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Abstract

The degradation of the femoral head roughness caused by scratching is known to increase the wear rate of the polyethylene counterfa
of the Charnley total hip prostheses and therefore to have an impact on osteolysis. The knowledge of the scratching mechanism is hence
paramount importance to improve the long-term clinical performance of these prostheses.

The aim of this study is to identify the mechanism of scratch generation of a retrieved titanium (TA6V) femoral head through an accurate
characterisation of its surface topography. The surface topography features have been assessed both qualitatively and quantitatively |
respectively using an optical microscope and a three dimensional contacting profilometer.

Basedon the scanningof about80 areasspreadover the entire surfaceof the retrievedfemoralhead,hypothese®n the mechanisnof
scratchgeneratiohavebeerformulatedafteranalysingheobservedopographicapatternsthearithmeticmeanroughnessndtheamplitude
densityfunction (ADF). The formulatedhypothesesavefinally beenverified comparingthe ADF andthe bearingareacurvesof profiles
relatedto the most severely scratcharkas with those of simulateebrn profiles. This study highlighthe majorinfluence of foreign third
bodies on the scratchirgf metallicfemoralheads of the Charnley type prostheses.

Keywords: Wear; Femoral head; Scratching mechanism; Roughness parameters; Simulation

1. Introduction ing reductions for the problematic minority of patients who
suffer high-wear. Conversely, they concluded that it may be
The implantation of hip joint prostheses is currently per- fruitful to find solutions to reduce the high-wear situations,
formed world-wide at a rate of approximately 1000 per day even if corresponding improvements in average wear rate
and it is estimated that 80% of these total hip replacement happen to be inappreciable.
(THR) joints are successful over between 15 and 20 years For the last 30 years, the most implanted prostheses have
[1,2]. In fact, only a minority of patients who experience consisted of a hard metallic or ceramic femoral head artic-
high-wear rates remains a source of problems while this type ulating against an ultra high molecular weight polyethylene
of surgery is in most cases quite successful. Based on thisSt UHMWPE) acetabular cup. The major concern relating to
clinical reality, Brown et al[3] rightly claimed that reducing  the long-term performance of these Charnley prostheses is
the cohort’s average wear rate is no assurance of correspondthe adverse cellular reactions caused by the generation of
UHMWPE wear debri$2,4]. It has been shown that there is
awide distribution in the size of the UHMWPE wear debris in
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of the frequency distribution is smaller thap.in [2,4]. Fur- 2. Experimental procedure

thermore, these micrometer-sized wear debris were found to

be the most biologically activi,4,5] so the reduction of  2.1. Clinical case report

their production rate remains a key issue in order to avoid or

to limit the deleterious effects related to their accumulation ~ The articulating components under investigation were re-
in the surrounding peri-prosthetic tissues. trieved after 4 years and 5 months consequently to the de-

While the influence of variations in component design, in tection of an osteolysis phenomenon (without loosening)
surgical technique and/or in patient activity level can not be on the survey radiographs of the patient. During the pe-
ignored, the scratching of the metallic femoral head is cur- riod of implantation, the UHMWPE acetabular liner was
rently thought to be a major factor affecting the wear rate inserted in a Harris—Galante Mark | metallic cup and the
of the UHMWPE counterface. However, discrepancies have metallic femoral head was mounted on a cemented femoral
been observed between the results of different laboratory stem.
wear tests and clinical observatiof85—9]. Such discrep- After revision surgery, a visual inspection clearly revealed
ancies have mainly been attributed to the fact that localisedthat the retrieved titanium (TA6V) femoral head was severely
head scratching may occur in clinical situations knowing that scratched and that a hard foreign body was embedded in
the sites and the size of such damage are seemingly randomlyhe UHMWPE acetabular liner (Fig. 1a). This foreign body,
distributed[3,5,7,10]. Brown et al[3] have recently shown  several millimeters in length, came from the titanium fiber-
by means of computational results that typical variability in mesh which was deposited on the Harris—Galante metallic
sites and severity of head roughening may account for a sig-cup during the fabrication process. It must be pointed out
nificant degree of variability in the wear rate ofthe UHMWPE that polyethylene and metallic debris were detected by his-
counterface. tological analyses on the peri-prosthetic tissues.

