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Abstract: Adverse reaction to metal debris released from the
taper-trunnion junction of modular metal-on-polyethylene (MoP)
total hip replacements (THRs) is an issue of contemporary concern.
Therefore, a hip simulator was used to investigate material loss, if
any, at both the articulating and taper-trunnion surfaces of ﬁve
32-mm metal-on-cross-linked-polyethylene THRs for 5 million
cycles (Mc) with a sixth joint serving as a dynamically loaded soak
control. Commercially available cobalt–chromium–molybdenum
femoral heads articulating against cross-linked polyethylene
(XLPE) acetabular liners were mounted on 12/14 titanium (Ti6Al4V)
trunnions. Weight loss (mg) was measured gravimetrically and
converted into volume loss (mm3) for heads, liners, and trunnions
at regular intervals. Additionally, posttest volumetric wear measurements of the femoral tapers were obtained using a coordinate

measuring machine (CMM). The surface roughness (Sa) of femoral
tapers was measured posttest. After 5 Mc, the mean volumetric
wear rate for XLPE liners was 2.74  0.74 mm3/Mc. The CMM measurements conﬁrmed material loss from the femoral taper with the
mean volumetric wear rate of 0.045  0.024 mm3/Mc. The Sa on
the worn area of the femoral taper showed a signiﬁcant increase
(p < 0.001) compared with the unworn area. No other long-term
hip simulator tests have investigated wear from the taper-trunnion
junction of contemporary MoP THRs. © 2019 Crown Copyright. Journal
Of Biomedical Materials Research Part B: Applied Biomaterials © 2019 Wiley
Periodicals, Inc. J Biomed Mater Res Part B: 00B: 000–000, 2019.
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INTRODUCTION

Total hip replacement (THR) is a common orthopedic surgery.
With the increasing life expectancy and growing population,
the demand for hip replacement procedures is increasing
every year.1–3 More than 100,000 hip replacement procedures
were recorded in the National Joint Registry (NJR) for
England, Wales, Northern Ireland, and the Isle of Man in
2017/18 with an increase of 3.6% from 2016 to 2017.4 In
Australia, there were 47,972 hip replacement procedures
recorded by the Australian Orthopedic Association National
Joint Replacement Registry (AOANJRR) in 2017/18 with an
increase of 1.1% from 2016 to 2017.5 Metal-on-polyethylene
(MoP) is the most commonly implanted bearing surface combination with the majority consisting of a cobalt–chromium–
molybdenum (CoCrMo) alloy femoral head articulating against
a polyethylene (PE), either cross-linked polyethylene (XLPE)
or non-XLPE, acetabular liner.4 Noncross-linked ultrahighmolecular-weight polyethylene (UHMWPE) has been used in
the majority of THRs for over ﬁve decades.6,7 However, the
articulation of the softer polymeric component against the
harder metallic bearing surfaces leads to the production of

numerous submicrometer-sized PE wear particles that
can lead to osteolysis.8–10 Thus, in order to improve
the wear resistance and therefore reduce the number of
PE wear particles released, cross-linking of PE was
introduced.
The AOANJRR states, “XLPE is classiﬁed as UHMWPE that
has been irradiated by high dose (≥50kGy) gamma or electron beam radiation” and also reported that 97.2% of hip
procedures comprising of a PE component utilized XLPE acetabular liners in 2016.5 Furthermore, the revision rates at
16 years for XLPE (6.4%) are lower than non-XLPE (12.4%)
hip replacement procedures.5 The wear rates of metal-oncross-linked-polyethylene (MoXLPE) bearing couples are typically less than 11 mm3/million cycles (Mc)11–18 compared
with metal-on-non-XLPE, which have reported wear rates
ranging from 10 to 51 mm3/Mc.14,19,20 Clinical trials and
mid- to long-term follow-up studies of XLPE have shown signiﬁcantly reduced wear, less osteolysis, and a lower risk of
revision than conventional non-XLPE.21–24 A further point to
note is that the revision rates for MoXLPE appear to vary
according to the size of the femoral head,4,5 with 32-mm
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FIGURE 1. The six-station anatomical hip-joint simulator showing the ﬁve MoXLPE test components immersed in diluted new-born-calf serum.

