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Abstract: The great success of cemented total hip replacement to treat patients with end-
stage osteoarthritis and osteonecrosis has been well documented. However, its long-term
survivorship has been compromised by progressive development of aseptic loosening, and few
hip prostheses could survive beyond 25 years. Aseptic loosening is mainly attributed to bone
resorption which is activated by an in-vivo macrophage response to particulate debris
generated by wear of the hip prosthesis. Theoretically, wear can occur not only at the
articulating head–cup interface but also at other load-bearing surfaces, such as the stem–
cement interface. Recently, great progress has been made in reducing wear at the head–cup
interface through the introduction of new materials and improved manufacture; consequently
femoral stem wear is considered to be playing an increasingly significant role in the overall
wear of cemented total hip replacement. In this review article, the clinical incidences of femoral
stem wear are comprehensively introduced, and its significance is highlighted as a source of
generation of wear debris and corrosion products. Additionally, the relationship between
femoral stem surface finish and femoral stem wear is discussed and the primary attempts to
reproduce femoral stem wear through in-vitro wear testing are summarized. Furthermore, the
initiation and propagation processes of femoral stem wear are also proposed and a better
understanding of the issue is considered to be essential to reduce femoral stem wear and to
improve the functionality of cemented total hip replacement.
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1 INTRODUCTION

Cemented total hip replacement (THR) has been

performed worldwide to improve the quality of life

of patients suffering from debilitating hip disorders,

such as end-stage osteoarthritis and osteonecrosis. It

is considered to have been a momentous stride

forward in orthopaedics since its introduction as a

pioneering method to stabilize the femoral stem by

Sir John Charnley in the 1960s [1]. The advent of

poly(methyl methacrylate) bone cement undoubt-

edly promoted the great success of cemented THR,

and cemented THR still predominates in terms of

the number of operations carried out in the UK in

comparison with uncemented THR [2]. However,

controversies with regard to bone cement have

prevailed across previously published literature, not

only because of its inherent shortcomings such as

the generation of exothermic heat released by a

redox reaction during polymerization and the for-

mation of high residual stresses which could

potentially result in initial damage to the bone

cement [3], but also owing to a vulnerable interface

that has been introduced as a consequence of its

application, namely the stem–cement interface. It

has been demonstrated in retrieval studies that

failure of cemented THR has been initiated at this

interface, associated with bone cement fractures and

significant areas of osteolysis [4, 5]. In fact, the stem–

cement interface, which functions as a transitional

zone by mechanical bonding between two materials

with significantly different mechanical properties,
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has consistently been cited as a weak link in

cemented THR. Recently, there is an increasing

body of evidence which suggests that debonding at

the stem–cement interface not only is common but

in fact may be inevitable, regardless of femoral stem

geometry and surface finish [6–8]. These findings

as a consequence imply the occurrence of a low-

amplitude oscillatory micromotion at this interface

due to the unmatched strain under cyclically

physiological loading. Indeed, roentgen stereophoto-

grammetric analyses have shown evidence of fem-

oral stem movement within the cement mantle

in all stem designs that have been studied [9].

Consequently, this movement would lead to poten-

tial wear on both components. This paper concen-

trates on the wear generated at the stem–cement

interface in cemented THR. However, it should be

mentioned that femoral stem wear is not exclusively

involved in cemented THR; it has also been reported

on the stem surface in uncemented THR [10].

2 THE SIGNIFICANCE OF FEMORAL STEM WEAR

Historically, femoral stem wear has received rela-

tively little attention in spite of its potential sig-

nificance as a reason for the failure of cemented

THR. There are several reasons for this. First, the

femoral stem has previously been believed to anchor

well in the cement mantle, especially for those

‘shape-closed’ stem designs which take advantage

of a collar, a flange, a rectangular cross-section, and

a matt surface finish to achieve stabilization [11].

Second, femoral stem wear is sometimes impossible

to recognize with the naked eye, and it is difficult

to detect even with the assistance of conventional

light microscopy under certain cases. Third, another

articulating interface in cemented THR, namely the

head–cup interface which is designed to give the

patients more flexibility, has attracted much of

the researchers’ attention because this interface is

generally considered to experience severe wear

in vivo. Recently, with the introduction of cross-

linked ultra-high molecular weight polyethylene

(UHMWPE) and hard-on-hard bearing systems,

wear at the head–cup interface has been greatly

reduced [12–14]. Therefore, more research interest

has been transferred to the stem–cement interface.

