, replacing Charnley’s earlier use of Teflon.30 
Craven used a self-built pin-on-disk testing device to facilitate this 
milestone achievement in joint replacement.

Approximately 6 years later (1966), Duff-Barclay started using 
the first hip simulator. Several developmental stages followed, 
including Stanmore simulators (MKI and MKII), Munich simulators 
(Ungethüm 1 and 231), and Leeds simulators,32 resulting in con-
temporary machines that meet the current ISO testing norms 
(Standards 12424-1 and 14242-3; see Table 3.3). Although these 
tests only simulate a normalized walking gait cycle (1–1.5 million 
movement cycles are assumed to reflect 1 year in vivo33), they have 
provided major insights into wear processes in hip implants.

In general, polyethylene wear increases by approximately 3% 
to 10% with each additional 1 mm in ball diameter because of 
increasing sliding distance and frictional area.34,35 Consequently, 
the risk of revision for a 32-mm ball size is about threefold higher 
than that for a 22-mm ball size for conventional polyethylene.36 
Considering all ceramic–polyethylene pairings with a 28-mm 
diameter head tested by a certified testing laboratory (Endolab 
GmbH, Rosenheim, Germany) into 12 groups of 3 pairings each 
during the past decade, the median wear rate was 19.4 mg per 
million movement cycles (Fig. 3.7). The standard deviation was 
6.8 mg/million cycles, with values ranging from 7.8 to 29.8 mg/
million cycles. Still, the worst 28-mm diameter pairing had a lower 
wear rate than the best 55-mm diameter pairing.

Wear rates of highly XLPE are in the range of 10% to 50% of 
those of conventional polyethylene.37,38 These low wear rates have 
been confirmed in a few clinical studies.39–41 Likewise, studies by 
Endolab showed wear in the range of a few milligrams per million 
loading cycles (see Fig. 3.7). In simulation experiments, all types 
of polyethylene absorb relatively large amounts of fluid from the 
surroundings, resulting in underestimation of weight loss through 
wear. In the past, these underestimations gave rise to the euphoric 
but scientifically unsound assumption that highly XLPEs are resistant 
to wear.37

Since the development of first-generation XLPEs, second-
generation XLPEs have included additives such as vitamin E 
and altered manufacturing parameters. The additives primarily 
act to quench free radicals generated by irradiation without the 

group.24 The daily activity profile of patients, low walking speeds, 
and many start/stop activities could have masked differences between 
groups in terms of wear under steady-state conditions.15

For large head replacements, a small but significant deformation 
of the relatively thin metal socket can occur during implantation and 
physiologic loading of the pelvis (e.g., pinching effects around the 
equator). These deformations are considered in theoretical calcula-
tions,25,26 but are not simulated in wear tests. These observations 
could explain a study27 on a marathon runner who had received a 
large-diameter prosthesis: during the competition phase, a distinct 
increase in chromium urine concentration was found, which can 
occur only when the articulating components are moving in the 
mixed lubrication regime. Higher pelvis deformation and loads 
during running compared with those during walking may be 
responsible for this observation. Consequently, all currently available 
implants presumably interact under boundary or mixed lubrication 
conditions during physiologic loading to generate wear particles.

In this context, the question arises as to why in a natural hip 
joint, which is exposed to similar biomechanical boundary condi-
tions, such wear processes do not occur. In the past, this difference 
was attributed primarily to elastohydrodynamic (EHD) processes. 
It was assumed that the relatively soft cartilage is smoothed by the 
pressure of the lubricating film, reducing the effective height of 
protruding peaks. Under these conditions, it was assumed that a 
thinner lubricant film would be sufficient to separate the articulating 
layers. However, recent studies28 showed that the interstitial fluid 
pressure of cartilage is sufficient to reduce friction and wear 
substantially, which is especially important during start-up activities 
in which the EHD process does not apply. Glycosaminoglycan is 
particularly important for this phenomenon. This molecule prevents 
rapid diffusion of fluid from the cartilage matrix, forcing 90% of 
the joint contact load to be carried by water molecules. In addition, 
special proteins, such as lubricin, within the synovium and the 
lamina splendens of the cartilage contribute to the absence of wear 
even in regions of mixed friction. Despite significant progress made 
in the understanding of articular cartilage performance, the develop-
ment of comparable artificial materials remains challenging.