The scratching of metallic femoral heads of the Charnley
type prostheses is increasingly suspected to be caused by hard
third bodies such as patrticles of bone, cement and/or metal,
which have often been found embedded in acetabular cups
and in the peri-prosthetic tissugs3,5,7,11,12]. Hence there
is an utility in exploring which sites of head scratching tend
to be the most deleterious in terms of increasing UHMWPE
wear, with a view towards devising steps to impede third
body access to these most deleterious head8itdsowever,
due to the stochastic aspects related to the generation, the
migration and the characteristics of these hard third bodies,
the locations of these deleterious head sites are difficult to
predict as well as the pointin service life at which roughening
occurred3].

Accurate knowledge of the mechanism behind femoral
head scratching is therefore not fully understood in clinical
situations, especially in the case of contemporary constructs
with modular interfaces and/or porous metal coatings likely
to liberate aggressive particulate metal debris. However, this
is of prime importance both for an accurate simulation of
damaged counterface conditions in laboratory wear tests re-
producing relevant clinical topography and for improving the
long-term performance of the Charnley total hip prostheses.

The aim of this study is to identify the mechanism behind
the scratch generation of a retrieved titanium (TA6V) femoral
head through an accurate characterisation of its surface to-
pography. Since the foreign third bodies are increasingly sus-
pected of being the dominant cause of the scratch generation,
this titanium femoral head was especially selected because an
embedded metallic millimeter-sized fiber was detected in the
UHMWPE counterface after revision surgery. This study also (b)
aims to contribute to the determination of roughness param-

ters that shoul in ing th rf t r
efef sha Ishouc? b.e usled. asse:S gthe SfuhaCLeJHO'\ﬁ\(;\?PaEp n embedded titanium fibermesh piece marked with a black arrow, (b) the
of temoral heads In relation to the wear of the retrieved 28 mm diameter titanium based femoral head and the lines drawn

cup. for the reference frame.

jg. 1. Visualisation of (a) the retrieved UHMWPE acetabular liner with
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As the degradation mechanism of the UHMWPE ac- 16 7 06
etabular liner has already been described in a previous
paper[12], this study mainly focuses on the understand- 10 ¥ 04 E
ing of the degradation mechanism of the retrieved metallic — _ ' \ 2
femoral head through a characterisation of its overall surface 5 4 I 02 %
topography. £ ™ '.;ﬁ <
2 -2 HML ‘Jr‘|! 0 '«E
2.2. Surface topography characterisation % 8 | _Ozg
o S
The qualitative aspect of the damage was characterised 4 \ / o 4§
combining a visual inspection and observations by optical mi- original profile and best-fit residual profile
croscopy. The quantitative measurements were carried out by 20 second order polynomial curve 06
means of a three dimensional contacting profilometer (KLA 0 100 200 300 400 500 600
Tencor P10) using aj2m stylus radius and a 2mg stylus (@ Scanning length (um)

force. Errors related to this experimental technique are pre-
sented inAppendix A.

Before these measurements, areference frame was defined 1
on the metallic femoral head in order to locate each area
under examination in relation to the others. Drawn on the
metallic femoral head as illustratedfiig. 1b, this reference
frame consisted of 12 circumferential and meridional lines
that delimited 36 different zones. In each zone, depending on
its size and possible variations in its visual brightness level
from one point to another, one or more characteristic areas
were scanned by means of the three dimensional contacting

profilometer. 0 [\,W
The three dimensional topography was characterised for

about 80 areas spread over the entire surface of the retrieved 0 50 100 150 200 250 300

femoral head. For each area, 300 traces of G@0long (b) Delay (um)

were recorded with a 2m space-interval at a scan rate of _ _ _ _

500 Hz giving a data file containing 900,000 data points. Fig. _2. Example of results showmg: () a residual profile obtam_eq by re-