In addition, the majority of modern femoral stems

are of modular design, usually the head–neck

Morse taper junction. The modular design has met

with great success, providing the orthopaedic sur-

geons with more flexibility in terms of adaptation

to the patient’s anatomy and allowing for the best

combination of materials, i.e. the femoral stem

obtains excellent mechanical properties of stainless

steel and the femoral head benefits from the wear

resistance of Co–Cr alloy. However, modular design

is often criticized for bringing about another inter-

face that is easily damaged by wear, namely the

head–neck interface. Indeed, there are reports of

wear in this site from both in-vivo retrieval studies

and in-vitro wear tests [15, 16]. This further indi-

cates that femoral stem wear is now playing an

increasingly significant role in the overall wear of

cemented THR, although it is for the most part

caused by the relative micromotion at the stem–

cement interface.

3 THE CLINICAL INCIDENCES OF FEMORAL
STEM WEAR

Although to some extent it is underestimated,

femoral stem wear was recognized early as an

intractable problem involved in cemented THR. It

has been suggested that fretting wear at the stem–

cement interface is inevitable if subjected to a

sufficient load and number of load cycles. The

original clinical incidence could be traced back to

the work published by Willert et al. [17] in 1974, in

which superficial ‘polishing’ of the shaft of the

Charnley–Müller hip prosthesis was reported and it

was attributed to friction between the femoral metal

and the bone cement. Later, in 1983, Dobbs and

Robertson [18] presented evidence of ‘rub marks’

on 180 McKee and Stanmore femoral stems, and it

was indicated that the incidence of ‘burnishing’

appeared to increase with increasing implantation

time for loose femoral stems. From then on, a large

amount of literature concerning femoral stem wear

has been published, which has shed much light on

this crucial issue in cemented THR. In 1990, Anthony

et al. [19] reported ‘abrasive’ wear on matt Exeter

femoral stems which were revised owing to localized

endosteal bone lysis. In addition, it was specifically

demonstrated that the ‘polishing’ evidence was

exclusively located on the anterolateral and postero-

medial surfaces of the femoral stem where, in

areas, large rotational forces were imparted to the

femoral component. In 1991, Witt and Swann [20]

showed ‘burnishing’ evidence on the medial prox-

imal portion of the McKee stems, which were made

from titanium alloy and had a shot-blasted surface

finish. They further examined the stem surface by

optical microscopy and scanning electron micro-

scopy (SEM) and concluded that the damage was

caused by repeated rubbing of the femoral stem
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against the bone cement. Likewise in 1992, Buly et al.

[21] reviewed 71 titanium alloy cemented total hip

arthroplasties, in which 71 per cent of the femoral

stems with aseptic loosening were considered to

be abraded by the bone cement. Again in a study

carried out by Salvati et al. [22] in 1993, it was

indicated that, when the titanium alloy femoral stem

became loosened in vivo, it would abrade against the

fragmented bone cement and generate metallic as

well as cement debris. In 1997, Shardlow et al. [23]

reported ‘fretting wear’ of Charnley low-friction

arthroplasties, and they further identified that this

wear affected the anterolateral and posteromedial

edges of the femoral stems. All these early studies

have strengthened the significance of femoral stem

wear and have indicated the necessity for further

investigation. However, various terms have been

used to describe femoral stem wear in these studies,

such as ‘polishing’, ‘rub marks’, ‘burnishing’, ‘abra-

sion’, and ‘fretting’, which has made comparison

between the wear damage a little confusing.

4 THE RELATIONSHIP BETWEEN FEMORAL
STEM SURFACE FINISH AND FEMORAL STEM
WEAR

From the 1990s, most studies concerning femoral

stem wear were focused on matt femoral stems.

