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Introduction

Introduction
by Robert M. Streicher PhD

T

aper corrosion in modular total hip arthroplasty was identified as a clinical concern already in the
1980s-90s. More modern design trends like metal-on-metal bearings, large heads, and modular
necks have recently re-introduced implant corrosion as a clinical issue, being the cause for 4.2%
of all revisions and often with serious consequences.
The amount of publications about this issue is numerous and there is consensus that the mechanism
of taper corrosion is best characterized as mechanically assisted crevice corrosion. Although it seems
fundamentally a crevice corrosion problem, mechanical fretting and wear also contribute in disruption of the atomically thin, protective oxide layers that border the crevice environment. Metal loss
is a common finding at modular junctions of metal heads (cobalt chromium alloy) and their mating
metal stem tapers. Even though it is more prevalent in large diameter metal-on-metal bearing tapers
it is also observed in conventional metal-on-polyethylene components, even with 28mm ball heads.
Metal loss (wear and corrosion) depends on a number of factors, including geometric variables, such
as the dimensions and shape of the crevice at the taper interface, and the complex interplay of metallurgical, chemical, electrical, and tribological factors. Other factors like implantation time and the
flexural rigidity of the femoral neck have also been identified as important variables.
In this booklet several recent publications on this topic are presented.
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Abstract
Background Previous studies regarding modular
head-neck taper corrosion were largely based on
cobalt chrome (CoCr) alloy femoral heads. Less
is known about head-neck taper corrosion with
ceramic femoral heads.
Questions/purposes We asked (1) whether ceramic heads resulted in less taper corrosion than
CoCr heads; (2) what device and patient factors
influence taper fretting corrosion; and (3) whether the mechanism of taper fretting corrosion in
ceramic heads differs from that in CoCr heads.
Methods One hundred femoral head-stem pairs
were analyzed for evidence of fretting and corrosion using a visual scoring technique based on
the severity and extent of fretting and corrosion
damage observed at the taper. A matched cohort
design was used in which 50 ceramic headstem
pairs were matched with 50 CoCr head-stem
pairs based on implantation time, lateral offset,
stem design, and flexural rigidity. Results Fretting
and corrosion scores were lower for the stems
in the ceramic head cohort (p = 0.03). Stem alloy (p = 0.004) and lower stem flexural rigidity
(Spearman’s rho = - 0.32, p = 0.02) predicted
stem fretting and corrosion damage in the ceramic head cohort but not in the metal head cohort.
The mechanism of mechanically assisted crevice
corrosion was similar in both cohorts although in
the case of ceramic femoral heads, only one of

the two surfaces (the male metal taper) engaged
in the oxide abrasion and repassivation process.
Conclusions The results suggest that by using a
eramic femoral head, CoCr fretting and corrosion
from the modular head-neck taper may be mitigated but not eliminated.
Clinical Relevance The findings of this study
support further study of the role of ceramic heads
in potentially reducing femoral taper corrosion.
Introduction
Taper corrosion in THA was identified as a concern in the 1980s to 1990s [2, 5, 7, 14, 15, 24,
25] and was believed to have been dressed. However, implant corrosion has recently been reintroduced as a clinical issue [3, 8, 16–18]. There is
consensus that the mechanism of taper corrosion is best characterized as mechanically assisted
crevice corrosion [7, 14, 22]. Although fundamentally a crevice corrosion problem, mechanical
fretting and wear also contribute by disrupting
the atomically thin, protective oxide layers that
border the crevice environment [7, 9, 14]. When
the underlying metallic substrate is exposed by
mechanical damage to the in vivo environment,
rapid repassivation of the metal surfaces alters its
voltage and acidifies the solution trapped in the
taper crevice. Thus, the lectrochemistry of the
5

Do Ceramic Femoral Heads Reduce Taper Fretting Corrosion in
Hip Arthroplasty? A Retrieval Study

head and stem alloys as well as the solution chemistry of the taper crevice are determinants of taper corrosion [7, 14]. For the modular head-neck
connection, the crevice is the space between two
opposing taper surfaces (ie, where no asperityasperity contact is present and solution can reside). This is effectively a cracklike fluid-filled environment in electrochemical contact with the
outside solution, wherein large changes in solution chemistry and crevice-type corrosion reactions can occur. Taper corrosion depends on the
dimensions and shape of the crevice at the taper
interface and the complex interplay of metallurgical, chemical, electrical, and tribological factors
[7, 14, 22]. A previous, multicenter retrieval analysis of head-neck taper corrosion by Goldberg et
al. [9] documented that the combination of dissimilar alloys, metallurgical condition of the alloys,
implantation time, and flexural rigidity of the femoral neck were predictors of corrosion of the
neck and head. Implantation time and dissimilar
alloys were also identified as important variables
in a related retrieval study [5]. More recently, a
multicenter retrieval study of modular taper connections in contemporary metal-on-metal (MOM)
bearings also found that implantation time, lateral offset, femoral stem modularity, and dissimilar alloys were predictors of taper corrosion [11].
Evaluation of corrosion in the past, and for the
current study, is conducted using a visual scoring
method with a scale of 1 through 4 where 1 is
least severe and 4 is most severe.
To date, the body of knowledge regarding taper corrosion, including the majority of previous
retrieval studies of retrieved tapers, is based on
cobalt chrome (CoCr) alloy femoral heads on a
metallic stem in either metal-on-polyethylene (MPE) or MOM bearings. Less is known about taper
corrosion with ceramic heads on a metallic stem
in ceramic-on-polyethylene (C-PE) or ceramic-onceramic (COC) bearings or how stem taper corrosion differs between ceramic and CoCr heads
[10, 13, 25]. Previous studies are limited to a case
study [25], studies with significant confounding
factors (ie, additional modular junctions) [13], or
limited to components and designs that are no
longer commercially relevant [10].
6

In the current study we asked (1) whether ceramic heads resulted in less taper corrosion than
CoCr heads; (2) what device and patient factors
exert a significant nfluence on taper fretting corrosion; and (3) whether the mechanism of taper
fretting corrosion in ceramic heads differs from
that in CoCr heads.
Materials and Methods
Study Design, Cohort Selection, and Clinical
Information
We based our matched cohort design on the
combined retrieval collections of two academic
engineering-based programs working in collaboration with 12 clinical revision centers from the
northeast, midwest, south, and western regions
of the United States. Retrievals were collected
as part of a 12-year ongoing institutional review
boardapproved revision and retrieval program.
An a priori power analysis was conducted and
revealed that a sample size of 100 was more than
sufficient to detect a difference in corrosion score
of 1 between the metal and ceramic cohorts (power = 99.9%). Thus, a total sample size of 100
retrieval cases was judged to be adequate based
on this analysis and previous research involving
taper corrosion in MOM retrievals [11], in which
researchers detected significant differences in
taper corrosion between study groups using a
sample size of approximately 100 retrievals. From
our combined interinstitutional database of over
2000 THAs, we first identified 96 sets of matched
ceramic head/femoral stem taper pairs. The identified sets were restricted to ceramic heads that
were produced by the same supplier (Ceramtec
GmbH, Plochingen, Germany) and distributed by
major manufacturers in North America.
According to the supplier, the geometric specifications of the femoral taper angle as well as surface roughness that mates with the bore of the
ceramic head have remained unchanged since
the 1980s. However, the ceramic material
has evolved over time such that the 96 sets included two grades of alumina (Biolox and Biolox®
forte; Ceramtec GmbH, Plochingen, Germany)
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and zirconia-toughened alumina (Biolox® delta) ceramic heads. The transition from Biolox®
to Biolox® forte grades of alumina took place in
1995 and Biolox® delta was clinically introduced
in 2003 in Europe and 2005 in the United States.
From this set, we selected the ceramic-metal taper cohort. Because previous studies have shown
implantation time to be one of the most important variables related to taper corrosion [5, 7, 9],
we selected the ceramic-metal taper cohort to
consist of the 50 sets (Biolox® [n = 5], Biolox®
forte [n = 30], and Biolox® delta [n = 15]) with
the longest implantation time and which could
be matched with a metal-metal taper cohort
(described subsequently). The ceramic-metal taper cohort included both COC and/or C-PE bearings (Table 1). The majority of the components
for this study were uncemented (94 of 100) with
the cemented components having COC (n = 1),
C-PE (n = 2), and M-PE (n = 3) bearing couples.
Given that cement was present in three samples
for both study groups, cement is not considered
to be a confounding factor for this study. We
excluded 11 prostheses with a modular femoral
stem from the study because of previous research
suggesting that modular tapers were associated
with increased femoral head corrosion in MOM
bearings [11].
We identified the matched cohort of 50 metalmetal tapered head-stem components from
M-PE bearings (Table 2). The metal femoral head
in the metal-metal taper cohort was always composed of CoCr. The metallic head and stem material compositions of all samples were confirmed using an x-ray fluorescence detector (Niton
XL3t GOLDD+; Thermo Scientific, Waltham, MA,
USA). Devices in the ceramic-metal taper cohort
were matched to create the metal-metal taper
cohort based on the following three criteria (in
order of importance) based on significant variables published in previous retrieval studies of taper corrosion [9, 11]: (1) implantation time (most
important); (2) stem neck flexural rigidity; and (3)
lateral offset (least important). Although not specifically matched for, the resulting cohorts had
similar head diameters (median = 32 mm and
mean = 33 mm for both cohorts). In this study,

the CoCr heads had the same manufacturer as
the stems they were implanted with, eliminating
manufacturer mixing as a confounding factor.
Stem flexural rigidity was calculated using the
equation used by Goldberg and colleagues [9].
The flexural rigidity of the stems was calculated
using the Young’s modulus (E) of the alloy multiplied by the second moment of area (I = π [d]4,
where d = diameter of stem at the distal contact
point of the head taper). The diameters of the
necks were measured by two independent observers (SBK, JAH) and were assumed to be circular.
The combined lateral offset of the stem and head
was obtained by tracing component markings,
patient records, and component dimensional
measurements or directly from the manufacturersupplied design tables. When possible, we matched stem flexural rigidity and offset in the two
cohorts using the identical stem design and size
(Tables 1, 2). The stems were fabricated from a
proprietary titanium alloy (54%; TMZF; Stryker
Orthopaedics, Mahwah, NJ, USA) having an elastic modulus of approximately 80 GPa, Ti-6Al-4V
alloy (29%; 110 GPa elastic modulus) or from a
CoCr alloy (17%; 200 GPa elastic modulus).
We considered only monolithic femoral stems
with a single taper interface for the head. We
excluded four ceramic heads with metal sleeves
from the study. Likewise, none of the CoCr heads
in the matched metal head cohort included an inner modular taper adapter or sleeve.
In addition to the retrieved components, clinical data (implantation time, age, sex, body mass
index [BMI], UCLA activity score, and reason for
implant revision) were collected for all patients in
the ceramic-metal and metal-metal taper cohorts
(Tables 1 and 2, respectively). For the ceramic
head cohort, the average implantation time was
3.3 ± 3.7 years (range, 0.5–18 years), the mean
patient age at implantation was 52 ± 10 years,
17 of 50 (34%) were female, the mean BMI
was 30 ± 7 kg/m2, and the mean UCLA activity
score was 6 ± 2. For the metal head cohort, the
average implantation time was 3.2 ± 3.8 years
(range, 0.5–17 years), the mean patient age at
implantation was 57± 14 years, 25 of 50 (50%)
were female, the mean BMI was 30±7 kg/m2, and
7
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the mean UCLA activity score was 5±2 (Table 2).
There was no significant difference in the implantation time (p = 0.71), sex (p = 0.11), BMI (p =
0.91), or UCLA activity levels (p = 0.65) between
the ceramic and metal head cohorts. However,
there was a significantly (p = 0.03) greater age in
patients with a metal head as compared with the
ceramic head cohort. The most frequently reported reasons for revision in both the ceramic and
metal head cohorts were infection and loosening
(Tables 1, 2). According to the medical records,
none of the heads or stems in either the ceramicmetal or metal-metal taper cohorts was revised
as a result of an adverse local tissue reaction.