Wear in Hip Bearings
Because of the multifactorial nature of tribology, the relevance of 
results obtained in wear experiments using wear simulators should 
always be interpreted with care. Nonetheless, the importance of 
tribological experiments for the development of new materials and 

B A 

• Fig. 3.6 Typical polyethylene wear particles from (A) conventional and (B) cross-linked ultra-high-
molecular-weight polyethylene (UHMWPE). PE, Polyethylene. 
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variability in metal-on-metal wear rates (see Fig. 3.7). In vivo, 
surgical variation in implant positioning and the biomechanics of 
the patient are additional factors, as are variations in synovial fluid 
composition, as seen after osteoarthritic disease and/or menopause. 
This complex dependence on multiple factors likely explains the 
variability in wear performance of metal-on-metal joints, including 
higher than expected clinical wear rates, generation of metallic 
wear debris, and associated complications.46–48 To make this bearing 
combination more reliable, strategies should be developed to control 
and stabilize the formation of tribochemical reaction films. Because 
these films are the result of the combined action of corrosion and 
wear, their study is best performed within the scope of the newly 
established field of tribocorrosion.49,50

Testing Procedures
New materials and designs involving total hip articulating surfaces 
must undergo tribological testing before they are released for clinical 
use. Tribological testing is hierarchical, starting with screening tests 
of various degrees of sophistication and ending with wear tests in 
hip joint simulators. In discussing testing procedures, it is easy to 
lose sight of the overall picture in the details. An overall prospective 
is given in Box 3.2.

Screening Wear Tests
Screening tests are low cost, simple, and fast, performed primarily 
to rank materials with respect to wear and friction. Three screening 
wear tests are relevant to orthopedic applications:
1. Pin-on-flat (POF): the most prevalent
2. Pin-on-disk (POD): the simplest, appropriate for measuring 

basic tribological properties
3. Biaxial pin-on-ball: intermediate in sophistication between POF 

and hip simulators

Pin-on-Flat Wear Test
The POF wear test, also called the pin-on-plate test, is used extensively 
to screen polymeric materials sliding against metals, but it can also 
be used for metal-on-metal combinations. The test configuration 
entails the end of a cylindrical pin sliding against a flat counterface. 
The end of the pin may be flat, rounded, or hemispheric (Fig. 3.8). 
The typical configuration consists of a flat-faced cylindrical pin 
sliding against a flat metal counterface, the metal usually being 

need for thermal processing at temperatures that degrade the 
strength of the polymer. Removal of free radicals is beneficial 
in decreasing the rate of oxidation of polyethylene components 
and the risk of catastrophic embrittlement in vivo. Polyethylenes 
with additives can be separated into subgroups42 with a range 
of possible material parameters that relate to large variability in 
wear rates. In addition, aspects of the in vivo long-term stability 
of these materials have not been generally addressed. However, 
because of the reduced fracture toughness of some formulations of 
XLPEs, enhanced protection against in vivo oxidation is especially  
important.

As was discussed previously, the “squeaking” of ceramic on 
ceramic pairings might be related to a subluxation problem with 
specific implant geometries. Subluxation was initially recognized 
in revised pairings43 and later included microseparation as an 
add-on for hip simulator tests.44 This helped to recreate areas 
of “stripe wear” (elongated zones with a dull appearance due to 
surface roughening) that resembled those of ceramic on ceramic 
retrievals. Such microseparation conditions produced considerably 
higher wear rates (typically 1 magnitude above those values shown 
in Fig. 3.7). Squeaking noises, however, could not be generated 
in the laboratory consistently. The reasons for this are currently 
under close investigation.22,45

Metal-on-metal bearings gained popularity for a time in the 
early 2000s, but because of the negative biologic response to metallic 
wear debris in many patients, the bearing surface has fallen out 
of favor for use in THA. Although this material combination was 
attractive because of its low volumetric wear rate (see Fig. 3.7), it 
gained its popularity primarily because it provided new possibilities 
in hip resurfacing. Proper tribological behavior of metal-on-metal 
joints relies on the establishment of tribochemical reaction films,17 
which, in turn, depends on surface chemistry and texture, contact 
pressure, and lubricant constituents (i.e., organic molecules that 
adhere to surfaces). Hence, alloy microstructure, bearing dimensions, 
tolerances, and machining quality can all contribute to the large 
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• Fig. 3.7 Steady-state wear rates of the most commonly used material 
combinations in hip bearing couples. Each dot represents the average of 
3 bearings of the same design and manufacturer on a hip simulator 
according to the International Organization for Standardization (ISO) 
14242-1. (Data from repository of Endolab.)