femoral heads showing the lowest wear for MoXLPE in the
AOANJRR.5
A recent retrospective observational study by Matharu et al.
compared adverse reaction to metal debris (ARMD) revision risk
in different commonly implanted metal-on-metal (MoM) and nonMoM (MoP, ceramic-on-ceramic, and ceramic-on-polyethylene)
bearing couples using data from the NJR.25 Interestingly, an
increasing risk of ARMD revision surgery in MoP THRs was
highlighted. Persson et al. reported a 0.5% prevalence of revision
surgery for ARMD after a mean follow-up of 7 years in a one center observational cohort study of MoP THRs with the same
Ti6Al4V femoral stems.26 Retrieval studies reported ARMD due to
wear debris produced from the taper-trunnion junction of modular MoP THRs.27–30 Furthermore, several case studies reported
metal release due to fretting, corrosion, or both and associated
pseudotumor formation after MoP THR.27,30,31 The potential
sources of this metal debris in MoP hips would be the bearing surface of the metallic femoral head (usually CoCrMo), the tapertrunnion junction, and the acetabular shell. Out of these three
sources, the head-liner bearing surfaces and the acetabular shell
and backside of the liner have a metal against softer polymer contact, whereas the taper-trunnion junction has an MoM contact. To
the authors’ best knowledge, no hip simulator tests have investigated metal release from the taper-trunnion junction of contemporary MoP THRs. A 6-station anatomical hip-joint simulator was
therefore used to investigate material loss at the articulating and
taper-trunnion surfaces of 32 mm MoXLPE hip implants for 5 Mc
with a sixth implant serving as a dynamically loaded soak control.
The hip simulator employed anatomic mounting as this is the orientation stated in ISO14242.32 In addition, Affatato et al. noted
that negative effects due to three-body wear phenomena are possible with nonanatomic hip simulators.33 Furthermore, Good et al.
reported that the protein precipitates could artiﬁcially protect the
polymeric component in inverted hip prostheses and substantially reduce the wear of polymeric component.34 Therefore, in
this hip simulator test, MoXLPE hips were mounted anatomically.
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METHODS

Materials
Five 32-mm MoXLPE hip replacement bearings were tested
in a hip-joint simulator. All specimens were commercially
available MoXLPE joints composed of CoCrMo femoral heads
articulating against XLPE acetabular liners (75 kGy). A sixth
joint was used as a loaded soak control specimen.32 The
12/14 titanium trunnions (Ti6Al4V) with a neck length of
30.6 mm were manufactured based on the Corail® (DePuy
Synthes, UK) femoral stem, which has been implanted in 1.6
million surgeries worldwide.35
Hip wear simulator test
The 6-station anatomical hip-joint simulator (TE 86; PLINT,
Phoenix Tribology Limited, UK) was used for in vitro wear
testing of ﬁve MoXLPE joints mounted on titanium trunnions
for 5 Mc36 (see Fig. 1). Although the hip simulator had six
test stations, only ﬁve were used in this wear test. All test
specimens were subject to time-varying double-peak load
with a minimum load value 400 N and a maximum load value
2000 N and relative articulating motion, generating an elliptical wear path.36,37 The articulating motion of the simulator
comprised of sinusoidal ﬂexion-extension and abductionadduction with the excursions of 46 and 12 , respectively.
A sixth MoXLPE joint used as a dynamically loaded soak control specimen was subject to the same time-varying loading
but no motion as per the international standard for wear testing of total hip prostheses ISO 14242-1.32
In the hip-joint simulator, all prostheses were mounted anatomically. The cup abduction angle and the anteversion angle
were 45 and 15 , respectively.36 Each acetabular liner was
held in an aluminum 3105 alloy pelvic insert holder rather than
a titanium shell that is used in the clinical situation; however,
the pelvic insert holder was designed to reproduce the clinically
relevant support system.32 Furthermore, it is common not to
use a shell in hip simulators as these are wear-screening devices
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FIGURE 2. (A) A test station, (B) schematic of femoral head, acetabular liner, and trunnion in test and control station setup, and (C) the control
station.

used for characterizing wear from the bearing surfaces of artiﬁcial hip joints.12,14,36,38 Each titanium trunnion was inserted
into the femoral head holder with 45 neck axis angle, and then
the CoCrMo femoral head with +4 mm offset (supplier’s data)
was mounted on the trunnion with a polymeric femoral head
impactor. Fixation of the femoral head onto the trunnion was
carried out by impacting a minimum of two ﬁrm blows in an
axial direction39 in dry conditions, replicating surgical scenarios. All impactions were carried out using a previously published methodology.37 The estimated impaction force was 4–5
kN, based on separate measurements undertaken on CeramTec
equipment. All test and the control trunnions were loaded anatomically such that loading of the femoral head was offset
relative to the trunnion (see Fig. 2A–C). The lubricant was newborn-calf serum (Gibco™ life-technologies) diluted with
deionized water to give 21 g/L protein content. The lubricant
was replaced after every 0.5 Mc, and all specimens were
cleaned and gravimetric measurements were performed in
accordance with ISO 14242-2.40

(CMM) (Legex 322 CMM; Mitutoyo, Tokyo, Japan) with an
accuracy of 0.8 μm. All taper wear measurements were carried out using previously published methodology with an
accuracy of approximately 0.2 mm3.43 The volumetric wear
rates of the tapers were calculated by dividing the average
volume loss by the total number of cycles.