Scoring System for Fretting and Corrosion

Composite fretting and corrosion damage at the
modular CoCr head and metal stem interfaces
were characterized using a previously published
4-point scoring technique [12] with a score of 1
indicating minimal fretting or corrosion (fretting
on <10% surface and no corrosion damage); 2
indicating mild damage (fretting on >10% surface and/ or corrosion attack confined to one or
more small areas); 3 indicating moderate damage
(fretting >30% and/or aggressive local corrosion
attack with corrosion debris); and 4 indicating severe damage (fretting over majority [> 50%] of
mating surface with severe corrosion attack and
Modular Interface Damage Evaluation
abundant corrosion debris). We analyzed metal
transfer to the inner taper of the ceramic heads
Devices were cleaned in accordance with institu- using a similar 4-point scoring technique with
tional procedures. The CoCr head and neck ta- a score of 1 indicating minimal metal transfer
pers were inspected visually and under a stereo- (<10% of the taper surface), 2 indicating metal
microscope equipped with a digital camera (Leica transfer over 10%, 3 indicating metal transfer
DFC490; Leica Microsystems, Wetzlar, Germany) over 30%, and 4 indicating metal transfer over
for evidence of fretting and corrosion.
more than 50% of the inner head taper. We
Fretting, defined by Szolwinski and Farris [23] as also inspected and noted the presence or aba contact damage process resulting from micro- sence on the inferior face of the femoral heads
motions of interfacing metals, was identified as and the stems outside of the taper junction of
scratching perpendicular to machining lines on dark, adherent corrosion deposits as described by
the taper and/or wearing away of the machining Urban and colleagues [25]. The scoring plan for
lines. Corrosion was identified as white haziness the head and stem tapers was developed in col(indicative of intergranular crevice corrosion), dis- laboration with a consultant biostatistician (EL).
coloration, and/or blackened debris [6].
Components were randomized using a random
number generator in Microsoft Excel (Microsoft
Inc, Redmond, WA, USA; components were
scored from the lowest to highest random number generated) and scored independently by the
same three investigators (SBK, JAH, DWM). In the
event of disagreement between the scores, the
three investigators convened to adjudicate the
discrepancy and arrive at a consensus score for
the taper. The investigators were blinded to the
cohort status of the stems during scoring, but it
was not possible to visually score the two head
cohorts in a blinded fashion.
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Scanning Electron Microscopy of Stems
Interfacing With Ceramic Heads

Results

Fretting and corrosion scores were lower for the
stems in the ceramic-metal when compared with
the metal-metal taper cohort (p = 0.03; Fig. 1).
Evidence of fretting and corrosion, consistent
with a score of 2 or greater, was observed in 42
of 50 (84%) stems in the ceramic-metal and 42
of 50 (84%) stems in the metal-metal taper cohort. The median damage score for the stems
in the ceramic-metal taper cohort was 2 (Figs.
1, 2), whereas for stems in the metal-metal taper cohort, the median score was 3 (Figs. 1, 3).
We observed dark corrosion deposits outside the
head-neck taper junctions in three of 50 (6%) of
the metal-metal taper cohort and zero of 50 (0%)
of the ceramic-metal taper cohort. Both stem alloy (p = 0.004; Kruskal-Wallis test with post hoc
Dunn Test; Fig. 4) and decreased stem flexural
rigidity (Spearman’s rho = 0.35, p = 0.01) were
predictors of stem fretting and corrosion damage for the ceramic-metal taper cohort however,
these variables did not have an effect for the
metal-metal taper cohort (Fig. 4). Stem corrosion
Statistical Analysis
for the ceramic-metal taper cohort as not significantly affected by implantation time (p = 0.46),
Preliminary evaluation of the visual corrosion da- lateral offset (p = 0.35), head size (p = 0.26),
mage scoring data demonstrated a nonnormal type of ceramic bearing (p = 0.82), or the cedistribution. Hence, nonparametric statistical ramic material formulation (p = 0.93). However,
analyses were performed using statistical soft- these tests were generally underpowered (power
ware (JMP 10.0; SAS Institute, Cary, NC, USA). < 25%). The only variable in this study that was
Mann-Whitney U, Kruskal-Wallis (with post hoc a significant predictor of the metal transfer score
Dunn tests when necessary), and Wilcoxon tests inside the ceramic heads was decreased flexural
were used to assess differences in taper dama- rigidity (Spearman’s rho = - 0.35, p = 0.01). For
ge grouped by categorical parameters (femoral the metal head cohort, none of the patient or dehead material, bearing type [for the ceramic co- vice variables in this study was a significant prehort only], and ceramic material formulation [alu- dictor of the stem corrosion for the metal-metal
mina versus zirconia-toughened alumina]).
taper cohort. Patient weight was positively correSpearman’s rank order correlation was used to lated with stem fretting and corrosion scores in
identify correlations between continuous variab- the ceramic head cohort (Spearman’s rho = 0.46;
les (implantation time, stem flexural rigidity, late- p = 0.002), whereas only a trend was observed
ral offset, and head size). The level of significance in the metal head cohort (Spearman’s rho = 0.26;
chosen for all statistical analyses was p < 0.05.
p = 0.08). In the metal head cohort, patient age
was negatively correlated with stem fretting and
corrosion scores (Spearman’s rho = -0.36; p =
0.01); however, no correlation was observed in
the ceramic cohort (Spearman’s rho = 0.08; p =
Representative TMZF, Ti-6-4, and CoCr alloy
stems, each with a visual score of 2 corresponding to the median value for the ceramic cohort, were selected for evaluation using scanning
electron microscopy (SEM; JEOL 5600, Peabody,
MA, USA) and energy dispersive analysis of xrays (EDS; Princeton Gamma-Tech, Princeton, NJ,
USA). Implants were either placed directly into
the SEM with no additional preparation or, if too
large, were sectioned distal to the taper in the
neck region using a slow-speed diamond sectioning saw with water as the lubricant and then
rinsed in distilled water and dried. Imaging was
performed in both the backscattered and secondary electron mode and, when appropriate, EDS
(Princeton Gamma-Tech) was used for elemental
analysis. The primary focus of this analysis was
to characterize the nature of the male taper surfaces and the type of fretting corrosion damage
present.
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0.59). Patient sex, implantation time, and activity
scores were not associated with higher or lower
stem fretting and corrosion scores in either cohort (p > 0.05). The mechanism of mechanically
assisted crevice corrosion was similar in the metal
and ceramic head cohorts, although in the case
of ceramic femoral heads, only one of the two
surfaces (the male metal taper) engaged in the
oxide abrasion and repassivation process. SEM
analysis showed damage on each implant that
was reflective of the type of metallic surface topography present. Interestingly, the surface topography for tapers was highly variable based on
alloy (Co-based or Ti-based) and manufacturer.
The taper surfaces were either finely machined
(TMZF; Fig. 5A) or with machined grooves present (both Ti-6Al-4V, Fig. 5 B–C, and CoCr, Fig.
5D–E). The geometry of the grooves varied with
design in terms of grooves per length and groove
depth. For example, in Figures 5D and 5E, both
implants are Co-Cr-Mo based, but Figure 5E
shows tightly spaced grooves approximately 150
lm apart and roughly 60 to 100 lm deep, whereas
in Figure 5D, the grooves are approximately 500
lm apart and 50 lm deep. The fretting corrosion
damage seen in these tapers is intermittently distributed over the tapers and where grooves are
present occur only at the top of the groove. With
deep grooves, debris can accumulate (Fig. 5E)
adjacent to the fretting damage. For the device
in Figure 5A, the majority of fretting corrosion
damage is seen in the proximal taper region (lower right of micrograph) indicating rim loading.
Evidence of fretting damage and corrosion debris (dark regions) was observed on titanium alloy
surfaces (Fig. 6A–B). Different types of machining
grooves on cobalt alloy surfaces (Fig. 6C–D) exhibited different appearances. In one case (Fig.
6C), the damage seen has a distinct (solely) corrosion-based appearance, whereas another case
(Fig. 6D) showed evidence of both fretting and
corrosion damage.

©Elsevier

Fig.1 The femoral stem taper fretting and corrosion damage scores for the matched ceramic and CoCr head cohorts are
shown. The damage scores were significantly lower for the ceramic cohort (p = 0.03).

©Elsevier

Fig. 2 Examples of stem taper fretting and corrosion scores for the
CoCr head cohort are shown. The median score for this cohort
was 2.

©Elsevier

Fig. 3 Some examples of stem taper fretting and corrosion scores
for the ceramic head cohort are shown. The median score for this
cohort was 3.

©Elsevier

Fig. 4 A boxplot illustrating femoral stem taper fretting and corrosion score versus stem alloy for the ceramic and metal head
cohorts is presented.
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Discussion
Fretting initiated crevice corrosion observed in
tapers is a complex problem and the severity is
dependent on multiple factors. Retrieval studies
that isolate variables in devices and patients can
be designed to identify device and patient factors
that aggravate or mitigate corrosion damage at
the tapers. This matched cohort retrieval study
was undertaken to analyze stem taper corrosion with ceramic heads as compared with CoCr
heads. We theorized that ceramic femoral heads,
which are electrical insulators, would lead to lower stem taper corrosion than previously reported
with CoCr femoral heads; indeed, this appears to
be the case. We found that decreased stem flexural rigidity and stem alloy predicted stem corrosion with modular ceramic femoral heads but
not with CoCr heads. There was no difference in
the mechanism of fretting corrosion between the
ceramic and metal cohorts besides the fact that
only the stem taper surface plays a role in the corrosion damage that occurs in the ceramic cohort.
This study had limitations. We used a matched cohort study design that was adequately powered
to detect differences between the ceramic-metal
and metal-metal taper cohorts, but the sample
size was not sufficient to pick up correlations between taper design and secondary effects such as
implantation time, which were not apparent in
either cohort. The study was primarily designed
to detect a difference of 1 in corrosion scores between junctions with ceramic-metal and metalmetal interfaces. However, the mean differences
of fretting and corrosion scores when analyzing
the device and patient factors were approximately one-fourth of what the study was designed to
detect, and thus would require an unrealistically
large sample size to be sufficiently powered. Because this was a secondary study question, we
acknowledged that the question would be underpowered. This study also shares the same limitation of all retrieval studies, namely that they are
based on analysis of clinical failures that do not
necessarily reflect the population of well-functioning implants in the unrevised patient population. However, the presence of taper corrosion in

this series was not associated with the reasons
for revision for any of the components. This study focused on ceramic femoral heads by a single
supplier with a consistent design for the past 30
years. Although we included different types of
ceramic materials used in different types of bearings, we confirmed these variables did not influence the results. We also accounted for differences in stem surface finish and alloy composition
between the cohorts by the matching protocol.
Thus, as suggested in a study of taper corrosion
with zirconia heads [10], our findings are not generalizable to other ceramic head suppliers and
femoral stem designs outside of this study. Furthermore, we examined retrievals in which the
only source of modularity with a metallic component was the head-stem interface. Therefore, the
results of this study likewise do not apply to THA
systems with multiple sources of modularity. Our
results were also limited in that our methodology
to assess the extent of corrosion was categorical
and subjective. However, our methodology was
consistent with the approach of other investigations in which corrosion and fretting of modular
metallic interfaces were assessed [9]. Furthermore, it is recognized that the fretting and corrosion
scoring technique does not necessarily correlate
with the volume of metallic debris generated at
a modular interface. Taper analyses to quantify
material loss at the ceramic-stem modular connection were beyond the scope of this study.
This study demonstrates that mechanically assisted crevice corrosion can also occur in ceramic
head-metal neck devices, although to a lesser extent than in CoCr head-metal neck devices. The
taper designs used in these junctions were varied,
but all showed evidence of some fretting and
corrosion present, as expected from any modular
taper connection. Despite four decades of clinical
use, few studies have investigated taper corrosion involving modular ceramic heads [10, 13, 25],
making comparisons with our study difficult. Urban and colleagues [25] documented one case
of taper corrosion in an Autophor (Mittelmeier;
Smith & Nephew, Memphis, TN, USA) hip prosthesis consisting of a CoCr femoral stem and an
alumina ceramic femoral head and concluded
15
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that the corrosion products in the periprosthetic
tissue and within the taper appeared to be similar to those with a CoCr head and stem. Hallab
and coworkers [10] examined fretting corrosion
in CoCr-CoCr and CoCr-zirconia ceramic stemhead tapers in vitro to test the hypothesis that
the harder ceramic surface would result in greater fretting corrosion debris from a CoCr stem as
compared with a CoCr head and stem. Contrary
to their hypothesis (and similar to the results of
this retrieval study), the CoCr-CoCr head-stem
taper generated three- to 11-fold greater metal
release than the CoCr-zirconia taper combination, but the authors cautioned against overgeneralization of their results to other head-stem designs. The manufacturer of the zirconia heads in
Hallab et al.’s [10] study, St Gobain Desmarquest
(Evreux Cedex, France), ultimately withdrew their
product from the orthopaedic market after a
worldwide recall in 2001 and they are no longer
in clinical use in orthopaedics [4]. More recently,
in a retrieval study of a series of titanium alloy SROM femoral stems (DePuy Orthopaedics, War-

saw, IN, USA), Huot Carlson et al. [13] observed
less proximal femoral stem taper corrosion for
cases with a ceramic-metal taper interface as opposed to cases with metal-metal taper interfaces.
However, details about the design or manufacture of the ceramic heads in the S-ROM series
were not reported, making direct comparisons to
this study difficult [13].
The most important design and patient factors
predicting increased fretting and corrosion scores
of the ceramic head cohort in this study were
stem material, flexural rigidity, and body weight.
Previously, both in vitro and in vivo tudies have
found similar results [9, 13, 16, 18, 22]. We did
not find lateral offset or sex to be a predictor of
corrosion, which is comparable to what Hout
Carlson et al. recently found [13]. Goldberg et
al. [9] found that lateral offset was a predictor of
corrosion; however, this factor did not have an
effect when the confounding factors of flexural
rigidity and implantation were considered. Head
size was not a predictor for corrosion in the current study and by Hout Carlson et al. [13], which