There was a dearth of research in this area as to

polished femoral stems, and only a few studies have

been performed to investigate the relationship

between femoral stem surface finish and femoral

stem wear. This issue came to the fore because most

femoral stem designs experienced much evolution as

they were continually developed, and change in

stem surface finish proved to be one of the most

contentious aspects [24]. It has generally been

accepted that matt stems can provide a greater

bond strength because of the enhanced bone

cement integration, whereas polished stems form a

much lower bond strength and potentially suffer

from a higher probability of local micromotion. The

first attempt to investigate this area was considered

to be the study which was carried out by Howell

et al. [25] in 1999. They examined 150 explanted

femoral stems and characterized femoral stem wear

using contact profilometry, interference profilome-

try, and SEM associated with energy-dispersive X-ray

analysis (EDXA), from which it was considered that a

fretting mechanism was responsible for the damage

and the wear was influenced by the femoral stem

alloy and surface finish. However, a deep insight into

the influence of femoral stem surface finish was not

gained at that time. Later, numerous reports were

published on failed prostheses that exhibited various

surface finishes [26–28], but none of these has

correlated the femoral stem surface finish with

femoral stem wear. It was not until an intensive

retrieval study in 2004 by Howell et al. [29] on the

surface morphology of 172 femoral stems (about 23

different stem designs) was performed that a better

understanding of this issue was obtained. In the

investigation carried out by Howell et al. in 2004, it

was demonstrated that 92 per cent of the femoral

stems showed evidence of wear, and the wear

mechanism behind polished and matt femoral stems

appeared fundamentally different in spite of similar

wear locations. For polished stems, the morphology

of wear produced by cyclical movement of the stem

within the cement mantle indicated a fretting

mechanism which generated typical fretting pits

below the level of the original stem surface (Fig. 1).

By contrast, matt stems wore against bone cement

by an abrasive mechanism which sacrificed parts of

the inner surface of the cement mantle and conse-

quently resulted in destabilization of the femoral

stem and generation of both metallic and cement

debris (Fig. 2). Additionally, 74 femoral stems, which

were found to be absolutely fixed in the cement

mantle in vivo at the time of revision, also showed

evidence of wear on the stem surface. This suggested

that wear may occur in the absence of obvious

loosening of the femoral stem within the cement

mantle, even for stable femoral stems. This study

indicated that the femoral stem wear mechanism

was dependent primarily on the femoral stem sur-

face finish and this concept has nowadays been

Fig. 1 Fretting wear on an explanted polished Exeter
femoral stem measured by SEM

Femoral stem wear in cemented total hip replacement 585

JEIM346 F IMechE 2008 Proc. IMechE Vol. 222 Part H: J. Engineering in Medicine



generally accepted. However, the exact surface level

that produced fretting wear or abrasive wear was not

clear. Subsequently, clinical data on femoral stem

wear continued to be published. In 2005, Jones et al.

[30] reported abrasive wear on the proximal matt

surface of the Bridge hip stem, and they also

detected the presence of titanium debris embedded

within the cement mantle. Another significant

contribution to this area was ascribed to Brown

[31], who had developed a semi-quantitative method

to calculate volume loss during the wear of matt

femoral stems. By comparing this result with that

calculated from a mathematical truncation model, it

was confirmed that the wear mechanism for matt

femoral stems was abrasive wear rather than classic

fretting wear, at least until a fully polished surface

was attained, by which point it was considered that

classic fretting wear would predominate (Fig. 3).

5 THE GENERATION OF WEAR DEBRIS AND
WEAR CORROSION

Wear of the femoral component would inevitably

cause generation and liberation of both metallic and

cement particulate debris. This is particularly crucial

in vivo, not only because this debris could lead to

third-body wear and jeopardize stabilization of the

femoral stem, but also because some wear debris

within a certain size range would be transported

along cement mantle deficiencies to bone tissues,

where a significant macrophage response can arise,

giving rise to destruction of surrounding bone stock

[32, 33]. This consequently results in aseptic loosen-

ing of the femoral component, which nowadays is

considered to be the primary reason for revision of

cemented THR [34]. The presence and significance

of wear debris in cemented THR have been well

Fig. 2 Grazing-incidence SEM images showing increasing degrees of polishing wear on matt-
surfaced stems: (a) an unworn area; (b) an area of slight polishing wear; (c) an area of
marked polishing wear

Fig. 3 The axonometric plots showing progressive stages of abrasive wear on an Exeter matt-
surfaced stem. The asperities present on the unworn surface are removed during the wear
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documented [35–38]. Originally the head–cup inter-

face was considered to be more prone to wear and

was deemed to be the main source of wear debris.

Biological reactions to UHMWPE debris originating

from the acetabular cup have been investigated by

Ingham and Fisher [39] in detail and they believe

that it is the primary cause of late aseptic loosening.

Meanwhile other researchers [40, 41] also reported

the adverse effect of bone cement debris. These

studies indicated that bone cement debris is playing

an increasingly significant role resulting in aseptic

loosening of the femoral component and partially

promoted a shift of research interest to the area of

stem–cement interface [42, 43].