A B C
• Fig. 3.8 Typical pin geometries for the pin-on-flat test. The pins are 
cylindrical with (A) a flat, (B) rounded, or (C) hemispheric end. The flat end 
is sometimes slightly beveled circumferentially to decrease edge effects. 
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Pin-on-Disk Configuration
In its simplest form, the POD configuration entails a pin subjected 
to a constant vertical force, sliding on the flat face of a rotating 
disk, describing a circular, unidirectional path (Fig. 3.10). This 
configuration offers simple conditions for friction and wear measure-
ments. Guidance for this test is given by ASTM Standard G-99.54 
Measurement of friction is readily accomplished by measuring the 
side force required to keep the pin in place on the rotating disk. 
Although the tip geometry is typically spherical, rounded and flat 
tip geometries are also possible. For a pin with a spherical tip, the 
wear scar is approximately circular as long as the disk wear is 
sufficiently small. Wear of the pin is determined directly from the 
mean diameter of the wear scar:

Wear d D= π 4 32

where d and D are the wear scar width and the tip diameter, 
respectively. Wear of the disk can be determined by weight loss 

a Co-Cr-Mo alloy. Because of its importance, this test has been 
standardized by the ASTM (Standard F-732, “Wear Testing of 
Polymeric Materials Used in Total Joint Prostheses”)51 for 3 variants 
of the test: (1) linear reciprocation wear motion applications, such 
as hinged knees; (2) “hip-type motion”; and (3) linear motion 
delamination wear applications, mainly applicable to incongruent 
metal-polymer contact, as encountered in knee prostheses (Fig. 
3.9). Variant 2 emulates the multidirectional motion found at hip 
bearing surfaces (Table 3.1), determined to be essential for proper 
evaluation of UHMWPE6 because this material is susceptible to 
shear softening.52 This enhancement of the wear rate of a polymer 
by “cross-shearing” had been reported earlier for high-density 
polyethylene.53

1.	 Wear	testing	of	prostheses	is	an	essential	step	in	the	development	of	new	
designs	and	materials.	It	is	usually	required	for	submissions	to	regulatory	
agencies,	such	as	the	US	Food	and	Drug	Administration,	to	gain	approval	
for	clinical	use	of	a	device	that	involves	changes	in	design	or	material	of	
the	articular	surfaces.

2.	 Wear	testing	is	complex	because	it	entails	a	tribological	system—bearing	
surfaces	articulating	in	a	given	lubricant	and	subjected	to	applied	forces	
and	motions.

3.	 Material	combinations	for	hip	bearing	surfaces	are	evaluated	for	wear,	
using	screening	tests	that	entail	simplified	specimen	geometries,	loading,	
and	motions.	The	most	commonly	performed	screening	test	is	the	
pin-on-flat	wear	test,	based	on	American	Society	for	Testing	and	Materials	
Standard	F-732.

4.	 Hip	wear	tests	are	typically	performed	in	multistation	hip	simulators.	They	
are	expensive	because	they	are	often	lengthy	and	labor	intensive	and	
capital	intensive.	A	12-station	simulator	typically	costs	several	hundred	
thousand	dollars.

5.	 Two	broad	types	of	hip	simulators	are	commercially	available:	biaxial	
rocking	motion	simulators	and	simulators	capable	of	applying	the	three	
rotations:	flexion-extension,	adduction/abduction,	and	internal/external	
rotation.

6.	 A	hip	wear	test	is	deemed	representative	if	it	produces	wear	values	(head	
penetration,	weight	loss)	that	are	of	the	same	order	of	magnitude	as	
observed	clinically.	In	addition,	particle	size	distribution	and	shape	and	
wear	surface	morphology	should	be	comparable	to	what	is	observed	
clinically.

7.	 Standards	related	to	hip	wear	testing	have	been	developed	by	the	ASTM	
and	the	ISO	(see	Table	3.3).

8.	 Although	hip	wear	testing	has	evolved	considerably	in	the	past	2	decades,	
room	for	improvements	remains:	the	use	of	better	characterized	
lubricants;	simulation	of	activities	other	than	walking,	such	as	stair	
climbing	and	descent;	and	improved	protocols	for	testing	wear	under	
severe	conditions,	such	as	third-body	wear.

9.	 A	significant	recent	advance	in	hip	wear	testing	is	the	inclusion	of	
microseparation	or	lateralization,	in	which	the	head	and	cup	separate	
slightly	during	the	swing	phase	of	each	walking	gait	cycle	and	recombine	
with	slight	cup	edge	impingement.	Microseparation	is	important	to	
reproduce	clinically	relevant	wear	rates	for	ceramic-on-ceramic	bearings.