©Elsevier

Fig. 5A–E SEMs of five different design and materials for the male taper of ceramic-metal trunnions. (A) TMZF (Stryker Orthopaedics,
Mahwah, NJ, USA) x 35 BEC, (B) Ti-6Al-4V (Zimmer, Inc, Warsaw, IN, USA) x 100 SEI, (C) Ti-6Al-4V (Wright Medical Technology, Inc,
Arlington, TN, USA) x 220 BEC, (D) Co-Cr-Mo (DePuy Orthopaedics, Inc, Warsaw, IN, USA) x 100 BEC, (E) Co-Ni-Cr-Mo (Zimmer) x
100 BEC. SEI = secondary electron imaging; BEC = backscattered electron contrast image. A is a ground surface, whereas B–E have
machining grooves present. Also shown are fretting scars and corrosion and biological debris present. For grooved implants, only the
groove tips show evidence of fretting corrosion damage.
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Fig. 6 A-D Backscattered electron micrographs of (A) TMZF,
(B) Ti-6Al-4V, (C) Co-Cr-Mo, and
(D) CoNiCrMo alloy tapers used
in conjunction with ceramic femoral heads. Each image shows
fretting damage and some corrosion debris present. In C, the damage has a distinctly corrosionlike appearance emanating from
a machining ridge.

©Elsevier

differs from a prior study that found an association between corrosion and femoral head size
[11]. A post hoc power analysis revealed that this
study was underpowered to detect the differences observed between head sizes (power = 21%).
The clinical impact of the associated corrosion
debris from these interfaces for implants with
femoral heads less than 36 mm remains unclear
at this point. Tissue samples were unavailable to
determine the effects of these corrosion products
locally and systemically.
This study provides new insight on the mechanisms of taper fretting corrosion using ceramic as
an alternative to CoCr alloy femoral heads. The
basic mechanism of mechanically assisted crevice
corrosion was the same with the exception being
that, in the case of a ceramic femoral head, only
one of the two surfaces (ie, the male metal taper)
engaged in the oxide abrasion and repassivation process. This, in and of itself, will lower the
overall extent of corrosion. Other potential differences between taper fretting corrosion behavior
could be the result of how the male taper surface
was prepared. The machining topography of the
metal taper appears to localize damage to the
peaks of the machining grooves where contact
is made with the ceramic head. However, we accounted for differences in surface topography in

the two study cohorts by matching not only alloy,
but stem manufacturer, where possible. Thus, the
lower corrosion scores we observed between the
ceramicmetal and metal-metal (not MOM, metal
on metal) taper cohorts cannot be attributed to
differences in surface topography. Detailed measurements of stem surface topography were also
beyond the scope of the present study.
Previously, ceramic femoral heads have been discussed in the clinical literature solely in the context of an alternative bearing surface to reduce
wear [1, 21]. This study has potentially important
implications for modular component selection by
surgeons who are concerned with Co and Cr debris release from the head-neck interface and the
risk of adverse local tissue reactions [3, 8, 16–18].
Our results suggest that by using a ceramic femoral head, Co and Cr fretting and corrosion from
the modular head-neck taper may be mitigated,
although not completely eliminated. However,
implant component selection is but one factor
contributing to taper corrosion and metal debris production from modular interfaces in vivo.
Taper impaction technique, engagement of the
modular taper interface in a clean and dry environment, and the use of matching components
are all technical factors that influence taper fretting and corrosion regardless of whether the fe17

Do Ceramic Femoral Heads Reduce Taper Fretting Corrosion in
Hip Arthroplasty? A Retrieval Study

moral head is fabricated from CoCr or ceramic
[19, 20]. Our research suggests that there could
be a potentially new focus in ceramic component
research in hip arthroplasty, beyond wear and tribology, to better understand the role of ceramics
in mitigating modular taper corrosion.
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Taper locking for fixing a modular ball head onto
a metal stem in total hip arthroplasty (THA) has
been introduced more than 30 years ago and is
now the solely used design concept of modern
modular and multi-bearing hip systems. For that
purpose, the male stem taper as well as the female head taper use similar taper angles achieving a
close contact of the components and strong interlocking forces. Due to the fact that all manufacturing processes underlie deviations within their
tolerance regime, it is nearly impossible to create
ball head and stem tapers of identical taper angle, which could create a so-called line-to-line contact of the components. Instead, assuming those
small differences of the taper angles, the initial
contact of the components will always occur at
one clear end of their tapers—at the proximal
end, if the stem taper is smaller than the head
taper, and at the distal end, if vice versa.
It is also possible to define head and stem taper
angle (mean and tolerance) in such away that
their difference is positive or negative over the
whole tolerance field. In that case, the initial contact of the components will always occur at the
same taper end, leading to an angular gap of
deviating size between the components always
opening up into the same direction.
An inevitable property of head–taper junctions
is the occurrence of micro-motion, so-called
fretting, within the angular gap under alternating loads which can reach nine- times the body
weight considering in vivo conditions.1,2
Those micromotions include reversible as well
as irreversible closing and opening movements
of the angular gap, increas- ing and decreasing
the contact area, and sliding movements of the
component taper surfaces along the taper axis.
Mechanical stresses subsequently induced in the
components at and below the surface are compression, tension and shear stresses. Beside the
20

mechanical stresses there may also be physico–
chemical interactions of the surfaces and materials considering the fluid, water-containing environment in the human body depending on the
materials of the components. Especially, metalimplant materials which usually withstand corrosion by passivation of the surface, forming an
oxidized surface layer, are affected by the combined mechanical and physico–chemical stress3
leading to the so-called fretting corrosion or, on
depletion of oxygen within the gap, crevice corrosion. For simplicity in this article only the term
fretting corrosion will be used for both types of
corrosion. Fretting corrosion is commonly known
and already classified for head–taper junctions
in THA.4 Metal-to-metal taper-locking interfaces
are more prone to it than a combination of metal
with another implant material such as ceramic.5-7
Fretting corrosion and wear at the head–taper
junction lead to a release of metal ions and metal
wear particles,5,8-10 where the wear particles once
again release metal ions as well. Ion release can
subsequently cause systemic biological reactions
or local peri-prosthetic tissue reaction.11-14 Fretting corrosion is not only restricted to the head–
taper junction but also present at any other load
bearing taper-locking interface of artificial endoprosthetic implants, e.g. modular neck to stem
interfaces. 7,15,16
Recently, fretting corrosion of modular head–taper junctions is again of increasing interest since
some of the modular metal-on-metal (MoM)
bearing systems have exhibited increased revision rates due to corrosion and metal wear of the
head–taperjunction.11,13,17 Especially large diameter articulations, which yield higher frictional
moments,18,19 seem to result in increased fretting
corrosion and wear between the interfaces. The
risk factors driving fretting corrosion and wear
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are currently not fully understood and several
research groups are working on it, but several
influencing factors have already been identified,
e.g. the material combination at the head– taper
junction,20 the material combination of the bearing couple,5,14 the bearing diameter,11 the neck
length of the ball head21 and the intra-operative
assembly conditions.21,22 For ceramic-on-ceramic
(CoC) bearings revision solutions for the ball
heads idea reprovided by several manufacturers
containing a ceramic ball head in combination
with a metal sleeve. The metal sleeve is acting as
an interface adapter that compensates for smaller damages on the stem taper surface in a revision case on the one hand, and on the other hand
provides a virgin metal contact surface for the ceramic ball head (head–adapter junction). Due to
the fact that even a CoC bearing system contains
a metal-to-metal locking taper interface, if such a
revision ball head with adapter sleeve is applied,
the potential occurrence of fretting corrosion and
wear is a concern. The largest ball diameter already available for a revision ball head system, with
a ceramic ball head made from an alumina-matrix composite (AMC; BIOLOX®delta, CeramTec
GmbH, Plochingen) in combination with an adapter sleeve made from Ti-6Al-4V according to
ISO5832-3, is 48 mm. The aim of this study was
to investigate the risk of fretting corrosion and
wear and the risk of loosening of the head–taper
junction of such large diameter CoC bearing devices for revision surgery.

metal adapter sleeves were made fromTi-6Al-4V
(according to ISO 5832-3, Merete Medical, Berlin). For all the experiments, sleeves and matching
stem tapers with the same locking taper system
design were used, following a certain
specification for a so called 12/14 taper. The stem
tapers were provided as test trunnions made
from three metal alloys commonly used in THA:
Ti-6Al-4V (ISO5832-3), CoCrMo (ISO5832-12)
and Stainless Steel (FeCrNiMo,ISO5832-1, all manufactured by Kießig, Berlin). Three different test
methods were used in vitro to assess the corrosion behaviour and connection strength of the
head– taper–sleeve interface: – Fretting corrosion test according to ASTMF 1875-98 (reapproved 2009),‘‘Fretting corrosion testing of modular
implant interfaces: hip femoral head–bore and
cone taper interface’’, test method II, procedure
B.– Corrosion test under in vivo like loading levels
of cyclic fatigue vs. static compression loads. –
Frictional rotational torque and frictional bending
torque fatigue tests under severe in vivo like conditions. Fretting corrosion tests according to ASTMF1875 were carried out as a starting point of
the investigation.
The test setup described in the standard is used
for a short-term determination of the fretting
corrosion current within the MoM taper-locking

Materials and Methods
Tests were conducted on a system consisting of
ceramic ball heads combined with metal adapter
sleeves (BIOLOX® Option, CeramTec, Plochingen)
and metal stem tapers. The ceramic ball heads
were made from AMC (BIOLOX®delta, according
to ISO6474-2, CeramTec, Plochingen). Ball heads
of various diameters and two different internal
taper designs were used for testing: a commercially available taper design for revision ball heads
(16/18) and an experimental design with a larger
inner bore preferably for larger ball head diameters (large taper) up to Ø 60 mm. The appropriate

©Elsevier

Fig. 1 Fretting corrosion test acc. to ASTM F1875 in dry state,
electrolyte solution of 0.9% NaCl in destilled water was added
prior testing
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interface of the system underdefined cyclic loading and environmental conditions for determining the system’s potential corrosion risk, shown
in Fig 1. The tests were carried out with ceramic
ball heads with a large taper and a ball of Ø60
mm, me tal adapter sleeves and all three stem
taper metal alloys as mentioned above (n = 5 for
each combination). In addition to the short-term
measurements of the fretting corrosion current
according to the standard, along-term test was
performed for further investigation of slight deviations of the measurement signal randomly
occurring at the end of the measurements with
a Stainless Steel test trunnion. For that purpose,
the cyclic loading and environmental conditions
defined by the standard were applied and kept
for a longer time period up to 500,000 loading
cycles and the fretting corrosion current was continuously measured every 3,600 cycles following
the requirements of the standard for the latest
time step. The assembly of the ball heads, metal
adapters and test trunnions was done manually
followed by axial loading (pressing-in) according
to ISO7206-10 on an uniaxial testing machine.
Fretting corrosion may also affect the disassembling of a modular connection by a surgeon in case
of a revision. The investigation of the disassembly
resistance was done by determining the pulloff
strength of the head–adapter–taper junctions
after static compression loading or cyclic fatigue
compression loading. For the purpose of cyclic
fatigue compression loading, the established fa-