Gravimetric wear measurements and analysis
The gravimetric wear of heads, liners, and trunnions was measured using an analytical balance (TB-215D; Denver Instruments, Germany) with a sensitivity of 0.1 mg. Each specimen
was weighed for a minimum of three times for repeatability.
The weight loss in mg was subsequently converted into volume
loss in mm3 using the density of CoCrMo as 0.00833 g/mm3,41
XLPE as 0.0009355 g/mm3 (supplier’s data), and Ti6Al4V as
0.00443 g/mm3.42 The amount of lubricant absorption was
accounted for by using the dynamically loaded control XLPE
liner. The wear rates in mm3/Mc were calculated from the
slopes of the linear regression lines in the volumetric loss versus number of cycles plot for heads, liners, and trunnions.

Surface roughness measurements
Three-dimensional (3D) surface roughness (Sa) of articulating
bearing surfaces and the femoral tapers was measured using a
noncontacting Zygo NewView 5000 white light interferometer.37,44 On each articulating specimen, 10 pre-and 10 postwear
test Sa measurements were acquired using the 10× objective
lens and 2.0× manual zoom (area of view 317 μm × 238 μm).
On the femoral taper surface of each half of the cut femoral
head, a total of 20 Sa measurements (10 on unworn area and
10 on worn area) were acquired at the end of the test.

Volumetric wear measurements using the coordinate
measuring machine
After 5 Mc, the volumetric wear of the CoCrMo femoral
tapers was measured using a coordinate measuring machine

Microscopic inspection of the CoCrMo femoral tapers
and backside of XLPE liners
At the end of the wear test, the femoral heads were cut in
half using a cutoff wheel (Rapier abrasive cutoff wheel Type
FEM; MetPrep, UK). Microscopic images of these tapers were
obtained using a Vison Measuring System Quickscope QS-L
(Mitutoyo, UK). The area where the femoral taper made contact with the base of the trunnion was considered as the
worn area. Distal to this worn area (in anatomical terms),
the noncontacting area of the femoral taper was considered
as the unworn area. Furthermore, the backside surface of
the XLPE liners was inspected using the same Quickscope.

Statistical methods
For statistical comparisons of the following: gravimetrically
measured mean wear rates of the femoral heads and trunnions,
gravimetrically measured mean wear rates of the femoral heads
and the wear rates of the femoral tapers obtained using the
CMM, and the surface roughness measurements of the femoral
tapers on unworn and worn areas were all compared using a
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FIGURE 3. Mean volumetric wear of XLPE liners, CoCrMo heads, and titanium trunnions (error bars represent standard deviation).

2-Sample t-test with a signiﬁcance level of 0.05. Pre- and posttest surface roughness measurements for femoral heads and
acetabular liners were analyzed using a paired t-test with a signiﬁcance level of 0.05. All statistical analyses were performed
using the Minitab® 17.1.0 statistical software.
RESULTS

In the following sections, ﬁrst, the wear of hip prosthesis
components, that is, XLPE liners, CoCrMo heads, and titanium trunnions subject to the hip simulator wear test is
presented. Next, the volumetric wear of the femoral tapers
at the end of testing measured using the CMM is given. Macroscopic and microscopic images of the CoCrMo femoral
tapers after cutting are displayed. Then, 3D surface roughness (Sa) of the articulating surfaces (pre- and posttest) and

the CoCrMo femoral tapers (unworn and worn area) is
presented.

Wear of XLPE liners, CoCrMo heads, and titanium
trunnions
The mean volumetric wear rates for all test samples measured
gravimetrically are shown in Figure 3. The mean volumetric wear
rates (mean  standard deviation) for XLPE liners, CoCrMo
heads, and titanium trunnions were 2.74  0.74, 0.057  0.020,
and 0.044  0.003 mm3/Mc, respectively. Figure 4 shows the
mean volumetric wear rates of CoCrMo femoral heads and titanium trunnions. The volumetric wear rate of the CoCrMo heads
was not signiﬁcantly different from the titanium trunnions
(p = 0.592). After 5 Mc, the total volumetric wear for XLPE liners

FIGURE 4. Mean volumetric wear of CoCrMo femoral heads and titanium trunnions (error bars represent standard deviation).
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FIGURE 5. A CMM wear map showing the wear pattern of the internal
taper of a test CoCrMo head. The circumferential red band at the distal
end indicates the worn area.