10.	 Hip	wear	testing	most	often	yields	relative	results,	in	which	designs	or	
materials	are	ranked	or	compared	against	a	control	bearing	couple.	
Internal	controls	are	essential	in	any	test	because	of	the	effects	of	
confounding	factors	that	can	change	from	test	to	test	and	from	laboratory	
to	laboratory.

11.	 Reasonably	good	correlation	exists	between	the	wear	rates	predicted	from	
modern	hip	simulators	and	clinically	observed	wear	rates.	Microseparation	
is	required	to	reproduce	clinically	relevant	wear	rates	for	ceramic-on-
ceramic	bearings.

Key Points for Wear Testing• BOX 3.2 Test Conditions for the Pin-on-Flat Test 
Per ASTM Standard F-732

TABLE 3.1 

Condition Requirement

Motion Multidirectional	(e.g.,	rectangular)

Pin	geometry Flat-ended	circular	cylinder

Pin	dimensions 13	mm	length	×	9	mm	diameter

Contact	area,	mm2 63.6

Counterface	geometry Flat

Test	load,	N 130	to	640

Nominal	stress,	MPa 2	to	10

Load	profile Constant	or	variable

Load	profile	maximum	
deviation

±3%

Stroke,	mm N/A

Frequency,	Hz 0.5	to	2

Average	sliding	speed,	mm/
sec

12.5	to	75

Polymer	cross-shear 60	to	90	degrees

Test	minimum	duration,	cycles 2,000,000

Minimum	number	of	
measurements	subsequent	
to	the	initial	one

4

Lubricant Bovine	serum,	diluted	with	deionized	
water	down	to	≥	25%	by	volume

Lubricant	replacement	interval,	
max

2	weeks

Reference	couple UHMWPE	per	Specification	F-648	
sliding	against	counterfaces	of	
cobalt-chromium-molybdenum	
alloy	(per	ASTM	Specification	
F-75,	F-799,	or	F-1537),	having	
prosthetic-quality	surface	finish

ASTM, American Society for Testing and Materials; UHMWPE, ultra-high-molecular-weight 
polyethylene.
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A B
• Fig. 3.9 Pin-on-flat test paths. (A) Linearly reciprocating, without crossing motion. (B) Rectangular, with 
crossing motion. 

Load

Tangential
force

• Fig. 3.10 Pin-on-disk configuration. The circular, unidirectional path is 
shown in red. 

y (t)

f (t)

• Fig. 3.11 Biaxial pin-on-ball configuration. Pin rotation ψ(t) and ball rota-
tion ϕ(t) are controlled independently to yield arbitrary motion trajectories 
between pin and ball. (Redrawn from Wimmer MA, Nassutt R, Lampe F, 
et al. A new screening method designed for wear analysis of bearing 
surfaces used in total hip arthroplasty. In: Jacobs J, Cendrowska T, 
Speiser P [eds]. Alternative Bearing Surfaces in Total Joint Replacement, 
STP 1346. West Conshohocken, PA: American Society for Testing and 
Materials; 1998:30–43.)

or by profilometry. The POD method is suitable for obtaining 
friction and wear information on any type of material combination. 
For polymer-metal or polymer-ceramic couples, the pin can be 
made of either of these materials, depending on the information 
sought. A good application of POD is to determine the frictional 
interaction between material couples as a function of lubricant 
type and composition, as might be used to compare materials (e.g., 
various polyethylenes) and lubricants (synovial fluid vs. bovine 
serum–based lubricants). However, lack of a cross-shearing motion 
makes it unsuitable for assessing the wear of UHMWPE, which 
is subject to cross-shearing wear effects.

Biaxial Pin-on-Ball Wear Test
The Biaxial Pin-on-Ball test was explicitly conceived as a method 
to screen and analyze bearing surfaces in total hip replacement.55 
It entails a conforming and equatorial contact between the concave 
end of a cylindrical pin and a ball that oscillates rotationally about 
mutually perpendicular axes (Fig. 3.11). With appropriate input 
from rotational waveforms, the resulting biaxial motion yields 
wear tracks of desired shapes, from almost linear (Fig. 3.12, left) 
to loops with crossing paths that approximate wear tracks observed 
in vivo for hips (Fig. 3.12 middle and right). This flexibility allows 