Group

Min. Load

tigue loading test23 was adapted considering in
vivo loading (4.5-times body weight considering
stair climbing, and 10-times body weight considering stumbling1,2 of a 100-kg patient) and
provoking an increase of fretting corrosion at the
metal- to-metal interface. The loads, frequencies and cycle numbers are shown in Table1. The
liquid environment of an articulation was simulated by use of a corrosive solution composed
of 1.253g/ l NaHCO3 (sodium hydrogen carbonate),1.471 g/l KCl (potassium chloride), 0.517
g/l KSCN (potassium thiocyanate) and 0.1878 g
/l NaH2PO4 + H2O (sodium phosphate + water)24
buffered with lactic acid to a pH value of 4.5.
For the purpose of static compression loading,
the ball heads, metal adapters and test trunnions
were assembled manually followed by axial loading (pressing-in) based on the ISO 7206-10 standard and according to the requirements shown
in Table1 and investigated on a uniaxial testing
machine. These statically loaded components
served as a control group to the fatigue loading
ones. Afterwards, the assembled systems were
also stored in the corrosive solution, as described
previously, for the duration of and in parallel to
the cyclic fatigue testing. After the static or cyclic
fatigue compression loading, the pull-off force of
the head–adapter–stem connection was determined according to the ISO 7206-10 standard. The
interface which failed first was documented and
inspected (head–adapter, adapter– stem). In case
that the head was removed from the adapter, the
remaining pull-off force of the adapter from the

Max. Load

n

Frequency, no.
of cycles

Static
compression

4.5 kN

5

static pressing-in

Static
compression

10 kN

5

static pressing-in

Cyclic Fatigue
compression

3

Step 1

0.5 kN

4.5 kN

1 Hz, 4.5 Mio.

Step 2

0.5 kN

4.5 kN

1 Hz, 0.5 Mio.

Tab. 1 Parameters for static and cyclic fatigue compression loading – fatigue loading was done in 2 steps (1->2) on the same test samples
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stem taper was also determined. The tests were
carried out with ceramic ball heads with a large taper and a ball of Ø40 mm, metal adapter
sleeves, and stem tapers which were made from
Stainless Steel as this material combination was
found to be a worst case in the tests according
to ASTM standard. A third test was designed to
investigate fretting corrosion and wear, as well as
the disassociation potential of the head– adapter–
stem junction, considering cyclic fatigue loading
by frictional torques from large diameter CoC
bearings and a corrosive environment as factors
of risk. Two separate setups were employed on
hip simulators (Endolab® six station hip simulator
according to ISO 14242-1, Endolab, Rosenheim):
one setup applied frictional bending torque (abduction/ adduction) only and the other setup applied frictional rotation torque (pure flexion) only
onto the mounted ball head systems, depicted in
Fig. 2. A static axial force of 3kN was applied in
both test setups; the kinematics and load profile
are shown in Figure 3. The tests were carried out
with a cycle frequency of 1Hz in the same corrosive solution already described previously at a
temperature of 371C. After 5 million cycles, the
remaining rotational stability of the head– adapter–stem junctions was determined on half of
the ball head systems coming from both setups.
The other ball head systems were nvestigated regarding fretting corrosion and wear. Rotational
stability was determined by fixing the head in a
testing apparatus and applying an axial torque
onto the test trunnion till a sudden loosening
of the head–adapter or adapter–stem interface
could be detected. The maximum torque measured during loading was assigned as rotational
stability torque. The investigation regarding fretting corrosion and wear needed a special preparation of the ball head systems. A conventional
pull-off removing the ball heads from adapter or
test trunnion would have strongly affected the
interacting surfaces. Therefore, the ball head systems were cut carefully into halves by using appropriate diamond tools. Then the surfaces were
investigated using scanning electronmicroscopy
(SEM). SEM analysis as well as surface evaluation
was done by Al Cove Management, Essen. The

©Elsevier

Fig. 2 Loading and movement for applying the frictional bending
(left) and rotation (right) torque, respectively.
Kinematics and load profile
(frictional bearing)

Kinematics and load profile
(rotation torque)

©Elsevier

Fig 3 Kinematics and load profile for the frictional bending (left)
and rotation (right) torque, respectively.
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tests were carried out on ceramic ball heads with
16/18 taper and a ball of Ø48 mm, metal adapter
sleeves and test trunnions made from Stainless
Steel. Revision heads of Ø48 mm with a 16/18
taper are the largest head diameter commercially
available. The combination of the revision heads
and adapters with test trunnions from Stainless
Steel was found to be the worst case in the fretting corrosion tests according to ASTM standard
and as well as in screening tests using the fatigue
frictional rotation torque setup with all three
stem taper materials as described previously. The
tests were carried out with n=6 for each of the
two setups.

©Elsevier

Fig. 5 Static and dynamic current of fretting corrosion testing according to ASTM F1875 for Stainless Steel trunnions up to 500,000
cycles.

Results
The fretting corrosion test according to ASTM
F1875- 98 (reapproved 2009) delivered the following results. The first group using ceramic ball
heads with metal sleeves mounted on test trunnions made from Ti-6Al-4V exhibited the highest
static and dynamic current values at the beginning of the test, with a defined tendency to lower values with increasing number of cycles.

©Elsevier

Fig. 4 Static and dynamic current of fretting corrosion testing
according to ASTM F1875.
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Fig. 6 Pull-off forces after static and cyclic fatigue compressionloading in corrosive liquid environment.
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until the end of the measurement period.
Deviating from the results of the other
material combinations, the dynamic current also slightly increased for the Stainless Steel test trunnions. A second fretting
corrosion test was done by using Stainless
Steel test trunnions and the measurement
was increased up to 500,000 cycles for a
further investigation of the fretting corrosion behaviour of this material combination. For this investigation the static and
dynamic current once again showed a similar trend of even smaller values at the
©Elsevier
beginning
of the measurement period, slowly
Fig. 7 Rotational stability/maximum torque till loosening of the
interface after fatigue loading via frictional torque in rotation and alternating over time, with slightly higher values
bending direction.
at the end of the measurement period, depicted
in Figure 5. No excessive increase or progressiThe lowest values were measured after 3,600 cyve tendency was detected. The fretting corrosion
cles at the end of the test following the requiretest under in vivo like loading conditions for cycments of the standard, shown in Figure 4. The
lic fatigue and static compression loads delivered
second group using ceramic ball heads with methe following results: the largest pull-off forces
tal sleeves fixed onto test trunnions made from
were determined for those samples which have
CoCr-Mo showed a similar trend with the highest
been fatigue loaded up to10kN priorly. The samvalues at the beginning of the measurement, deples which have been only statically pressed in by
creasing with the increase of cycles, and the loapplying a load of 10 kN
west values at the end point of the measurement
delivered the second lowest pull-off forces. The
period. The third sample group using ceramic ball
lowest pull-off forces were determined for the
heads with metal sleeves fixed onto test trunnisamples pressed in with a 4.5 kN load, shown in
ons made from Stainless Steel showed a different
Figure 6, but even then the pull-off resistance
behavior. The measurement started with lower
was acceptably high considering a potential divalues than observed for the other material comsassociation risk. For all three specimen of the
binations, increasing only slightly with an early
fatigue loading group a loosening of the adapter
constant tendency, but then once against able

©Elsevier

Fig. 8 Threaded test trunnion (taper) surface showing a typical plastic deformation (left) and wear pattern with plastic deformation
and tribo-chemical layer (right).
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Fig. 9 Inner adapter surfaces showing typical plastic deformations. 						

from the test trunnion was detected in pull-off
testing. The statically pressed-in samples showed
a different behavior. In the group with 10 kN pressing-in load,two of the five specimens showed a
separation of head and adapter, while the head
with adapter separated from the test trunnion
for the other three of the five specimens. In the
group with 4.5kN pressing-inload, three of the
five specimens showed a separation of head and
adapter, and in two of the five specimens head
and adapter separated from the test trunnion.
Where the head separated from the adapter with
the adapter remaining on the test trunnion, the
adapter was pulled off and the force measured.
The pull-off forces of the adapter–taper junction
in the second pull-off test showed no difference
in comparison to the pull-off forces of the head–
adapter junction separated in the first attempt.
The fretting corrosion tests applying rotational
and bending fatigue loads via frictional torque
onto the head–adapter– taper junction delivered
the following results: the rotational stability after
the rotation fatigue loading via frictional torque
simulating a pure flexion movement was lower
than the rotational stability after bending fatigue
loading via frictional torque simulating an abduction/adduction movement, which is depicted in
Figure 7. Both groups of specimen were evaluated regarding fretting corrosion and wear after
the frictional torque fatigue tests using SEM. For
all the specimens, only non-critical corrosion effects could be observed at the contact surfaces
of tapers and adapters. The typical and load de26
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pending plastic deformation of the threaded micro-structure of the taper and the corresponding
adapter surface was found in combination with a
so-called tribochemical layer of metal debris created by benign fretting corrosion and wear, which
is demonstrated in Figures 8 and 9. No signs of
excessive surface deterioration or a progressive
degradation were found.
Discussion
All three test methods applied in this investigation–fretting corrosion testing according to ASTM
F1875, fretting corrosion testing under axial in
vivo loading and fretting corrosion testing applying severe friction induced fatigue loading –exhibited only small effects on the head–adapter– taper junction of the ceramic ball heads combined
with titanium alloy adapter sleeves and stem tapers regarding fretting corrosion and wear. Even
unfavourable material combination, high loads in
a corrosive medium and high frictional torques
yielded only benign effects for this modular combination. It is necessary to point out that all tests
have been carried out starting with dry and clean
contact surfaces of the components, with a proper assembly and force fitting the head–adapter–
taper junction by use of reproducible methods
and loads which are comparable to those recommended for the clinical application. In accordance
with experiences from literature,21,22 the current
results confirm that an accurate placement and
assembly of the components as given by the in-
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structions for use by the manufacturer result in
sufficient resistance of the interfaces against fretting corrosion and wear. Due to the fact that this
investigation focused on the worst case material combinations (Stainless Steel / titanium alloy)
from ASTM standard and screening tests further
testing is recommended. More comparable data
regarding the application of other stem taper
materials in combination with ceramic ball heads
with adapter sleeves may help to further evaluate
and quantify the potential safety margins of these systems. Further investigations may also evaluate the system behaviour under adverse assembly conditions as contamination, malalignment,
failed impacting etc. However, the third test setup applying cyclic fatigue loading via frictional
bending and rotation torque is probably the most
in vivo like fretting corrosion setup used. Considering the actual findings regarding fretting corrosion and wear in head–(adapter–) taper junctions of some MoM bearing systems, it could also
be of interest if such a setup would be suitable
to recreate clinical failure modes under controlled
and reproducible lab conditions.
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Abstract
in femoral stems and has a high negative electrochemical potential; meaning it will corrode
severely once immersed in an aqueous solution.
The formation of a metal-oxide coating preserves
the underlying metal substrate, making the metal
corrosion resistant. The formation of a metal-oxide film is referred to as passivation. The process
of passivation is defined as a kinetic barrier where corrosion is prevented via physical boundaries
rather than chemical mechanisms. The presence
of the oxide layer hinders the transfer of metal
ions from the metal substrate into the solution, as
well as migration of anions from the solution to
the metal substrate, and the transfer of electrons
between the metal–solution interface. The oxide
film has a self-generating capability and reforms
if destroyed during the corrosion process, via the
Introduction
consumption of available oxygen molecules.
The phenomenon of corrosion is a well-documen- Corrosion has been associated with clinical comted adverse electrochemical reaction. The basic plications, such as elevated metal ion levels, perscientific theory behind corrosion is the standard sistent pain, tissue damage, and early implant
galvanic cell, which includes a metal submerged failure [1–3]. Implants in total hip arthroplasty
within an electrolytic solution. The product of (THA) are designed to restore the length, offset,
material loss and alteration in the physical con- and version of the native hip joint. The first gedition of the surrounding environment is evident neration of modular hip systems consisted of a
of the electrochemical imbalance that results in a monoblock stem combined with a taper connection comprising of a trunnion and a bore [4]. A
cascade of events termed corrosion.
Titanium, cobalt, and chromium commonly used modular femoral head provides greater flexibility
for hip replacements are ranked higher on the for restoration of hip biomechanics allowing the
electrochemical series, which corresponds to the surgeon to optimize leg length, offset, soft tissue
metal having a high tendency to corrode. Ele- tension, an increased range of motion for the pamental Ti is the main metallic element present tient, potentially resulting in superior hip stability
In this retrieval study, modular junctions of retrieved S-ROMs implants were examined to determine the extent of corrosion at the head–neck and
stem–sleeve junctions. Corrosion severity was
graded in relation to the bearing surface material over time. It was found that the corrosion at
the head–neck taper is greater for cobalt–chrome femoral heads compared to ceramic femoral
heads. The stem–sleeve junction had significantly more corrosion damage (p < 0.05) in implants
that had hard-on-hard bearing surfaces compared to hardon- soft bearings. This study suggests
that bearing surface materials and head size affect the amount of corrosion that is present at
the modular junctions.
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[1,5,6]. A modular femoral head also provides superior exposure for isolated acetabular revisions.
Dual modular hip systems consist of two interlocking mechanisms a head–neck taper connection
and a femoral interlocking mechanism allowing
the surgeon to control leg length and offset independently [5,7,8]. However, although modularity
in THA systems has benefits, potential disadvantages, such as corrosion and fretting at the highstress modular junctions, occur.
Although the exact cause of the recent increase
of corrosion-related complications is not known,
people have hypothesized that having differing
alloys at the modular junctions (so-called mixed
metals), which are under highstress loads, may
lead to increased corrosion and fretting [9–11].
Others have shown that metal-on-metal bearings
have higher corrosion at the modular tapers, leading to the hypothesis that bearing surface material may affect the amount of corrosion that
occurs at modular junctions. The purpose of the
retrieval study was to examine the stem– sleeve