Another intractable issue which is always asso-

ciated with femoral stem wear in cemented THR

is corrosion. This problem remains significant

because implantable metals owe their corrosion

resistance to a thin passive oxide film, but femoral

stem wear against hard bone cement (in particular

where radio-opaque barium sulphate or zirconia

has been added) would disrupt this protective

passive film, and thus the subsurface metal is

exposed to further wear and corrosion [44]. Clinical

data on the corrosion of explanted femoral stems

are available in previously published literature,

most of which has concentrated on the head–neck

modular interface [45–48]. It is indicated from these

studies that corrosion is especially severe for those

prostheses with a combination of a Co–Cr alloy

femoral head and a titanium alloy femoral stem,

and it is mainly attributed to crevice corrosion

which has promoted progressive generation of

corrosion products following stem implantation.

However, studies on corrosion at the stem–cement

interface have also been widely documented. In

1996, Musolino et al. [49] reported corrosion under

the collar of 18 stainless steel T-28 femoral stems,

which illustrated a multi-layered and multi-textured

nature under SEM. In 1998, Walczak et al. [50]

studied the morphology and composition of the

corrosion product presented on 11 Charnley–Müller

femoral stems made of stainless steel, using SEM

associated with EDXA. They found that some areas

on the stem surface had discoloured into a black

compound, and a chromium-rich plaque was de-

tected in these sites. Recently in 2004, Thomas et al.

[51] reviewed severe corrosion of 12 cemented

titanium Furlong straight stems which was typical

of crevice corrosion. All these studies have indicated

that no efforts should be spared to reduce femoral

stem wear in order to protect the substrate of the

femoral stem from being corroded.

6 THE IN-VITRO SIMULATION OF FEMORAL
STEM WEAR

There are two effective methods that are commonly

used to study femoral stem wear: in-vivo retrieval

study and in-vitro wear testing. While retrieval

studies of femoral stem wear have been reported

by many researchers, there have been relatively few

studies on in-vitro wear testing to date. This is in

part because it is extremely difficult to simulate

exactly the in-vivo human conditions. Additionally,

no standardized testing methods in accordance with

the standards established by the International

Standards Organization (ISO) or the British Stan-

dards Institution (BS) standards have been described

concerning in-vitro wear testing of the cemented

femoral stem. The available standards only refer to

testing methods which primarily aim at static and

fatigue mechanical testing of the implant strength.

Therefore, most wear tests just employ a simple pin-

on-disc model, in which a bone cement or bone pin

wears against a metal disc in terms of displacement

control [52–54]. Cook [55] was considered to be the

first to have committed herself to trying to reproduce

fretting wear on polished femoral stems. Although a

useful insight has been gained from her unremitting

endeavour, the results were rather limited. In 2003,

Cristofolini et al. [56] developed a protocol to carry

out in-vitro wear testing of femoral stems under

force control rather than displacement control.

Force control is considered to be a more clinically

relevant method as it simulates the physiological

loadings that the femoral stem experiences in

the human body. They reported in detail on the

generation of cracks and microdamage in the

cement mantle. However, as to femoral stem wear,

they only mentioned that surface roughness of the

femoral stem increased at the end of the test and it

was considered to be caused by a fretting process

against the bone cement. In 2004, Bader et al. [57]

established a ‘novel’ testing method to analyse the

abrasive wear behaviour of cemented titanium alloy

and Co–Cr alloy CAP-M femoral stems (Peter Brehm

Chirurgiemechanik, Weisendorf, Germany), which

showed a wide polished surface at the loaded areas,

associated with a noticeable decrease in surface

roughness. However, they had disconnected the

femoral stem from the cement mantle before the

test and applied displacement control to initiate

the wear process; therefore the universality of this

study was compromised. Recently, four of the

present authors [58] developed a new methodology

to reproduce fretting wear on polished femoral

stems, through modifications of the standard fatigue
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testing of hip prosthesis, BS ISO 7206-4. By in-

corporating implantation of the femoral stem in a

sawbone and introduction of saline solution to

mimic environmental conditions in vivo, it has been

possible to replicate fretting wear seen on explanted

stems, although the repeatability needs to be further

confirmed (Fig. 4). These previous studies provided

a basic as well as considerable knowledge for those

researchers who would pursue in-vitro wear testing

of cemented femoral stems, from which hopefully

the influence of femoral stem geometry, surface

finish, and bone cement brand on the generation of

femoral stem wear would be obtained.