evaluation of the impact of motion trajectory on the wear of 
different candidate materials. The load is applied along the pin 
axis and can be kept constant or can be varied cyclically to cor-
respond to various parts of the motion trajectory. Both soft-on-hard 
(e.g., a UHMWPE pin against a Co-Cr-Mo ball) and hard-on-hard 
(e.g., metal-against-metal, ceramic-against-ceramic) combinations 
can be tested. The pin-on-ball assembly is immersed in a chamber 
that contains the lubricant. Friction between pin and ball is 
determined from the torque used to rotate the ball. Linear wear 
and deformation are measured using a linear variable differential 
transformer displacement sensor aligned with the pin. For 
UHMWPE, the effects of creep and swelling can be reduced by 
loading and soaking the wear couple for a predetermined time 
before starting the wear test. Wear may also be determined gravi-
metrically. No standards are currently associated with the biaxial 
pin-on-ball test.

Hip Joint Wear Simulators
As useful as screening tests may be, ultimately it is essential that 
wear tests be performed using the prosthetic components themselves 
in a manner that closely simulates relevant physiologic conditions. 
This is the role of a hip joint wear simulator (Box 3.3). The design 
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Modern hip simulators can be divided into three classes based 
on their head-cup kinematics:
1. Biaxial rocking motion (BRM) simulators.
2. Two-axis simulators that apply 2 independent rotations: flexion/

extension plus adduction–abduction or internal/external 
rotations.

3. Three-axis simulators that apply all 3 independent rotations.
BRM simulators are the most popular simulators because they 

are mechanically simple and compact, yet they generate clinically 
relevant wear rates.37,60 With this clever and elegant design, a wedge 
rotates under a cup that itself is prevented from rotating, generating 
a rocking motion of the cup as it articulates against the head (Fig. 
3.13). The rocking motion is equivalent to flexion/extension and 
abduction/adduction sinusoidal motions with a phase difference 
of 90 degrees and an amplitude equal to the angle of the underlying 
wedge, typically 22.5 degrees. It thus simulates someone walking 
with normal flexion/extension but with a large abduction/adduction 
angle. Although the motion pattern is fixed, the load waveform 
can be changed as desired.

Two- and 3-axis simulators differ from BRM simulators in that 
arbitrary rotation waveforms can be input. For a 3-axis simulator, 
all 3 rotations can be varied arbitrarily, permitting maximum flex-
ibility to simulate various types of gaits. The disadvantage is that 
these simulators are more costly, more complex, and perhaps less 
robust than BRM simulators. This complexity is evident in the 
cup rotation mechanism illustrated for the AMTI hip simulator 
(Advanced Mechanical Technology, Inc., Watertown, MA) in  
Fig. 3.14.

All current simulators yield multidirectional head-cup motion 
and cross-shearing on contacting sliding surfaces (Table 3.2). 
However, in a detailed study of 8 hip simulators, Calonius and 
Saikko61 demonstrated that slide tracks on the articular surfaces 
differ substantially among simulators, a slide track being defined 
as the path drawn on the counterface by a point on the surface 
of the head or cup. As an illustration, the slide tracks that they 
computed for walking gait62 are shown in Fig. 3.15, and those for 
the commercial simulators and for the ISO 14242-1 Standard61 
(Table 3.3) are shown in Fig. 3.16. Moreover, none of the slide 
tracks produced by the simulators matches those computed for 
walking gait. Despite differences in their motions, a study indicated 
that AMTI and BRM simulators produce comparable polyethylene 
wear rates.63 Therefore multidirectionality of the motion is likely 
an even more important factor than the specific shape and 

and use of hip simulators have evolved considerably, particularly 
after the mid-1990s, when it became clear that simulators that 
applied only flexion/extension produced wear rates well below 
clinical wear rates for polyethylene articulating against a metal 
head. Comprehensive reviews are available for earlier types of hip 
simulators.56–58

A significant breakthrough was achieved with the discovery of 
the importance of multidirectional motion in simulating physiologic 
conditions.6,59 This effect of multidirectional motion on polyethylene 
wear is attributed to orientation softening from deformation-induced 
structural anisotropy in this semi-crystalline high-molecular-weight 
linear polymer.52
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• Fig. 3.12 Trajectories plotted on the surface of a 12-mm-diameter pin obtained with the pin-on-ball 
configuration. Left: Nearly linear paths obtained with biaxial oscillatory motion with no phase and frequency 
difference. Middle and right: Elliptical trajectories. (Redrawn from Wimmer MA, Nassutt R, Lampe F, et al. 
A new screening method designed for wear analysis of bearing surfaces used in total hip arthroplasty. In: 
Jacobs J, Cendrowska T, Speiser P [eds]. Alternative Bearing Surfaces in Total Joint Replacement, STP 
1346. West Conshohocken, PA: American Society for Testing and Materials; 1998:30–43.)