Considering these experimental conditions. it can be de- moving the form of an experimental profile by means of a best-fitting sec-

9 . p . ’ . ond order polynomial curve, (b) the related autocorrelation function of the

duced that the horizontal resolution along a scanning traceresigual profile.

and the size of a scanned area were respectivelyi.5

and 600x 600um?. In a first time, all the data files were

processed by the Mountaifissoftware (Mountains, Digital - o -

Surf, Besancon, France). By means of an integrated surfaceOf an original profile, its best-fitting second order polyno-

filter, this software allowed us to remove the spherical form mial curve and the refated residual proﬂle. The relt_avance

of the femoral head and, then, to obtain quickly isometric of selecting a second order polynomial curve for this pre-

plots of the topography c;f all tr’1e scanned areas. The Sameprocessing operation of form removal is a posterior justi-
X I ; fied: qualitatively, by the high goodness-of-fit that can be no-

data files were also processed by a specific algorithm devel-.. L o ,

oped by the authors. Using the SKStatistical Analysis ticed between this fitting curve and the original profile and,

: guantitatively, by analysing the autocorrelation function re-
System, SAS Institute Inc., Cary, USA) software language, lated to the residual profile. Indeed, it can be sedfign 2b

this specific algorithm was wrlt_ten in order_to es_tlmate SEV" that this aucorrelation function rapidly decays and the re-
eral roughness parameters of interest retained in the presenltated correlation length (defined as the length over which
study. the autocorrelation decays to a fraction of its initial value
taken as 1/e) is extremely short compared to the scanning
2.3 Roughness parameters length.
Then, after this pre-processing operation of form removal,
In the specific algorithm developed by the authors, the our specific program determines the amplitude density func-
form was removed by means of a fitting method before esti- tion (ADF) and estimates the average of the arithmetic mean
mating any roughness parameter of interest. The best-fittingroughnessz, of the 300 residual profiles related to the 300
curve selected for this pre-processing operation was a secscanning traces of each recorded data file. Conventionally
ond order polynomial curve whose coefficients are estimatedused as an indicator of femoral head damage in laboratory
by the least squares methdeig. 2a presents an example investigationg3-8,10], the arithmetic mean roughnd’s

0.8

0.6

0 1 2 3 4 5 6 7 8 910

04l Correlation length

Autocorrelation value

0.2
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B ) culating the value of the bearing line length paraméger
10,!\’ """ ‘R > at different heights selected on the total amplituRleof
T ki e the profile; 200 bearing levels have been considered in this
= L study.
=3 {\ — Fig. 3shows a schematic example of a bearing area curve
2 having a S-shape appearance as it is the case for many engi-
o -10+ Mr1 Rvk . . . .
= neering surfaces. The horizontal axis represents the bearing
S 15+ v
& i area lengths as a percentage of the total assessment length of
-20 t ‘ t —

the profile and the vertical axis represents the heights of the
profile. This figure also presents the roughness parantgters
Rok: Ruk, Mry and Me, that can be inferred from the bearing
Fig. 3. Schematic representation of a bearing area curve as well as the related@ €@ CUIVe according to the guidelines mentioned in the DIN
roughness parameteRg, Rpk, Rvk, Mry, Mra. 4776 and ISO 13565-2 standafd8,14]. The parametd®¢

is called the core depth which measures the height of the core

material. The paramet& is called the reduced peak height
measures the mean absolute deviation of roughness irreguwhich denotes the portion of the protuding peaks above the
larities from the reference line (the best-fitting second order core profile. The paramet®; is called the reduced valley
polynomial curve in this study). Although this roughness pa- depth which denotes the portion of deep valleys extending
rameter is easy to define and to measure, itremains an averaggito the material below the core profile. The parameter Mr
parameter which does not contain any information about the represents the material ratio at the transition between pro-
spatial and textural variation of the topography, that is to say tuding peaks and core. Finally, the parametes Mpresents

the variation in height from one point to another. Thus, the the material ratio at the transition between core and deep
ADF was considered to provide a more detailed and realistic valleys.