Demographic Data

Number of Cases

Male patients

28

Female patients

24

Minimum age

35

Maximum age

97

Average age

75

Tab. 1 Patient Demographic Data

and head–neck junctions of consecutive retrieved
S-ROM implants of all bearing surface types and
varying head sizes. We hypothesized that the severity of corrosion at both modular junctions in
retrieved implants would be affected by bearing
surface material. To our knowledge, there has not
been a study conducted focusing on the effect
of how bearing material choice correlates with
visible corrosion damage.

Bearing Coupling Material

Reason for Explantation

Ceramic-on-Ceramic [17]

Dislocation

9

Aseptic loosening of the stem

4

Aseptic loosening of the cup

1

Fracture around stem

3

Metallosis (ASR [DePuy, Warsaw, IN])

8

Osteolysis around the cup and stem

1

Metal-on-Metal [16]

Ceramic-on-Polyethylene [2]

Metal-on-Polyethylene [12]

Number of Cases

Sepsis

1

Dislocation

1

Other reason

5

Aseptic loosening of the cup

1

Aseptic loosening of the stem

1

Osteolysis around the cup

1

Other reason

1

Dislocation

3

Aseptic loosening of the cup

4

Osteolysis around the cup

4

Osteolysis around the cup and stem

2

Dislocation

1

Other

1

Tab. 2 The Reasons for Explantation for All the Different Bearing Surfaces Analyzed Within the Study
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junctions were examined using a reflected light
stereomicroscope under 10 magnification. Black
None
0
No visible corrosion
debris to be locally produced corrosion debris,
observed
although we could not exclude the possibility of
Mild
1
Surface is discolored
bearing wear from the acetabular surface. The
or dull
grading system identifies corrosion damage
Moderate
2
Surface is
discolored or dull;
based on the visual analysis of the black debris,
features pitting and
dullness, or discoloration, which is all evident unblack debris
der 10 magnifications. However, based on earlier
Severe
3
Black debris, pits, or
studies conducted on retrievals with taper corroetching marks
sion, the use of the 10 magnification is justified
due to other studies explaining the black debris
Tab. 3 Grading System Representing the Criteria to
and change the surface topography as a result
Measure the Corrosion Damage at the Head-Neck Taper
of corrosion. A stereomicroscope was used to asMaterials and methods
sess the surface morphology changes at the taper
junctions. Two independent observers assessed
The Ethics Committee at our institution approved
the corrosion damage on each modular junction,
the study. Using our retrieval database, we collusing a previously published 3-point scoring sysected 52 consecutive S-ROM® components that
tem for fretting and corrosion damage (Goldberg
were explanted between 2000 and 2011. The
et al. and Kop et al.) shown in Tables 3 and 4.
average time the components were in vivo was
The observers were blinded to the bearing sur5.5 years. The demographic data and reasons for
faces while grading the taper. The scores (as deexplantation are presented in Tables 1 and 2.
scribed below) were averaged between the two
Three S-ROM® implants were excluded because
observers. Each quadrant (as discussed in the secthe stems had fractured, making analysis diftion Methods) was analyzed separately to assess
ficult. Two of the stem fractures were positioned
the corrosion damage for both the head–neck
at the proximal segment of the stem–sleeve taand stem–sleeve taper. At the head–neck taper,
per; however, the cause of corrosion as a result
four separate quadrants (lateral, medial, posteof the fractures is outside the scope of this study.
rior, and anterior) were assessed on the trunnion
All metallosis cases were revised due to clinically
based on its anatomic position in vivo. The divielevated metal ion levels, where patients also
sion isolates each region allowing for assessment
presented limited rane of motion and groin pain.
of location of damage. Each quadrant corrosion
For each of the retrieved implants, the femoral
damage score was summed, giving a maximal
head–neck and proximal stem–sleeve modular
corrosion severity score of 12 for the trunnion at
the head–neck junction. This number was then
Area
Score Criteria
divided by the years the implant was in vivo, to
None
0
No corrosion and/or fretting obgive a corrosion damage score.
served along the regional area
The stem–sleeve junction, on the other hand,
Mild
1
Corrosion and/or fretting occupwas subdivided into eight quadrants, as deies 1–25% of the regional area
termined by the orientation of the stem in the
Moderate
2
Corrosion and/or fretting occupoperated femur in vivo (i.e., Anterosuperior and
ies 25– 50% of the regional area
anteroinferior) Corrosion severity grading for the
Severe
3
Corrosion and/or fretting occupies 50–100% of the regional
stem–sleeve taper was obtained by multiplying
area
the corrosion damage score (Table 3) and the
surface area score (Table 4) to obtain a corrosion
Tab. 4 Grading System Representing the Criteria to
damage score out of a maximum of 9 for each
Measure the Corrosion Damage Present at the Stem-Sleequadrant (further described below) and a total
ve Taper
Severity

Score Criteria
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Fig. 1 Corrosion damage present at the head–neck and stem–sleeve taper of the retrieved S-ROM® component. The corrosion damage is increased from left to right to give a visual indicative of the grading
system of 0 (no corrosion) to 3 (severe corrosion).

Statistics
maximal corrosion damage score of 72 for the
entire stem–sleeve junction. This number again
was then divided by the years the implant was in
vivo to give a corrosion damage score. The main
reasoning the corrosion damage was normalized
to the time in vivo was to provide a comparison
to all retrievals within the study. Of note, the regional assessment of the damage was done to
isolate the exact location of themost severe damage. A visual example of each severity score is
presented in Figure 1.
The bearing surface was then broadly categorized into hard-on-hard and hard-on-soft, with
the hard-on-hard consisting of a metal-on-metal
(mom) or ceramic-on-ceramic (coc) bearings, and
hard-on-soft consisting of a metal-onpolyethylene (mop) or ceramic-on-polyethylene (cop).
EBRA software was used to assess the cup position by individually measuring the inclination and
anteversion of the acetabular cup.
32

All statistical analysis was conducted using SPSS
statistics software package (233 South Wacker
Drive, 11th Floor, Chicago). The correlation of
the interoperate data was determined via the use

©Elsevier

Fig. 2 Corrosion damage present at the head–neck and stem–sleeve taper of the retrieved S-ROMs component. The corrosion damage is increased from left to right to give a visual indicative of the
grading system of 0 (no corrosion) to 3 (severe corrosion).
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Fig. 3 Representation of the corrosion damage seen at the head–
neck taper on retrieved implants for the corresponding femoral
head components. The ceramic femoral head has minimized or
no corrosion damage, hile the taper with metal femoral head has
severe corrosion damage.

Fig. 4 The typical corrosion damage observed at the stem–sleeve
taper for hard-on-soft (left) and hard-on-hard (right) bearing surfaces.

corrosion damage at the trunnion of the head–
neck taper was greater for metal femoral heads
than for ceramic femoral heads (p < 0.05). The
of an independent sample standard t-test with image in Figure 3 is an example of the corrosion
a confidence interval of 95%. The chosen confi- damage observed on the trunnion and bore at
dence interval returns a significance level of 0.05, the head–neck junction with ceramic and metal
therefore a p < 0.05 is considered to be signifi- femoral heads.
At the stem–sleeve taper connection, the mom
cant.
and coc had a corrosion damage score of 3.6
Results
At the trunnion of the head–neck modular
junction, the mom and mop had a corrosion
damage score of 1.9 and 0.5 per year, while
coc and cop had corrosion damage scores of
0.1 and 0.0 per year, respectively. At the bore
of the head–neck modular junction, the mom
and mop had a corrosion damage score of 1.69
and 0.49 per year, while the coc and the cop
had a corrosion damage score of 0.11 and 0.21
per year, respectively (Fig. 2). All corrosion damage scores are presented as annual values due
to the large variance in time of removal. The

©Elsevier

Fig. 5 The cup inclination vs anteversion for coc, cop, mom, and
mop bearing couplings.
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and 3.5 per year, respectively. The mop and cop
had a corrosion damage score of 1.8 and 1.5 per
year, respectively. The corrosion damage on the
trunnion of the stem–sleeve taper connection
with hard-on-hard couplings (p < 0.05) is greater, suggesting that the corrosion damage at the
stem–sleeve taper is affected by bearing surface
material. Figure 4 shows examples of the corrosion damage seen at the stem–sleeve junction,
with the hard-onhard and hard-on-soft bearings.
When each quadrant was regionally analyzed, the
medial region of the head–neck and stem–sleeve
taper had the greatest corrosion with a corrosion
damage score of 1.07 and 2.09, respectively.
The mean cup inclination and anteversion was
43.3 (range: 23.3–60.1) and 19.7 (range: 4.5–
46.8), respectively (Fig. 5). All patients had cup
inclination and anteversion within the safe zone
for each bearing composition (coc [45.3, 18.9],
cop [43.4, 19.22], mom [40.9, 21.1], mop [43.4,
19.2]).
No direct correlation was evident between the
corrosion damage score and the cup position
for a ceramic femoral head (coc and cop) at the
head–neck taper (inclination = 0.196, anteversion = 0.08), nor for metal femoral head (inclination = -0.08, anteversion = 0.29). No correlation
was seen between cup position and stem–sleeve taper for the different bearing couplings: Coc
(inclination = 0.23, anteversion = 0.34), cop (inclination = 0.24, anteversion = -0.30), mom (inclination 0.23, anteversion = -0.12), and mop (inclination = -0.26, anteversion = - 0.08).