1.	 Reproduces	the	wear	mechanisms	observed	in	vivo,	as	demonstrated	by
•	 Magnitude	of	the	wear	rates	and	proper	ranking	of	materials
•	 Microscopic	appearance	of	the	wear	surfaces
•	 Debris	morphology	and	size	distribution

2.	 Duplicates	all	key	physiologic	motions:	flexion/extension	(F/E),	adduction/
abduction	(A/A),	and	internal/external	rotation	(I/E),	reproducing	the	
pertinent	characteristics	of	wear	tracks	observed	on	explanted	
components.

3.	 Accepts	a	variety	of	applied	motions	and	load	profiles	to	simulate	the	
desired	activity	(e.g.,	walking,	running,	stair	climbing,	and	stair	descent).	
Loads	and	motions	applied	to	the	joint	closely	follow	the	input.

4.	 Permits	anatomic	positioning	of	the	joint	(e.g.,	cup	above	the	head).
5.	 Can	simulate	the	four	modes	of	hip	wear7:

•	 Mode	1,	regular	wear,	typically	through	reciprocating	sliding,	stemming	
from	intended	contact	between	bearing	surfaces

•	 Mode	2,	microseparation	and	subluxation,	whereby	a	bearing	surface	
is	wearing	against	a	nonbearing	surface	(e.g.,	the	head	impinges	
against	the	edge	of	the	cup)

•	 Mode	3,	as	Mode	1,	but	abrasive	particles	interposed	between	the	
bearing	surfaces,	leading	to	third-body	abrasive	wear

•	 Mode	4,	backside	wear	between	the	cup	and	shell,	typically	in	fretting	
mode

6.	 Uses	test	chambers	constructed	of	materials	inert	to	the	lubricant	and	
sealed	to	prevent	lubricant	evaporation	and	ingress	of	contaminants.

7.	 Can	run	unattended	24	hours	a	day,	7	days	a	week,	except	for	occasional	
checks	and	periodic	processing	of	the	specimens	for	cleaning	and	
measuring	wear.

8.	 Is	robust	enough	to	withstand	the	many	millions	of	cycles	entailed	in	most	
hip	wear	tests	without	a	breakdown.

Attributes of the Ideal Hip Simulator• BOX 3.3 
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UHMWPE formulation is best performed in a test setup designed 
specifically for this purpose.

Load Profiles
Modern hip simulators generally accept load waveforms defined 
by the user, but simulator capabilities can be a limiting factor. A 
standardized load profile is specified in ISO 14242-1 that has 
double peaks of 3000 N and a minimum load of 300 N (Fig. 
3.17). Also commonly used are the so-called Paul curve69 and 
profiles based on Bergmann’s in vivo instrumented hip prosthesis 
studies.70

The Lubricant
As a key component of the hip prosthesis tribosystem, the lubricant 
deserves special attention. Lubricant properties play a major role 
in the wear of UHMWPE in prosthetic hips.71–73 Total protein 
concentration, albumin-to-globulin ratio, lubricant volume turnover 
rate, and protein precipitation rate have all been found to affect 
wear rate.72 Synovial fluid, the lubricant of choice, is much too 
expensive to be used in simulators, which often require liters of 
lubricant. Water is inadequate as a lubricant because it lacks the 
proteins that provide boundary lubrication and are associated with 
triboreactions. Water also has a markedly lower viscosity than 
synovial fluid. The compromise has been some form of bovine 
serum, usually bovine calf serum. ISO Standard 14242-1 specifies 
calf serum diluted with deionized water to 25% and with a protein 
mass concentration of greater than or equal to 17 g/L.

Ongoing research is enhancing our understanding of the role 
of the components of the lubricant. A recent study reported marked 
lowering of the wear rate of UHMWPE with cleavage of albumin. 
Furthermore, the morphology of the wear surface greatly depended 
on albumin concentration.74 These results suggest that a standardized 
lubricant made from known base ingredients that would include 
purified proteins is needed to further increase the reproducibility 
of wear results on hip joint materials.

dimensions of the slide tracks. Although current hip simulators 
can predict clinical wear behavior with some accuracy,64–66 specific 
limitations of hip simulator testing should be noted. For example, 
such testing does not address the chance of fatigue failure, as was 
evident in some claims with first-generation XLPEs.67,68 These 
aspects must be addressed using complementary material and 
design-specific methods. For example, testing the effects of head–
neck impingement on an acetabular cup made from a new 

Cup
fixture

Antirotation
arms

Rotating
wedge base

Load

22.5˚

• Fig. 3.13 Diagram illustrating the design principle of a biaxial rocking motion hip simulator. 