FIGURE 7. An optical microscopic image at 3.5× magniﬁcation of the
backside of XLPE liner showing original machining marks, and thus a
lack of wear.

was 14.28  4.29 mm3, for the CoCrMo heads 0.38  0.14 mm3,
and for the titanium trunnions 0.24  0.02 mm3.

localized worn area (as indicated by the CMM wear map)
could be seen, which corresponded to contact with the trunnion base. Above this, there was the original unworn surface,
and below this, an imprint caused by the microgrooves of
the trunnion surface. An optical micrograph taken with 3.5×
magniﬁcation at the backside of XLPE liner is shown in
Figure 7. This shows minimal damage and the original
machining marks.

Volumetric wear of the CoCrMo femoral tapers obtained
using the CMM. The total mean volumetric wear was
0.22  0.12 mm3 and the mean wear depth was 4.77 
2.36 μm. The mean volumetric wear rate was 0.045 
0.024 mm3/Mc. The CMM generated wear maps showed a
circumferential wear band at the distal end of the femoral
taper, as shown in Figure 5. The mean volumetric wear rate
of the femoral tapers obtained using the CMM (0.045 
0.024 mm3/Mc) was not statistically different (p = 0.416) to
the mean volumetric wear rate obtained gravimetrically for
the femoral heads (0.057  0.020 mm3/Mc). Put another
way, based on these measurements, most of the metallic
material loss came from the taper and not from the articulating surface.
Microscopic inspection of the CoCrMo femoral tapers and
backside of XLPE acetabular liners. Figure 6 shows the
internal taper of a test CoCrMo head. At the distal end, a

Surface roughness (Sa) of articulating surfaces and the
CoCrMo femoral tapers. Indicative surface topography
images of the articulating surface of the XLPE liners,
obtained using the noncontacting proﬁlometer pre- and posttest, are shown in Figure 8a,b, respectively. The XLPE liners
showed a statistically signiﬁcant decrease (p < 0.001) in
roughness with an associated removal of the original
machining marks, with Sa values, pretest 1.192  0.217 and
posttest 0.041  0.016 μm. There was no statistically signiﬁcant change (p = 0.338) in pre- and posttest roughness of
the articulating surfaces of the CoCrMo heads with Sa values,
pretest 0.007  0.003 and posttest 0.008  0.003 μm.

FIGURE 6. (A) A test CoCrMo femoral head and titanium trunnion assembly, (B) the internal taper of cut CoCrMo femoral head showing unworn
area at distal end, worn area, and trunnion imprinting, and (C) an optical microscopic image of a test femoral taper captured at 0.65× magniﬁcation
showing unworn area, worn area, and trunnion imprinting.
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FIGURE 8. Surface topography images of an XLPE liner (A) unworn with machining marks visible (Sa = 1.080 μm) and (b) worn (Sa = 0.042 μm).

The surface topography images obtained using the noncontacting proﬁlometer on the unworn and worn areas of
the femoral tapers posttest are shown in Figure 9A,B, respectively. The original machining marks could be seen on the
unworn area, but not on the worn area. The surface roughness of the femoral tapers on the worn area showed a statistically signiﬁcant increase (p < 0.001) compared with
unworn, with Sa values of 0.510  0.068 μm and 0.867 
0.233 μm for unworn and worn, respectively.

DISCUSSION

XLPE acetabular liners are commonly used with metallic
femoral heads in THR owing to their excellent in vitro and
in vivo performance. However, many retrieval and case studies have shown that metal release from the taper-trunnion
junction of modular MoP THRs can cause an adverse reaction, leading to failure of the prostheses.27–30 This is the ﬁrst
long-term hip simulator study to report material loss from
the taper-trunnion junction of the most commonly used

FIGURE 9. Surface topography images of the internal taper of CoCr femoral heads (A) unworn with machining marks visible (Sa = 0.482 μm) and
(B) worn (Sa = 0.699 μm).