The disruption of the surface oxide exposes the
unprotected metal substrate, causing the dissolution of the metal and the release of metal ions
suggested may cause necrosis of tissue surrounding the joint.
The mixed-metal coupling between a Ti-alloy
stem and a cobalt-alloy head is known to be a
risk for corrosion. Our results agree with other
studies, which have shown that having a mixed
taper connection produces corrosion and this may
result in early failure of the implant [12,13,19,20].
The stem–sleeve taper however is a homogenous
metal-on-metal articulation; still, corrosive damage was seen on the retrieved S-ROM implants in
contrast to a study conducted which presented
no corrosive damage on retrieved S-ROM implants. It has been shown that contrary to the
initial mixed-metal theory, similar metal articulation can result in corrosive damage due to fretting, disrupting the passivated layer and exposing
it to the environmental condition present at the
crevice. A study conducted on retrieved S-ROM
implants focusing on the stem–sleeve junction
reported visual corrosive damage [21].
Higher corrosion damage score for the stem–
sleeve taper for hard-on-hard bearings could be
attributed to greater frictional torque resulting in
greater micro-motion (fretting) at the stem–sleeve taper. The frictional force at the bearing surface is proportional to the normal load applied to
the surface, the coefficient of friction [22]. The
coefficient of friction depends on the lubrication
at the bearing surface; it is comprised of the fluid
viscosity, sliding velocity, shaft radius, and load. It
Discussion
is, therefore, a measure of the forces experienced
at the bearing interface. The frictional coefficient
The significantly higher corrosion damage score is potentially greater for hard-on-hard bearing surat the headneck taper for metal femoral heads faces than hard-on-soft bearing surfaces; therein comparison to ceramic femoral head can be fore, greater force is required to overcome the
explained bymechanically assisted crevice corrosi- frictional forces present at the bearing surface,
on (MACC) [12–14]. Extensive research focusing which translates to a greater frictional torque at
on the causes and types of corrosion at modu- the stem–sleeve taper [23]. As such, our results
lar junctions has determined that mechanically suggest that greater corrosion damage at the
assisted crevice corrosion (MACC) is the main stem–sleeve taper of hard-on-hard bearings due
cause for corrosion of tapers due to the rupture to a greater magnitude of micromotion, resultant
of the passivated layer by the micro-motion en- from the higher torque.
countered by cyclic loading (fretting) [13,15–18]. This study cannot prove exactly that the black de34
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bris found at the taper connection is not from
the wear debris from the articulating surface.
The authors believe that because the surface of
the taper is dull, discolored, and damaged, this
is evidence of local corrosion rather than debris deposited on the taper from removed bearing wear. The ill positioning of theacetabular
cup can lead to increased wear with all bearing
configurations; however, the analysis of the
cup positions for all bearings has found them
to be positioned within the safe zone. The no
direct correlation found between corrosion damage score and cup position signifies that the
damage corrosion damage seen at the taper
junctions has no direct dependence on the positioning of the acetabular cup. Therefore, the
authors do not believe that excessive normal bearing contributes to the visible damage on the
retrievals. The results of this study have shown
that the corrosion damage of all modular junctions is most severe at the medial region of the
head–neck taper and stem–sleeve taper. We,
therefore, hypothesize that the medial aspect of
the total hip implant encounters greater micromotion, resulting in a more frequent disruption
of the oxide layer. This results in the greater corrosion observed in these regions. It was noticed
that the high levels of corrosion damage were
present at the regions of the prosthesis that generally are under compressive loading.
The use of larger head sizes has been clinically
advantageous, had higher corrosion damage
scores at the head–neck taper in relation to the
smaller head sizes [24,25]. The results preliminarily show that the use of larger heads results
in higher corrosion, which could be a result of
a greater degree of micro-motion faced by the
larger femoral head articulating with the current
smaller tapers (11/13 or 12/14). However, all the
large head were frommombearings.We do not
know if the greater corrosion in these cases is
an effect of large head size or material or both.
Corrosion found at the stem–sleeve taper was
not affected by head size, where there was no
significant difference in corrosion severity for
small or large head usage.
The study outlined that the corrosion damage

seen at modular junctions can relate to either
material response or mechanical factors. The corrosion at the head–neck taper and stem–sleeve
taper are accelerated by differing factors. This
study showed that the head–neck taper corrosion is primarily material selection (mix metal
combinations), while the stem– sleeve taper that
showed corrosion is primarily related to acetabular surface friction. Further research into mechanics of the taper junctions and corrosion debris is
needed.
Limitations
The results for this study were based on retrieval
analysis, which is multivariable due to the large
diversity of patients. There were no formal chemical or mechanical tests conducted to corroborate the corrosion damage score. Lastly a power
analysis was not performed before commencing
the study. The authors chose to decrease the variability of different implant types by looking only
at all retrieved S-ROM implants in our retrieval
database.
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Abstract
Previous studies have speculated that modular
taper design may have an effect on corrosion and
material loss at the taper surfaces. We present a
novel method to measure taper angle for retrieved femoral head taper and stem trunnions using
a roundness machine (Talyrond 585, Taylor Hobson, UK). We also investigated the relationship
between taper angle clearance and visual fretting–corrosion score at the taper–trunnion junction using a matched cohort study of 50 ceramic
and 50 metal head–stem pairs. In this study, no
correlation was observed between the taper angle clearance and the visual fretting– corrosion
scores in either the ceramic or the metal cohorts.

dity, increased modularity, external environment
during assembly, and impaction forces may be
associated with fretting and corrosion damage
[8–13]. Previous research has also suggested that
ceramic femoral heads mitigate taper fretting–
corrosion between the head taper and the stem
trunnion [14,15].
Modular junction design, including angular mismatch and conicity [9], has been hypothesized as
an additional factor that may minimize the generation of corrosion products [16,17]. However,
little is known about the effect of head taper and
stem trunnion angles and their potential effect
on taper damage [18–20]. The contact mechanics of the taper– trunnion junction may be influ1.
Introduction
enced in part by the angular mismatch between
the head and the trunnion, as well as other vaRelease of metallic wear and corrosion products riables of the head–neck interface [20]. Two prefrom the modular connections of total hip arth- vious explant studies, neither of which actually
roplasties (THA) has recently emerged as a clinical measured taper angle clearance in their retrieved
concern [1–4]. Investigations of taper corrosion components, have speculated that angular cleahave shown that a combination of mechanical, rance may contribute to material loss at the taelectrochemical, geometrical, material, and che- per–trunnion junction [21,22].
mical conditions at the taper junctions affect taper The overall goal of the present study was to incorrosion [5–7]. Previous studies have highlighted vestigate the hypothesized relationship between
several factors, such as lower-neck flexural rigi- taper angle clearance and fretting–corrosion daThe work reported in this paper was completed at the Implant Research Center at Drexel University (Philadelphia, PA) and Syracuse
Biomaterials Institute, Syracuse University (Syracuse, NY).
This study was supported by the National Institutes of Health (NIAMS) R01 AR47904. Institutional support has been received from
Stryker Orthopaedics, Zimmer Inc., CeramTec, Invibio, Ticona, and Formae.
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E-mail address: smk38@drexel.edu (S.M. Kurtz).
1045-4527/$ - see front matter & 2014 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1053/j.sart.2014.01.002

37

Does taper angle clearance influence fretting and
corrosion damage at the head–stem interface?

mage in stems mated with ceramic and metal
heads. Building on our previously assembled cohorts of ceramic-head and metal-head retrievals
[14], we asked (1) whether a novel methodology
for characterizing the taper angle clearance in
retrieved heads and stem pairs would be sufficiently repeatable and reproducible to accurately
measure the explanted components; (2) if there
was a difference in clearance angle and contact
location between the ceramic and metal cohorts;
(3) did taper angle clearance help explain the variability in the extent and severity of taper damage in the ceramic and metal cohorts; and (4) was
there evidence of wear/corrosion in taper regions
identified with material loss?
2.

Materials and methods

2.1

Study design, cohort selection, and
clinical information

Components were selected from the retrieval
collections of 2 academic engineering-based programs working in collaboration with 12 clinical
revision centers around the United States as part
of a 12-year ongoing institutional review boardapproved revision and retrieval program. In our
previous study [14], an a priori power analysis revealed that a total sample size of 100 would be
adequate to detect a difference in visual fretting–
corrosion score of 1 on a scale of 1–4 between the
ceramic and metal cohorts. For the current study,
we continued our previous study by measuring
the taper angle clearance in the same matched
cohorts of 50 ceramic and 50 metal head–stem
pairs because it allowed us to isolate and investigate taper angle clearance for the present study.
2.2

Taper and trunnion angle 		
measurements

In this study, we define the taper angle as twice
the measured half angle of the geometric cone
forming the head taper or stem trunnion. Taper
angle clearance is the difference between the
head taper angle and trunnion angle:
38
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Fig. 1 Schematic diagram showing the taper angle clearance. (A)
Positive taper angle clearance and proximal head/stem contact.
(B) Negative taper angle clearance and distal head/stem contact.
These figures are only representatives of the theoretical contact at
the taper–trunnion junction. In vivo, while the overall contact area
will be located proximally or distally, the contact surfaces may not
be axisymmetric and may have a contact rea larger on the superior or inferior side with only a point contact on the other side.
Taper angle clearance = Taper angle of head - trunnion
angle of stem

Positive clearance, which will result in proximal
contact between the head and trunnion, occurs
when the taper angle is greater than the trunnion angle. Negative clearance, on the other hand,
will result in distal contact (Fig. 1).
The head and trunnion taper angles were measured using a roundness machine (Talyrond 585,
Taylor Hobson, UK), equipped with a diamond
or ruby stylus. The component was mounted in
a custom fixture on the Talyrond rotating stage
and the angular position was referenced against
a landmark (e.g., laser-etched markings) on the
component. The component was centered and

©Elsevier

Fig. 2 Figures showing the regions used for measurements in female tapers. (A) Taper with visual corrosion score of 1 (Fretting on
<10% surface and no corrosion damage) with profile measured
(white dotted lines) evenly spaced througout taper. (B) Taper with
corrosion score of 4 (damage over majority 450%) of mating surface with severe corrosion attack and abundant corrosion debris)
showing identified bands of as-manufactured surface remaining at
the proximal and distal ends of the taper, shown by arrows. The
roundness measurements were distributed within these as-manufactured surfaces.

Kocagöz et al.

leveled using measurements in the
as-manufactured regions (Fig. 2)
to align the axis of symmetry of the
machine with the axis of rotation of
the
component. The as-manufactured
surfaces were identified by visual inspection of the taper surface and 4
axial profiles, measured at 901 intervals around the taper. After centering and leveling, an axial profile was
measured over the top edge of the
©Elsevier
taper to establish a height datum. A Fig. 3 The radius and relative height of each LS circle was compiled in a spreadsheet
slope of the 5–7 profiles were used to calculate the angle. Taper angle
series of 5–7 circumferential profiles and the linear
= 2α = 2tan-1 (-1/m).
were measured in the identified asmanufactured region(s) of the taper
required that after exclusions, at least 55% of the
surface, typically spaced at a vertical distance of profile was used in the fit and the deviation of
1–3 mm. The number and spacing of the pro- the points in each remaining profile was less than
files depended on the length of the taper and 10 mm. A second skilled operator identified the
the location and size of the as-manufactured re- as-manufactured regions for each component
gions. The head tapers were measured using a and cross-checked for agreement of the selected
diamond stylus with a tip radius of 5 mm. Due vertical height location and exclusions applied on
to the presence of microgrooves and sometimes each roundness profile. The radius and height of
extensive iatrogenic damage, a 4-mm diameter each LS circle was compiled in a spreadsheet and
ruby stylus was used to measure the surface of the linear slope of the radius of the 5–7 profiles
all trunnions to prevent damage to the diamond was used to calculate the taper angle (Fig. 3).
tip and provide mechanical filtering of the micro- Repeatability measurements for taper angle were
grooves. Each roundness profile was analyzed performed using both the diamond and ruby styli
using Ultra software (Taylor Hobson, UK) and on a reference taper ring gauge. The diamond
a least-squares (LS) circle was fitted. The LS fit stylus is used for taper angle measurements bewas improved by excluding regions of asymmet- cause of higher resolution and the 4-mm ruby
ric wear or point defects. For consistency, it was stylus is used for trunnion angle measurements

©Elsevier

Fig. 4 Examples of Talyrond traces for components with observable regions of material loss proximally (A), distally (B), and in both
proximal and distal locations (C). The red lines on the schematic of the femoral heads represent the orientation of the profiles being
measured. These profiles provide information about the taper–trunnion junction in addition to the clearance values observed for
the metal cohort. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.) (Color version of figure appears online.)
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to prevent damage to the diamond stylus
from the asmanufactured grooves on some
of the trunnions.
2.3

Repeatability study

A repeatability study was conducted to
characterize the uncertainty in the taper
and trunnion angle measurements. Repeatability of angle measurements using the
Talyrond for as-manufactured surfaces was
validated with a study conducted using a
precision tapered ring gauge. A total of
25 angle measurements were performed
on different days, using both the diamond
and ruby stylus.
2.4

Surface topography
characterization

©Elsevier

Fig. 6 Taper angle clearance distribution for the ceramic and metal cohorts.
The taper angle clearance for the ceramic cohort is always greater than zero
(indicating proximal contact), while the metall cohort has clearance values
that are greater and smaller than zero (indicating a mixture of proximal and
distal contact).