Flexion-extension

Unit for adduction-
abduction, holding
the cup (in blue)

Adduction-
abduction

Internal-external
rotation

• Fig. 3.14 Three-axis cup rotation mechanism in the AMTI (Watertown, 
MA) hip simulator. 



 48 section 1 Basic Science

List of Current Hip SimulatorsTABLE 3.2 

Simulator 
Designation

Origin and 
Availability Motions Power

Maximum 
Load, N

Load 
Direction

Component 
Relative to 
Which Load 
Is Fixed

Head—
Cup 
Position

Max. 
Frequency, 
Hz

Test 
Stations

Shore	
Western

United	States,	
commercial

Biaxial	rocking	
motion,	±23	
degrees

Hydraulic 4500 Vertical Cup	or	head Anatomic	or	
inverted

1.5 12

MTS-Bionix United	States,	
commercial

Biaxial	rocking	
motion,	±23	
degrees

Hydraulic 5000 Vertical Cup Anatomic 1 12

ProSim United	Kingdom,	
commercial

FE:	±60	degrees;	
AA:	±20	
degrees;	IE:	
±30	degrees

Electromechanical 5000 Vertical Head Anatomic 2 6

Leeds	Mark	
II

United	Kingdom,	
custom-made

FE:	+30	to	−15	
degrees;	IE:	+8	
to	−20	degrees

Pneumatic 2000 Vertical Cup Anatomic NS 5

HUT-4 Finland,	
commercial	
(Phoenix	
Tribology)

FE:	±23	degrees;	
AA:	±6	degrees

Pneumatic 2000 Vertical Cup Anatomic 1 12

AMTI United	States,	
commercial

FE:	±50	degrees;	
AA:	±20	
degrees;	IE:	
±20	degrees

Hydraulic 4500 Vertical Head Anatomic 2 12

Endolab Germany,	
semicommercial

FE:	+30	to	−20	
degrees;	AA:	
+10	to	−20	
degrees;	IE:	17	
degrees

Hydraulic 5000 Vertical Cup Anatomic 1 6

NS, Not specified.
Data from manufacturer literature (as of September 2017) and from Affatato S, Spinelli M, Zavalloni M, et al. Tribology and total hip joint replacement: current concepts in mechanical simulation. Med 
Eng Phys. 2008;30:1305–1317.

Post.

Sup.

Post. Ant.

Post.

Inf.

Ant.

Post.

Inf.

• Fig. 3.15 Slide tracks on the cup of selected points computed for walking gait waveforms from 
Johnston and Smidt (1969). The large circle represents the equator. Ant., Anterior; Inf., inferior; Post., 
posterior; Sup., superior. (Redrawn from Saikko V, Ahlroos T, Calonius O, Keränen J. Wear simulation 
of total hip prostheses with polyethylene against CoCr, alumina and diamond-like carbon. Biomaterials. 
2001;22:1507–1514.)
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ISO and ASTM Standards Applicable to Hip Wear TestingTABLE 3.3 

Standard Designation, Year Standard Title

ISO	14242-1,	2014 Implants	for	surgery;	Wear	of	total	hip	joint	prostheses;	Part	1:	Loading	and	displacement	parameters	for	wear	testing	
machines	and	corresponding	environmental	conditions	for	test

ISO	14242-2,	2016 Implants	for	surgery;	Wear	of	total	hip	joint	prostheses;	Part	2:	Methods	of	measurement

ISO	14242-3,	2009	(reconfirmed	
2014)

Implants	for	surgery;	Wear	of	total	hip	joint	prostheses;	Part	3:	Loading	and	displacement	parameters	for	orbital	
bearing-type	wear	testing	machines	and	corresponding	environmental	conditions	for	test

ISO	14242-4,	2018 Implants	for	surgery;	Wear	of	total	hip-joint	prostheses;	Part	4:	Testing	hip	prostheses	under	variations	in	component	
positioning	which	results	in	direct	edge	loading:	variation	in	cup	inclination	and	medial-lateral	centers	offset

ISO	7206-1,	2008	(reconfirmed	
2016)