information about the overall topography. Indeed, the ADF
represents the distribution histogram of profile heights that
can be assessed by plotting on a graph the frequency of pro-3. Experimental results and discussion
file heights found within a given heigkatand a height+ Az
as function of the given heiglat 3.1. Assessment of the topographical patterns

Additionally, the bearing area curves (Abbott—Firestone
curves) of some typical scanned areas have also been de- Fig. 4summarises the results obtained combining a visual
termined. From a physical point of view, the bearing area inspection and observations by optical microscopy. Three
curve represents the evolution of the effective contact areakinds of regions can be observed on the retrieved titanium
as the surface wears out. This curve is obtained by cal- femoral head under consideration:

0 20 4 80 0 100
Bearing length (%)

[ Low brightness level
[] Intermediate brightness level
|:| High brightness level

Fig. 4. Summary of the qualitative results obtained combining a visual inspection and observations carried out by means of an optical microscope.
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e regions covering about 30% of the femoral head surface 24
and visually having a bright finish. A light degree of dam- 22
age is noticed in these regions which contain only isolated ,, 20
scratches. .

e Regions covering between 10 and 20% of the femoral head
surface and visually having a low brightness level; two re-
gions of this type were detected and located along a merid-g
ian. A severe degree of damage is noticed in these regionss
whose topography consists of a high density of large, deepg
and randomly oriented scratches. These large scratches arz
thought to be directly related to the third-body abrasive ac-
tion of the metallic millimeter-sized fiber on the metallic .
femoral head, consequently producing numerous metallic <=.027  (027,05] (05.07] (07.08]  >.08
micrometer-sized wear debris. Roughness amplitude (um)

e Regions covering more than 50% of the femoral head sur- _ _ ) _
face and visually having an intermediate brightness level. Fig. 6. Histogram of the arithmetic mean roughness values recorded from

. . . . the areas scanned over the entire surface of the retrieved femoral head.
A moderate degree of damage is noticed in these regions

whose topography consists of a high density of numerous ., a\vays consists of large scratches superimposed onto a
small and randomly oriented scratches. These numerous,, ey qround of small scratches. Furthermore, pile-up metallic

small scratches are thought to be mainly a kind of “collat- ) terial can be detected to the sides of the large scratches in
eral damage” due to the third-body abrasive action of the some areas (Fig. 5¢) while not in others (Fig. 5d).

small metallic micrometer-sized wear debris generated by
the friction of the metallic fiber against the femoral head.

[ High brightness level
Intermediate brightness level
Il Low brightness level

ions
®

bservati

3.2. Analysis of evolution of the arithmetic mean

The topographical patterns related to these three kinds ofroughness over the entire surface
regions can also be observed on the isometric plots of typical
areas recorded by means of the three dimensional contacting The values of the arithmetic mean roughness of the 86
profilometer. Examples of such typical isometric plots are areas scanned by means of the contacting profilometer are
presented ifrig. 5for areas that originate from regions hav- presented inFig. 6. Fifty seven of these reported values
ing respectively a high, an intermediate and a low brightness are lower than 0.0pm which is the upper limit tolerance
levels. As far as the areas originating from regions having mentioned in the standard ISO 7206-2 for the roughness
a low brightness level are concerned, the surface topogra-of a metallic femoral headl5]. However, about 50% of

Alpha =325 Beta = 19 Alpha = 350" Beta =16

0.347 pm

%}f/ MN (a)

0.349 mm

(.353 mm

2.35 ym

0.349 mm

0.345 mm
0.346 mm

3 mm

(c) (d)

Fig. 5. Isometric plots of typical areas having: (a) a high brightness level, (b) an intermediate brightness level, (c) a low brightness level and large scratche:
with pile-up material to the sides, (d) a low brightness level and large scratches without any pile-up material. These areas are respectively denoted 5A, 5B, 5
and 5D.
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these values are related to areas having an intermediate
brightness level; that is to say areas which are moderately
damaged.