7 THE INITIATION OF FEMORAL STEM WEAR

Although clinical reports and in-vitro wear tests on

the femoral stem have been well documented in

previously published literature and a better under-

standing of the influence of the femoral stem surface

finish on femoral stem wear has been obtained, the

issues of the initiation and propagation processes of

femoral stem wear still remain. As has been proven

by orthopaedic surgeons, femoral stem wear also

occurs on those stems which are considered to be

clinically stable at surgery. This indicates that such

wear is initiated by cyclical micromotion at the

stem–cement interface at an early stage following

stem implantation. It has been previously postulated

by two of the present authors and a co-worker [59]

that the shrinkage peaks on the bone cement surface

may act as a potential culprit to promote femoral

stem wear. These peaks, about 50 mm in width and 1–

2.5 mm in height, are formed owing to shrinkage of

the bone cement during polymerization (Fig. 5). The

stress distribution along the stem–cement interface

under physiological loading would be concentrated

at these areas. As a result, it is considered that

femoral stem wear is initiated at those sites which

are in close contact with the shrinkage peaks on

the cement surface. Later, however, it was indicated

from a study on surface topography of the femoral

stem and the bone cement that the influence of

these shrinkage peaks is somewhat overshadowed in

comparison with the micropores located in the

cement surface [60]. In the study, which was also

conducted by three of the present authors, it was

demonstrated that the edges of the micropores

matched well with the boundaries of the worn areas

on the femoral stem surface, and also there was a

direct relationship between the micropores and

initial damage on the stem surface (Figs 6 and 7).

Furthermore, evidence for the propagation of fem-

oral stem wear from the sites contacting the

micropores was also available (Fig. 8). Therefore, it

was considered that the micropores in the cement

surface, in combination with the regime of physio-

logical loading during patient normal activities, may

fundamentally determine the locations and severi-

ties of femoral stem wear due to material micromo-

tion at the edges of the micropores. This is the first

time that micropores have been implicated in the

initiation and propagation of femoral stem wear.

However, it should be noted that stem wear may not

be fully elucidated by these two factors and other, as

yet unknown, factors may also play a role. Accord-

ingly, further investigations are imperative to gain a

fuller insight into this area.

8 CONCLUSIONS AND FUTURE STUDIES

In summary, femoral stem wear has become in-

creasingly important in the overall wear of cemented

THR, releasing both metallic and cement debris and

resulting in the generation of a cascade of corrosion

products. Both retrieval studies and in-vitro wear

Fig. 4 Fretting wear generated on the surface of an Exeter polished femoral stem through an in-
vitro wear simulation
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Fig. 5 Shrinkage peaks formed on the bone cement surface during polymerization. The two-
dimensional profile of the peaks indicates that they are about 50 mm in width and 1mm in
height

Fig. 6 Optical micrograph showing the ‘undamaged islands’ surrounded by fretting wear on the
femoral stem surface and the corresponding micropores in the bone cement surface. The
boundaries of the ‘undamaged islands’ match well with the micropores

Fig. 7 Optical micrograph showing the initial damage on the femoral stem surface and the
corresponding micropores in the bone cement surface. The boundaries of the initial
damage match well with the micropores

Femoral stem wear in cemented total hip replacement 589
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tests with regard to femoral stem wear have been

well documented by orthopaedic surgeons and

researchers, from which much insight has been

gained. Although a direct relationship between the

femoral stem surface finish and femoral stem wear

has been ascertained by previous studies, there are a

number of aspects in this area that have not been

fully investigated. One is to reproduce femoral stem

wear successfully and consistently through in-vitro

wear testing and further knowledge of the influence

of the femoral stem geometry, surface finish, and

bone cement brand on the generation of femoral

stem wear. Other aspects include the need to obtain

a better understanding of the initiation and propa-

gation processes of femoral stem wear. More atten-

tion and effort into elucidating these aspects are a

prerequisite to try to reduce or eliminate femoral

stem wear, on the basis of which the long-term

reliability and survivorship of cemented THR would

hopefully be improved. However, the initial studies

that have been performed by the present authors

indicated that the micropores in the cement surface

would potentially contribute to initiation and pro-

pagation of femoral stem wear. Consequently, the

application of ‘modern cementing techniques’,

typically vacuum mixing, centrifugation, and pres-

surized introduction of bone cement into the fem-

oral canal which primarily aim to reduce porosity in

the cement mantle as well as at the interfaces,

is considered to be clinically beneficial and an

effective method to improve the long-term lifetime

of cemented THR.
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