Implants	for	surgery;	Partial	and	total	hip	joint	prostheses;	Part	1:	Classification	and	designation	of	dimensions

ASTM	F-1714-96	(reapproved	
2013)

Standard	Guide	for	Gravimetric	Wear	Assessment	of	Prosthetic	Hip	Designs	in	Simulator	Devices

ASTM	F-2025-06	(reapproved	
2012)

Standard	Practice	for	Gravimetric	Measurement	of	Polymeric	Components	for	Wear	Assessment

ASTM	F3047M–15,	2015 Standard	Guide	for	High	Demand	Hip	Simulator	Wear	Testing	of	Hard-on-hard	Articulations

ASTM, American Society for Testing and Materials; ISO, International Organization for Standardization.

Direction of
rotation-control
lever

Post.

Ant.
BRM offset lever/cup

ProSim/cup

AMTI/cup

Post.

Inf.Sup.

Ant.

Post.

Ant.

ISO/DIS 14242-1/cup

• Fig. 3.16 Slide tracks on the cup computed for the biaxial rocking motion (BRM), AMTI (Advanced 
Mechanical Technology, Inc., Watertown, MA), and ProSim (ProSim Inc, Stockport, United Kingdom) 
simulators, and based on the International Organization for Standardization (ISO) Standard 14242-1. 
(Redrawn from Calonius O, Saikko V: Slide track analysis of eight contemporary hip simulator designs. J 
Biomech. 2002;35:1439–1450.)
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simulation of adverse conditions—in particular, third-body 
wear (e.g., form loose bone or bone cement particles), malalign-
ment, and impingement.

•	 Real-time	corrosion	measurements,	particularly	for	metal-on-
metal and metal-on-ceramic couples.75 Increased understanding 
of the effects of the lubricant and its degradation on wear test 
results during testing should lead to improved formulations of 
test lubricants for use in wear tests.

•	 Reliable	numerical	methods	are	needed	for	modeling	wear	and	
lubrication, leading to the creation of “virtual” joint wear 
simulators to complement physical simulations.

•	 Greater	insight	into	implant	performance	in	service	will	enable	
more relevant laboratory testing. This knowledge can be gained 
through expansion of joint replacement registries and retrieval 
analysis systems.
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• Fig. 3.17 Axial force and motion curves for hip wear testing per Inter-
national Organization for Standardization (ISO) Standard 14242-1. 

Current Controversies and Future Directions
With the advent of new generations of polyethylenes with greatly 
enhanced wear resistance, the development of tougher ceramics, 
more advanced Co-Cr-Mo alloys, and better machining and finishing 
techniques, the wear issue in prosthetic joints may appear to have 
lost some of its urgency. However, with the use of prosthetic joints 
in ever younger and more active patients, the expected considerable 
increase in procedures as the baby boomer generation ages, and 
the desire to have a joint replacement outlast the patient, the bar 
has been raised, keeping wear at the forefront. Major controversies 
and proposed future directions to consider include the following.
•	 The	long-term	mechanical	and	wear	behavior	of	highly	cross-

linked UHMWPE is unknown. Therefore the need exists to 
(1) develop tests to gauge the long-term stability of UHMWPE 
with respect to its mechanical properties and wear performance 
and (2) continue to perform clinical studies monitoring the in 
vivo performance of cross-linked UHMWPE.

•	 To	advance	the	use	of	ceramic	components,	we	must	understand	
the origin of squeaking in alumina-on-alumina bearings and 
eliminate it.

•	 In	view	of	 current	 issues	with	metal-on-metal	bearings,	 the	
following questions must be addressed: (1) Why did many 
modern metal-on-metal bearings perform less well than antici-
pated? (2) How can they be made more consistently wear 
resistant?

•	 New	 materials	 and	 coatings	 are	 still	 needed	 for	 bearing	
surfaces.

•	 Materials	are	needed	that	can	directly	articulate	against	cartilage	
without causing damage to this tissue, thus simplifying joint 
repair.

•	 A	 fundamental	need	exists	 to	develop	effective	 and	durable	
methods of cartilage repair that are biologic or semibiological 
in nature. Developments in this area will greatly reduce the 
need for metals and plastics in joint repair. Such biologically 
created tissue must still be evaluated for its tribological and 
mechanical properties.

•	 Improvements	in	the	wear	testing	of	hip	prosthetic	joints	should	
include (1) routine implementation of ever more realistic wear 
testing conditions entailing multiple activities and timely 
updating of wear standards to include such conditions; and (2) 
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