Most importantlyFig. 6clearly shows a breakdown value
of 0.08um above which all the reported values of the arith-
metic mean roughness parameter are related to areas having
a low brightness level. This means that the arithmetic mean
roughness parameter can be used to discriminate areas which
are severely damaged against the others. However, most of
the reported values of this parameter (exactly seventy three
values) fall below 0.0@.m and, exceptin one case, all of them
are related to areas having either a bright finish or an inter- 0
mediate brightness level. Unfortunately, no breakdown value 05 -04 -03 -02 -01 0 01 02 03 04 05
can be clearly identified for separating these areas which are (a) Residual height (um)
either lightly or moderately damaged. In this range of values,

2 ® Area 5A

= Area 5B

=

1.5

L ]
‘nen @® somess

et L TN ~ony

Frequency (%)

0.5

the gentle evolution noticed on the figure indicates that the : .
arithmetic mean roughness may not be sufficiently relevant 2 i i |:-)|Ie-up)
o Area5C (with pile-up)
for a significant statistical discrimination of these two kinds
of areas. & ﬁf‘ﬂ%
In other words, this average roughness parameter only al- . oS
lowed a rough discrimination of areas having quite significant < el "%
brightness levels and roughness amplitudes. However, as far g 3 a
as the severely damaged areas are concerned, this average z %0 g
roughness parameter failed to discriminate surface topogra- £ %%
phies whose patterns are still quite different. B
3.3. Analysis of the ADF and the bearing area curves of 4 075 05 025 0 025 05 075
typical areas (b) Residual height (um)

While the ADF was also assessed for each scanned areakig. 7. Amplitude Density Functions of the four typical areas: (a) 5A and
Fig. 7only provides examples of the typical distribution his- 5B, (b) 5C and 5D.
tograms of profile heights, which are representative of the
overall areas. In fact, the four selected distributions are pre- over, it can be noticed that the standard deviation of the ADF
cisely those corresponding to isometric plots presented inincreases, as the severity of the damage is more important.
Fig. 5, that is to say distributions characterising the four typ- This simply means that, as expected, the height of the peaks
ical kinds of surface topography encountered in this study. and the depth of the valleys further increase with the degree of
The bearing area curves related to these typical areas are alsdamage. This qualitative result is quantitatively confirmed by
given inFig. 8and the roughness parameters deduced fromthe fact that the amplitude paramet&sx andR,x deduced
these curves are reportedTiable 1. from the related bearing area curves (Fig. 8) increase as the
Except for the distribution related to the severely damaged amplitude mean roughneBg increases. Besides, it is worth
areas containing large scratches without pile-up material to noting that the values of the roughness parametersavid
the sides, all the distributions are symmetric compared to Mr, (which respectively characterise the lower and the upper
the reference surface and approach the Gaussian distributiotimits of the core roughness) are statistically the same what-
(Fig. 7). Therefore, for these three kinds of area, there are asever the amplitude roughness of the considered area. These
many peaks as valleys about the reference surface and theseesults may suggest that the topographies of these different
features are consistent with a random damage process. Moreareas have the same texture to within the roughness amplitude

Table 1

Values of the roughness parameters calculated from the original and the modified bearing area curves of the four typical areas 5A, 5B, 5C and 5D
Area Ra Ry Rok R« Ruk Mry Mr, R;k (%) Ry (%) Ry, (%)
5A 0.03 0.05 0.56 0.11 0.31 10.21 90.09 58 11 32
5B 0.07 0.10 1.78 0.21 0.94 11.12 87.46 61 7 32
5C 0.24 0.34 2.37 0.65 0.92 11.57 86.36 61 16 23

5D 0.23 0.29 0.74 0.66 1.27 6.27 83.96 27 25 48
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Height (um)

Mr1 Mri,

50

@ 00o 0o oo o 4

Area5A

Area5B

Area5C (with pile-up)
Area5D (without pile-up)