nisms (up to 320).
The 13 representative components selected for
The regions with material loss were identified by imaging had the most severe cases of corrosion.
the axial Talyrond profiles and visual inspection. Representative Talyrond profiles showing materiOverall, 24 female metal taper surfaces showed al removal can be seen in Figure 4. Backscatter
evidence of material loss and 13 were inspected electron composition (BEC) images are used to
using scanning electron microscopy (SEM, JEOL inspect surfaces during SEM imaging because
JSM-5600) and an optical microscope (KH-8700, the intensity of the back-scattered electron signal
HIROX) for evidence of fretting–corrosion mecha- is related to the atomic number of the entities
being imaged. Using BEC allowed differentiation
between the accumulated biological and corrosion deposits and the electrochemical/mechanical
topography changes on the metal surfaces being
imaged.
3.
Results
The standard deviation of the repeatability study
was 13.3 s. By contrast, a previous explant study
[18] had measured the range of head taper angles in retrieved implants and reported a variation
of 0.231 (13.8min). Two stems had extensive iatrogenic damage, preventing accurate trunnion
angle measurements and thus, 2 head–stem pairs
had to be removed from the study. Taper angle
measurements for ceramic and metal heads resul©Elsevier ted in no overlap between the taper and trunniFig. 5 Taper angle measurements for the ceramic and metal head– on angles in the ceramic cohort, while there was
stem pairs. There is no overlap in the taper and trunnion angle meaoverlap in the metal cohort (Fig. 5). Hence, calsurements for the ceramic cohort while there is overlap in the metal
culation of taper angle clearance revealed a difcohort.
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in topography in profiles. Profiles of metal heads
showed one of the following wear conditions: a
pristine surface with no detectable material loss
(n = 32), region with material loss indicating proximal contact (n = 3), distal contact (n = 9), or
proximal and distal contact simultaneously (n =
6) (Fig. 4).
There was no significant correlation observed
between taper angle clearance and visual fretting–corrosion scores for trunnions in the ceramic
cohort (p = -0.17), trunnions in the metal cohort
(p = 0.24) nor the femoral head tapers in the metal cohort (p = -0.05) (Fig. 8). Additionally, visual
fretting–corrosion scores in the metal cohort were
©Elsevier
similar between components with distal contact
Fig. 7 Metal transfer was observed on the proximal ends of the (negative taper angle clearance) and components
internal tapers of ceramic heads, providing visual confirmation for
with proximal contact (positive taper angle cleaclearance values greater than zero for the ceramic.
rance) (p = 0.43 and 0.56 for taper
ference between the ceramic and metal cohorts. and trunnion scores, respectively; Wilcoxon test).
The ceramic cohort had exclusively positive taper SEM imaging for metal female tapers with eviangle clearance, geometrically indicating proxi- dence of material loss proximally, distally, or both
mal contact (Fig. 1). The metal taper cohort had on measured profiles showed features that are
both positive (n = 35) (proximal) and negative (n consistent with the findings reported in other stu= 15) (distal) taper angle clearance (Fig. 6). Pro- dies that identified mechanically assisted corrosiximal contact in the ceramic cohort was further on (Figs. 9 and 10) [23,24]. SEM also evidenced
verified visually by evidence of metal transfer at that electrochemical material loss (pitting) prefethe proximal end of the head taper (Fig. 7). For rentially evolved in regions that showed evidence
metal head–stem pairs, it was possible to confirm of fretting (scratches in the scale 5–40 mm) or
proximal or distal contact by inspecting the sur- had larger scratches (50–500 mm) (Fig. 10). We
face topography of measured profiles when the- hypothesize that these larger scratches may ave
re was observable material loss, as determined by been caused when the head was impacted onto
a skilled operator who could identify deviations the trunnion during the primary surgery or du-

©Elsevier

Fig. 8 Distribution of measured ceramic and metal cohorts according to (A) trunnion fretting–corrosion score, and metal
cohort according to (B) metal head fretting–corrosion score.
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4.

©Elsevier

Fig. 9 SEM image taken in distal portion of metal head taper
showing fretting in regions with horizontal bands of material
loss. Bands of material loss most likely corresponded to regions in
contact with trunnion as manufactured grooves (370, BEC).

ring removal. Local changes in the surface topography were observed in heads mated with
both “microgrooved” and “smooth” trunnions
(Figs. 11 and 12). The measured profiles and
SEM images of the head taper (Figs. 12 and 13)
both showed changes in surface topography (the
amplitude and wavelength of circumferential
grooves) consistent with the microgrooves found
on the trunnions—suggesting that “imprinting”
had occurred.

Discussion

In this study we investigated the effect of the taper angle clearance (defined as the difference in
angle between the head taper and stem trunnion) on the visual fretting and corrosion damage
score of a cohort of ceramic and metal tapers.
For both the ceramic and the metal head cohorts,
the results of this study did not support the hypothesis that taper angle clearance is associated
with fretting and corrosion damage of the head
or the taper. Factors other than taper angle clearance explain the variation in fretting and corrosion scores between ceramic and Co–Cr alloy
femoral heads.
We would like to highlight some limitations of
this study for the reader. First, the taper angles
and tolerances reflect matched heads and stems
that were designed for compatibility by their respective manufacturer. The study did not include
“mixed and matched” heads and stems in which
the head of one manufacturer is placed on the
stem of another, such as may occur during a revision surgery with limited availability of implant
inventory. Second, the stems in this study were
all of a monoblock design, such that the only
source of modularity was at the head–stem interface. The results of this study, therefore, should
not be generalized to head–stem designs with
additional modular taper connections.

©Elsevier

Fig. 10 A component showing pitting corrosion (marked in white circles) initiated preferentially in a crevice
formed due to fretting abrasion (5–40 μ m scratches), imaged midway between proximal and distal ends
on the taper (left, BEC, 1400x). A different component showing scratches (50–500 μm) throughout head
taper, with preferential pitting inside the scratches, imaged midway between proximal and distal ends on
the taper (right, BEC, 600x). Corrosion by-products (biological and electrochemical deposits) have accumulated inside the scratches.
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Fig. 11 Axial profile of a metal head implanted with a trunnion with a “smooth” finish (left). Regions
corresponding to the material loss, marked A and B were imaged using the SEM (right). Both regions
of material loss on the Talyrond profile showed evidence of change to the as-manufactured surface.

A third limitation of the study was the semiquantitative, 4-point visual score for assessing
the severity of fretting and corrosion. The scoring
method was modified from the Goldberg method [9], which is widely used in the literature.
This visual assessment does not provide an objective measure of the volume of material lost from
the taper surface. Our previous study has shown
that there was a correlation between the visual
corrosion score and volume of material loss, but
it was also shown that there was a large range in
the volume of material lost from tapers with the
same corrosion score [25]. These results indicated
that the visual corrosion scoring method is suitable for preliminary categorization of taper damage, but it does have some limitations. A method
is being developed to quantitatively measure the
volume of material loss and will be presented in
a future study.
Another limitation was the small remaining band
of asmanufactured taper surface in some femoral

head tapers, typically found at the distal end of
the head taper. For the current study, the minimum height of this band was 3 mm. The uncertainty in the calculated taper angle will increase
as the total distance between the circumferential profiles used to calculate the angle decreases.
The uncertainty of using a narrow band of asmanufactured surface compared to using a wider
band to calculate the taper angle can be estimated. The positional uncertainty of the radial arm
and Z-column of the Talyrond is 70.25 mm. If the
taper angle was to be calculated from 2 measurements, with a radial and height uncertainty
of 70.25 mm, the uncertainty for taper angle is
70.011 (736 s) for profiles spaced 3mm apart
and 70.00191 (76.8 s) for profiles spaced 16mm
apart. This uncertainty is decreased by taking a
minimum of 5 circumferential profiles in the asmanufactured surfaces. The R2 value of the data
points used to calculate the head angle (Fig. 3)
was at least 0.9999 or better for all tapers.
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Fig. 12 Axial profile of a metal head implanted with a “microgrooved” trunnion finish (left). Regions
corresponding to the material loss, marked A and B were imaged using the SEM (right). Both regions
of material loss on the Talyrond profile showed evidence of change to the as-manufactured surface.

This study presented an accurate and repeatable method to measure taper angle and calculated taper angle clearance from retrieved femoral heads and stem trunnions. To the authors’
knowledge, this is the first study to report the
measurement of the taper and trunnion angles
of retrieved femoral head and stem pairs using a
roundness machine. Roundness machines are widely used in other industries, such as automotive
and bearing, to measure the geometry of precision tapered components. The accuracy and repeatability of our method was validated with a study
conducted using a precision tapered ring gauge
for angle measurements on an as-manufactured
surface using the Talyrond on different days. For
the retrieved implants in our study, repeated
measurement and analysis of components identified as outliers showed reproducibility within
the machine uncertainty range. The results of our
study showed that the ceramic cohort had exclusively proximal contact. This is consistent with
44

the design rationale for ceramic femoral heads,
in which the ngles of the head taper and stem
trunnion are specified so that contact occurs at
the center of the head where the material crosssection is largest to resist tensile hoop stresses
[26]. The metal cohort showed contact at both
the distal and proximal ends. The metal cohort
showed contact at both the distal and proximal
ends; however, the different contact patterns did
not appear to affect the visual fretting–corrosion
scores at the head or the trunnion. The simultaneous presence of proximal and distal material
loss observed on some metal tapers may indicate
toggling motion [22]; however, the identification
of the mechanism leading to material loss was
beyond the scope of this study.
Components with visible distal, proximal, and
dual contact were examined using SEM to inves
igate evidence of corrosion in regions of material loss. The investigated components suggest
that the imaged mechanical and electrochemi-
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Fig. 13 Schematic diagram showing the taper–trunnion interface and typical SEM image and measured profiles from head
taper mated with microgrooved trunnion. The red dotted lines represent locations used for roundness profile measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

cal alterations to surface topography correspond
to locations of material loss observed in measured profiles. However, further study is needed to
understand the mechanism of material loss. For
this study, only head taper surfaces were imaged
under the SEM and trunnions will be investigated in future work. However, previous investigators have observed significant material loss at
the head taper and not at the trunnion [22,27]
or that head tapers tended to be corroded more
severely than trunnions [9]. Analysis of the measured profiles and SEM images for some metal
femoral head tapers showed a change in surface
topography that was consistent with the topography of the microgrooves on the trunnion (Fig.
13). This apparent “imprinting” may suggest preferential material loss from the female taper, also
reported in previous studies [18,22,27].
In summary, taper angle clearance was not correlated with the visual fretting–corrosion scores in
the ceramic or metal cohort in the present study.
Research is underway to better characterize the
volume of material release from explants to bet-

ter understand the reasons for reduced fretting
and corrosion previously observed in the ceramic
femoral head cohort.
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Corrosion and Fretting Corrosion. A Glossary.
by Robert M. Streicher PhD
Mechanically initiated interface deterioration (wear and fretting)

W

ear is defined as surface damage characte- metal composition and the availability of oxygen
rized by progressive loss of material due to and takes only milliseconds 9, for Ti6Al4V about
60 ms10.
relative motion between opposing surfaces.4

F

Classification of corrosion phenomena

retting is defined as: „A special wear process
that occurs at the contact area between two Eight distinct forms of corrosion have been defimaterials under load and subject to minute re- ned
lative motion by vibration or some other force“
(ASM Handbook on Fatigue and Fracture).
Several authors have analyzed the necessary magnitude of motion needed to create this phenomenon and it has generally been defined as
being very low, between 1 and 100 μm.5,6 Given
the magnitude of loading in the body, all modular junctions of prostheses are susceptible to
fretting.
Chemical initiated interface deterioration
(corrosion and crevice corrosion)

C

orrosion in the engineer’s definition is the
visible destruction of a structure and, in final consequence, the loss of function, while for
a chemist it is an irreversible surface reaction of
a material with its environment in a way that the
material is consumed and its dissolved species
become part of the environment. It is described
as a surface degradation due to electrochemical
interactions producing metallic ions and salts7
and applies only to metallic materials. Only noble metals like gold have a surface which is selfprotecting from corrosion, while all other metals
and alloys in air spontaneously rely on a reaction
with oxygen, forming a more or less protective
(passivation) oxide layer, shown in Figure 1.