(=}

—Mr2,, ~Mr2g,

® o aaq

©o

40

50 60 70 80 90 100

Bearing length (%)

Fig. 8. Bearing area curves of the four typical areas 5A, 5B, 5C and 5D.

scale, which means the surface topography of these damagethat can be extracted from these curves (Table 1). This result

areas seems to follow a scaling law.
In order to verify the previous assumption, a modified damaged areas follows a scaling law.

bearing area curve was constructed for each area under con- As far as the severely damaged areas are concerned, it

sideration by dividing the original values of the heights re- is very interesting to notice that, independently of the exis-

ported on the vertical axis by the root-mean square roughnesdence or the absence of pile-up material to the sides of the

Ry calculated from the related ADFig. 9shows that all the

thus seems to confirm that the surface topography of these

large scratches, the values of the arithmetic mean roughness

modified bearing area curves are quite similar as well as theR; are the same. This means that this roughness parameter

related dimensionless roughness parameRfsRy andRj,

30

20

10

Unscaled height (%)

-10

-20

.
]
o]

D30 @O D 0sa 0 om 0 ao ap o

AreaSA
Area5B
Area5C

20 40 60 80
Bearing length (%)

100

is not sufficient to discriminate the surface topographies of
these areas whose patterns are however quite different. Con-
versely, as shown iRigs. 7 and 8, the shapes of the ADF as
well as the bearing area curves are significantly different for
the two areas under study. Indeed, the ADF related to the area
containing large scratches without pile-up material is asym-
metric and negatively skewe#i@. 7) while the ADF related

to the area containing large scratches with pile-up material to
the sides is symmetric. In the same way, it is worth noting that
the bearing area curves related to these areas are different for
bearing lengths, lower than approximately 12% while they
are identical above this value. These qualitative results are
logically reflected in the values of the roughness parameters
that were deduced from these curves and report@diire 1.
Indeed, it can be noticed that, while the valueRgf, R« and

Mr; are quite similar, the values &k and Mn related to

the area containing large scratches with pile-up material are
significantly higher than that of those related to the area con-

Fig. 9. Modified bearing area curves of the typical areas 5A, 5B and 5C.  taining large scratches without pile-up material. These results
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physically indicate that, while the regimes related to the core . o AreeSG

roughness and to the valleys lying below the core roughness 25 Y 4 Simulated SW5C

are identical for the two considered areas, the values of the 4

amplitude of the peaks above the core roughness as wellas 2 L4

the values of the density of these peaks related to the areacon- & Q‘J& o

taining large scratches with pile-up material are higher than § 15 g %,

those related to the area containing large scratches without % g i) .

pile-up material. These results may suggest that the scratch- 2o & °o‘-

ing process over these areas is the same but the absence of ‘}%‘ C:,%

pile-up material along the edges of large scratches in some 05 :f. B

areas may be the consequence of a wear process that con- N

tinuously removed existing head scratches leaving the deep 0 wﬂﬂﬂﬁ“ a‘:‘?n%ﬂm

valleys unaffected. 1 08 06 04 02 0 02 04 06 08 1
In order to verify this new assumption, an algorithm sim- Residual height (um)

ulating an elementary abrasive wear process was specifically

developed and applied on the experimental data file relatedFig. 11. Amplitude density f_ur_]ctions of the simulated worn ar_ea SW5C

to the severely damaged area containing large scratches witfgompared with that of the original area 5C. Note the asymmetric shape of
ile-up material to the sides. The basic idea of this model is this ADF while that related to the original area 5C was symmetric before

p P . . : . .~ applying the simulated wear process.

that the higher the height of a peak of the profile, the lower its

probability of resistance during a wear cycle. This probabil-

ity of resistance is assessed assuming an exponential deca ining large scratches withogt any pile-up ma_terial (Fig. 11).
of the related probability density function, which is charac- herefore, these results confirm that an abrasive wear process

terised by a single parameter defining the magnitude of the M&Y have acted continuously in some severely damaged ar-

wear process. Finally, the probability to remove a peak at a2 €8s, consequently removing the highest peaks yvh|le leaving

given height is simply obtained by subtracting its probability f[he deepest valleys unaffected._ In fact, this continuously gct-

of resistance from 1. Based on a Monte—Carlo process, the!Nd WEaArprocessis strqng_ly believed _to be caused by multiple

details of this algorithm which simulates the effect of an abra- passages (.)f the metallic fibermesh piece over the areas under

sive wear process that acts continuously to remove the high_consmeratlon.

est peaks of the surface topography are reportéghpendix

B. Provided an optimisation of the parameters of this ele- 3.4 Scratching mechanism of the femoral head and its

mentary wear model by means of&calculation, a satisfy-  consequences

ing goodness-of-fit can be obtained between the bearing area

curves related to the processed data file and to the severely The overall results of the present investigation show that

damaged area containing large scratches without pile-up ma-the metallic millimeter-sized fibermesh piece migrated into

terial (Fig. 10). Moreover, while the ADF of original data file the effective joint space where it continued moving and par-

is symmetric, the ADF of the processed data file is negatively ticipated in the deleterious abrasive third-body wear process,

skewed like the ADF related to severely damaged area con-consequently affecting the roughness of the retrieved femoral
head and probably contributing to the increased wear of the
polyethylene acetabular liner. These results are entirely con-

4 sistent with the viewpoint that in vivo scratching of metallic
©  5C (with pile-up) femoral heads of the Charnley type prostheses is increas-
3 o 5D (without pile-up) ingly suspected to be caused by hard abrasive foreign parti-
s Simulated SW5C cles which act as third bodi¢®,3,5,7,11].

Since contemporary constructs with modular interfaces
and/or porous metal coatings are prone to liberate aggres-
sive foreign third bodies, their access to the most deleterious
sites of femoral heads have to be impeded. To the knowl-
edge of the authors, if some retrieval studies revealed that,
in clinical situations, the sites and the size of worn areas on
metallic femoral heads are seemingly randomly distributed
[3,5,7,10], any of them precisely discusses the effect of em-
o 20 40 60 20 100 bedded foreign third bodies on the characteristics of surface
roughening. The present study hence constitutes an original
attempt to characterise accurately the severity of head rough-

Fig. 10. Bearing area curves of the simulated worn area SW5C compared €NiNg over the entire surface of a retrieved titanium femoral
with those of the original areas 5C and 5D. head.

Height (um)