Fig. 1 Schematic of metal-oxide-solution interface with protein
molecule and voltage variations (with kind permission of L.
Gilbert)

1. Uniform or general corrosion refers to the
inevitable corrosion to which all metals immersed
in electrolytic solutions are condemned.11 It is
the uniform removal of material from surfaces,
a phenomenon for all metals. Alloys used for implants have a high resistance against uniform corrosion, making it a very slow, visibly undetectable
process.

Any violation of this oxide film will lead to immediate corrosion (ion flow) until the film is formed
2. Galvanic or two-metal corrosion is the disagain.8
The time to rebuild a protective oxide layer again solution of metals driven by macroscopic diffeis called repassivation time. It is dependent on the rences in electrochemical potentials, usually as
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a result of dissimilar metals in proximity.12 This
form of corrosion needs 3 conditions, of which
all have to be met:

7. Selective leaching is a form of corrosion that
results from chemical differences not within grain
boundaries but within the grains themselves11 and
is defined as the removal of specific components
a. Two different metals (= different corrosion re- of an alloy from the device’s surface, initiated by
sistances)
weakly bound or readily solvable elements and/
or aggressive media. Leaching is more likely for
b. Physical (conductive) contact (for electron multiphase alloys with grains of different compotransfer)
sition and structure than for single-phase materials. Leaching can be a process accompanying the
c. Aqueous (electrolytic) environment (for ion passivation of a surface. Solvable elements, such
transfer)
as Fe or V, leave the surface and lead to a higher concentration of corrosion resistant elements,
3. Fretting corrosion (and erosion) is corrosion such as Cr or Ti, thus protecting against further
assisted by mechanical action: the passive layer corrosive attacks.
of a metal or alloy is permanently damaged, leading to accelerated corrosion of the unprotected 8. Stress corrosion and corrosion enhanced fasurface. It is defined as deterioration at the in- tigue are phenomenons in which a metal in a
terface between contacting surfaces as the result certain environment, especially those rich in chloof corrosion and a slight oscillatory slip between rides, is subjected to stress and falls at a much
two surfaces.4 Fretting currents consist of disso- lower level than usual as a result of corrosion.14
lution and repassivation reaction.13
General or uniform corrosion cannot be avoided.
However, for modern implant materials, it is an
4. Crevice corrosion is the localized corrosion of extremely slow process (some ng per cm2 and per
a metal surface at, or immediately adjacent to, an day). Taking account only of general corrosion,
area that is shielded from the full environment of the lifetime of an implant exceeds by far the life
close proximity between the metal and the sur- of the patient. All other forms of corrosion can
face of another material.4 Crevices can appear as be avoided or reduced by appropriate choice of
narrow cracks, e.g., after the overload of a metal- materials, designs and handling. If corrosion canlic device, or as small gaps between interfaces of not be avoided, care has to be taken to limit it as
modular components. The conditions in the cre- much as possible.
vice are different from the environment, leading
to a small galvanic element and local corrosion.
Corrosion is – like wear – a system property and
multifactorial. It depends on the material: metal
5. Pitting corrosion is a form of localized, sym- type – composition, structure, homogeneity, immetric corrosion in which pits form on the metal purities, defects, electropotential, repassivation
surface.It is initiated by mechanical stress, such as capacity etc.; the manufacturing process; the
scratches or tribological loads.
surface conditions, especially roughness; the design (dimensions and tolerances), especially for
6. Intergranular corrosion is a form of galva- modular connections like a Morse taper; and the
nic corrosion due to impurities and inclusions in surrounding environment, especially load, motian alloy. 11 It is a local attack, initiated by grain on and pH5 and the complex metallurgical, cheboundaries whose composition and structure dif- mical, electrical, and tribological factors.12,15,16
fer strongly from the grains. Corrosive attacks can
be intensified by galvanic effects between grains
and grain boundaries. Intergranular corrosion is
more likely for cast alloys than for wrought alloys.
49

Streicher R.M.

References:
1 Cross MB. The Effect of Bearing Surface on Corrosion at
the Modular Junctions in Total Hip Arthroplasty. ISTA Sydney, 2012
2 Kurtz S. Are All Stem Trunnions Created Equal? AAHKS
Dallas, 2012
3 Toni A. Trunnionitis: A Cause for Concern? COA, Beijing,
2012
4 Fretting corrosion testing of modular implant interfaces.
ASTM F1875-98, reapproved 2009
5 Mutoh Y. Mechanism of fretting fatigue. JSME International Journal, 1995;38(4),405-415,
6 Bill RC. Review of factors that influence fretting wear.
Materials Evaluation Under Fretting Condition, ASTM STP
780, American Society for Testing and Materials, New York,
1982, 165-182
7 Collier P et al. Corrosion between the components
of modular femoral hip prostheses. J Bone Joint Surg-Br
1992;74-B,511-7
8 Toni A et al. Clinical advantages and fretting concerns
with modular neck total hip prosthesis, The institution of
mechanical engineers, International conference “Refining
future strategies in total hip replacement”, Transactions
Volume two, Session 7-11, 2002
9 Frangini S, Piconi C. Repassivation rates of surgical implant alloys by rotating disk scratching measurements. Materials and Corrosion, 2001; 52, 372-380
10 Viceconti M et al. Fretting wear in modular neck hip
prosthesis. JBiomed Mater Res 1997;35-2,207-216
11 Black J. Corrosion and degradation. Orthopaedic biomaterials in research and practice, New York, Churchill, Livingstone, 1988; 235-266
12 Jacobs JJ et al. Corrosion of metal orthopaedic implants. J Bone and Joint Surg 1998;8OA:268-282
13 Cook SD et al. Wear and Corrosion of Modular Interfaces in Total Hip Replacement. Clin Orthop Relat Res
1994;298,80-88
14 Greener E, Lautenschlager E. Materials for Bioengineering Applications. In: Brown J H V, Jacobs J E and Stuart L (eds). Biomedical Engineering, Philadelphia, FA Davis,
1971

50

15 Gilbert JL, Jacobs JJ. The mechanical and electrochemical processes associated with taper fretting crevice corrosion: a review. In: Marlowe D, Parr J, Mayor MB, ed. Modularity of Orthopedic Implants. Conshohocken, PA, ASTM,
1997, 45-59
16 Szolwinski MP, Farris TN. Mechanics of fretting fatigue crack formation. Wear 198, 1996, 93-107
17 Gilbert JL et al. In-vivo corrosion of modular hip prosthesis components in mixed and similar metal combinations: The effect of stress, motion, and alloy coupling. J
Biomed Mater Res 1993;27:1533-1544
18 Goldberg JR, Gilbert JL, Jacobs JJ, Bauer TW, Paprosky W, Leurgans S. A multicenter retrieval study of
the taper interfaces of modular hip prostheses. Clin Orthop
Relat Res 2002:149-161
19 Barrack RL. Modularity of prosthetic implants. J AAOS,
Vol 2, No 1, Jan/ Feb 1994 20 Barrack RL. The modular
Morse taper junction in total hip replacement. A scientific
exhibit at the 1996 AAOS meeting, Atlanta, Georgia, 1997
20 Barrack RL. The modular Morse taper junction in total hip replacement. A scientific exhibit at the 1996 AAOS
meeting, Atlanta, Georgia, 1997
21 Mroczkowski ML et al. Effect of impact assembly on
the fretting corrosion of modular hip tapers. J Orthop Res
2006;24:271-279
22 Rehmer A et al. Influence of assembly procedure and
material combination on the strength of the taper connection at the head-neck junction of modular hip endoprostheses. Clinical biomechanics (Bristol, Avon). 2012;27:7783
23 Chana R et al. Mixing and matching causing taper
wear. J Bone Joint Surg 2012;94-B:281-286

51

Summary

Do Ceramic Femoral Heads Reduce Taper Fretting Corrosion
in Hip Arthroplasty? A Retrieval Study
by Steven M. Kurtz PhD, Sevi B. Kocagöz BS, Josa A. Hanzlik MS,
Richard J. Underwood PhD, Jeremy L. Gilbert PhD, Daniel W. MacDonald MS,
Gwo-Chin Lee MD, Michael A. Mont MD, Matthew J. Kraay MD,
Gregg R. Klein MD, Javad Parvizi MD, Clare M. Rimnac PhD
Abstract
Background Previous studies regarding modular headneck taper corrosion were largely based on cobalt chrome (CoCr) alloy femoral heads. Less is known about headneck taper corrosion with ceramic
femoral heads.
Questions/purposes We asked (1) whether ceramic heads resulted in less taper corrosion than CoCr
heads; (2) what device and patient factors influence taper fretting corrosion; and (3) whether the
mechanism of taper fretting corrosion in ceramic heads differs from that in CoCr heads.
Methods One hundred femoral head-stem pairs were analyzed for evidence of fretting and corrosion
using a visual scoring technique based on the severity and extent of fretting and corrosion damage
observed at the taper. A matched cohort design was used in which 50 ceramic headstem pairs were
matched with 50 CoCr head-stem pairs based on implantation time, lateral offset, stem design, and
flexural rigidity. Results Fretting and corrosion scores were lower for the stems in the ceramic head
cohort (p = 0.03). Stem alloy (p = 0.004) and lower stem flexural rigidity (Spearman’s rho = - 0.32, p
= 0.02) predicted stem fretting and corrosion damage in the ceramic head cohort but not in the metal
head cohort. The mechanism of mechanically assisted crevice corrosion was similar in both cohorts
although in the case of ceramic femoral heads, only one of the two surfaces (the male metal taper)
engaged in the oxide abrasion and repassivation process.
Conclusions
The results suggest that by using a ceramic femoral head, CoCr fretting and corrosion from the modular head-neck taper may be mitigated but not eliminated. Clinical Relevance The findings of this
study support further study of the role of ceramic heads in potentially reducing femoral taper corrosion.

Fretting Corrosion and Trunnion Wear—Is it Also a Problem
for Sleeved Ceramic Heads?
by Roman Preuss, PhD, Kim Lars Haeussler, Markus Flohr,and Robert M. Streicher, PhD
Abstract
Some modular bearing systems with large diameter metal-on-Metal articulation have exhibited higher than usual revisions due to corrosion and metal debris originating from modular metal connections. Large diameter ceramic-on-ceramic bearings exist, which use a titanium alloy adapter sleeve
for fixing the ceramic ball head to the stem taper. This study addresses the issue of taper fretting and
corrosion for large ceramic bearings with standard and a newly designed experimental setup. While
large metal diameter heads have been shown to be a cause for failure of THA, our results demonstrate that large ceramic heads even with a metal adapter sleeve have no effect on corrosion of modular
taper connections.
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Corrosion in modular total hip replacements: An analysis of
the head–neck and stem–sleeve taper connections
by Selin Munir, BE, MBiomedE a,n, Michael B. Cross, MD a,b, Christina Esposito, PhD a, Anna Sokolovaa, and William L. Walter, MBBS, FRACS, FA OrthA,PhD a
Abstract
In this retrieval study, modular junctions of retrieved S-ROM® implants were examined to determine
the extent of corrosion at the head–neck and stem–sleeve junctions. Corrosion severity was graded in
relation to the bearing surface material over time. It was found that the corrosion at the head–neck
taper is greater for cobalt–chrome femoral heads compared to ceramic femoral heads. The stem–
sleeve junction had significantly more corrosion damage (p < 0.05) in implants that had hard-on-hard
bearing surfaces compared to hard-on-soft bearings. This study suggests that bearing surface materials and head size affect the amount of corrosion that is present at the modular junctions.

Does taper angle clearance influence fretting and corrosion
damage at the head–stem interface? A matched cohort
retrieval study
by Sevi B.Kocagöz, BS a,e, Richard J. Underwood,PhD a,b, Shiril Sivan, BE c,d, Jeremy L. Gilbert, PhD c,d,
Daniel W. MacDonald, MS a,e, JuddS. Day, PhD a,b, and Steven M. Kurtz, PhD a,b
Abstract
Previous studies have speculated that modular taper design may have an effect on corrosion and
material loss at the taper surfaces. We present a novel method to measure taper angle for retrieved
femoral head taper and stem trunnions using a roundness machine (Talyrond 585, Taylor Hobson,
UK).We also investigated the relationship between taper angle clearance and visual fretting – corrosion score at the taper – trunnion junction using a matched cohort study of 50 ceramic and 50 metal
head – stem pairs. In this study, no correlation was observed between the taper angle clearance and
the visual fretting – corrosion scores in either the ceramic or the metal cohorts.
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