Bearing length (%)
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The heights of the scratches detected on the investigatedbe used for describing the effect of texture on the wear of the
femoral head are similar to those reported in other retrieval UHMWPE counterface.
clinical cases in which clinically relevant scratches on metal-
lic femoral heads have been found to range from lower than
0.1pm to higher than fum [2,10,11]. Moreover, in agree-  Appendix A
ment with the viewpoint of McNie et a[11], it is believed
that the largest scratches observed on the retrieved femoral During scanning of a profile by means of a mechanical
head have the highest contribution to the increased wear ofprofilometer stylus, three types of error are induced. These
the UHMWPE counterface although the effect of the small- errors, which are not necessarily independent each other, re-
est scratches cannot be ignored. Furthermore, it was showrsult from the values of: the stylus load, the scanning speed
that such large scratches accompanied by pile-up materialand the stylus tip radius.
are primarily responsible for the increased wear rates of the  As function of the stylus load, damaging plastic deforma-
UHMWPE counterface, a major parameter being the scratchtion of the profile peaks may occur affecting the measurement
lip aspect ratid2,7,11]. of the real profile. In this investigation, no induced damage
As far as foreign third bodies are concerned in the over- has been noticed by scanning electron microscopy (SEM)
all degradation process of components, it would be finally observations of a bright area (i.e. a non scratched area) of the
interesting to perform further similar investigations on other femoral head previously scanned by using a 2 mg stylus load.
retrieved femoral heads to improve our understanding onthe  As far as the scanning speed is concerned, it should be
characteristics (location, size and topography) of the most outlined that the higher its value the higher the probability
deleterious sites. for the stylus to separate from the surface due to inertia ef-
fect. Prior to our measurements, it has been verified that the
scanning speed selected had any effect on the recorded pro-
4. Conclusions file related to a calibration sample consisting of a step of
1um (i.e. on a profile having a very unfavourable shape
A comprehensive identification of scratch topography of compared to the recorded profiles on the studied femoral
a retrieved TAGV femoral head has been proposed throughhead).
mapping of the surface topography by means of visual inspec-  Without the knowledge of the real profile, the most diffi-
tion, optical microscopy and three dimensional profilometry. cult error to assess is related to the smoothing effect of this
This study particularly emphasises the deleterious role of aprofile due to the stylus tip radius. A computer algorithm has
large-sized metallic foreign body on the damage of the ar- been developed to simulate the effect of a 5 opfi®stylus
ticulating components consequently to its ingress into the tip radius on experimental profiles recorded withar@ sty-
effective joint space and its participation to a third body |us tip radius in areas denoted 5A, 5B, 5C and 5. Al
abrasive mechanism. The accurate mapping of damaged arpresents the evolution of the bearing area curves of the four
eas allows to specify the potent most deleterious head sitesstudied areas as function of the stylus tip radius. Whatever
in terms of increasing the wear of the UHMWPE counter- the studied area, it can be clearly noticed that the curves are
face. This constitutes a first step to finding solutions to im- similar meaning that the effect of stylus tip radius can be
pede the third body access to these most deleterious sitespeglected with regard to the roughness amplitude.
Similar experimental works on other retrieved femoral heads  In summary, these three types of errors have been min-
are however needed to identify general trends on the loca-imised over the experimental conditions of this investigation.
tion, the size and the topography of these potent deleterious
sites.
The results of this study have unambiguously revealed pppendix B
some limitations of the arithmetic mean roughness as a rele-
vant indicator of head damage. Indeed, as far as the severely Thjs simplistic model was used to simulate a wear pro-
damaged areas of this study are concerned, this averag@ess without any particular physical specifications. Let the
roughness parameter fails to discriminate surface topogra-total amplitude beR; = Zmax—Zmin Where zmax and zmin are
phies whose patterns are still quite different. Contrary to this regpectively the maximum and the minimum heights of the
average roughness parameter, the ADF and the roughness payrofile. Then, we define the probabiliB (x,c) for a small

rameters extracted from the bearing area curve have shown tgyjece of material of height diocated at position to resist
provide respectively more qualitative and quantitative infor- t5 wear during a cycle denotexhs follows:

mation about the spatial and textural variation of the surface

topography. However, only some roughness parameters that Ri(€)=2 (x.0)
were thought to be relevant were selected for this investiga- Rx(x, ¢) = k/ e Mdh
tion and, since a surface topography can be characterised by
numerous roughness parameters, further work is needed tawith k and A being real numbers ard ranging from 0O to
determine objectively which roughness parameter(s) shouldRi(c) for each cycle. The higher the value df, the higher
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area curves of the four typical areas scanned by means of a three dimensional

the magnitude of the wear phenomenon. This resistance weacalculated. Ifr <W, (x,c), a piece of material of heighth is
integral is then normalised to obtain a probability density removed from the profile and nothing is done conversely.

function from which the following expression &fcan be
deduced:
}1

|

Finally, the probability for an elementary volume of material
located at positiorx and at heightZ to be eroded during a
wear cyclec can be expressed as:

1— e—)nRt
A

1 — e MR~ (x.0)

Wilx,c)=1-— =y

A new cycle is considered and the different steps described
above are repeated.

In this study, the value chh(= 0.08m) has been selected
S0 as to be small enough to simulate a continuous wear pro-
cess. The parameters of the elementary wear mddd) and
Cend(= 700cycles) were optimised by means of%calcula-
tion in order to obtain a satisfying goodness-of-fit between
the bearing area curves under consideration.
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