6

BHALEKAR, SMITH AND JOYCE

IN VITRO TESTING OF TAPER-TRUNNION JUNCTION

ORIGINAL RESEARCH REPORT

bearing combination in hip prostheses. This is important as
material loss from the taper-trunnion junction is increasingly
recognized as a key concern in contemporary hip
arthroplasty27,28,37,43,45–47 and to better understand the causes and progression of such material loss, testing to the same
5 Mc duration as expected for bearing surfaces (ISO14242)
is required. The astute reader may ask why material loss at
the taper-trunnion junction of an MoM hip could not be
assumed to be the same at an MoP hip, given that the materials (Ti for the femoral stem and CoCrMo for the femoral
head) are identical in both cases. First, it is vital to recognize
that head size tends to be greater in MoM hips than MoP
hips. Smith et al. showed that, based on NJR data, 79% of
men ﬁtted with a stemmed MoM hip had a cup size between
46 and 52 mm and 84% of women ﬁtted with a stemmed
MoM hip had a cup size in the range of 42–48 mm.48 In contrast, most MoP hips currently implanted are of 32- and
36-mm cup size.49 Size does matter, and Smith et al. showed
a direct link between the increasing head size and the
increasing revision rate.48 We would argue this is the key
evidence of a toggle effect leading to increased wear at the
taper-trunnion junction.43 We feel that a second factor is the
material combination involved at the bearing surfaces.
A polymeric liner might serve to “soften the blow” of peak
forces during gait and other activities,37 compared with a
“hard-on-hard” material combination such as MoM. Third,
Hothi et al. found signiﬁcantly less material loss from the
taper-trunnion junctions of retrieved MoP THRs compared
with MoM THRs of the same design.50 Across different
designs, Langton et al. have shown that wear from the tapertrunnion junction of MoP THRs is less than that from MoM
THRs.51 For these reasons, material loss from the tapertrunnion junctions of MoM hips cannot be used to predict
the wear from the taper-trunnion junctions of MoP THRs.
Wear of the CoCrMo femoral head: Is it primarily from
the bearing surface or the internal taper of the
femoral head?
Our data show that wear of the CoCrMo femoral heads arose
mainly from the internal taper. Clearly, the heads showed a
mass loss (wear). The mean volumetric wear rate of the
CoCrMo femoral heads calculated using gravimetric measurements was 0.057  0.020 mm3/Mc. There was no statistically signiﬁcant difference (p = 0.416) in the mean
volumetric wear rates of the femoral tapers obtained using
the CMM (0.045  0.024 mm3/Mc) and those calculated
using gravimetric measurements (0.057  0.020 mm3/Mc).
Additionally, the worn area on the femoral taper surface
showed a statistically signiﬁcant increase (p < 0.001) in the
surface roughness compared with that of the unworn area.
The Sa of the bearing surfaces of the femoral heads showed
negligible change. Pretest values for the femoral bearing surfaces were 0.007  0.003 μm and posttest values were
0.008  0.003 μm. These values are in agreement with the
pre-and posttest roughness values reported in the literature.15,16,36 These relatively unchanged roughness measurements indicate minimal damage at the articulating surfaces
of the CoCrMo femoral heads. No other in vitro MoXLPE hip

simulator studies (Table II) have reported wear from the
metallic femoral taper.11–18
Metal release from the taper-trunnion junction of
MoXLPE modular hip implants
The CoCrMo femoral tapers (0.045  0.024 mm3/Mc) and
titanium trunnions (0.044  0.003 mm3/Mc) showed similar volumetric wear rates in this in vitro wear test. If 1 Mc of
the in vitro hip simulator test is equivalent to 1 year in vivo,52
then the mean volumetric wear rate of the CoCrMo femoral
taper (0.045  0.024 mm3/year) and titanium trunnion
(0.044  0.003 mm3/year) falls within the range of wear
rates found in previous MoP retrieval studies, which included
few Corail® components in their respective cohorts,50,53 as
shown in Table I.
In a retrieval study, Hothi et al. compared the material loss
at the femoral tapers of MoP hips (28/32/36 mm diameter)
and large diameter (LD) MoM hips (≥36 mm) from a single
manufacturer, both with 12/14 taper and reported “clinically
insigniﬁcant” (median 0.15 mm3) material loss from the MoP
taper-trunnion junction compared with that of the MoM hips.50
The mean time in vivo for the MoP hips was 4.5 years and,
therefore, on the basis that 1 Mc is equivalent to a year in vivo,
of similar duration to our in vitro study. The volumetric material loss from the femoral tapers measured in the hip simulator test (0.22  0.12 mm3) is within the range of MoP tapers
obtained from the retrieval study. Kyomoto et al. tested
28-mm MoXLPE in a hip simulator for 5 Mc and observed a
statistically signiﬁcant increase (p < 0.01) in posttest surface
roughness at the contacting region of the CoCrMo femoral
tapers similar to that observed in this study.54 In this hip simulator test, damage was noted in the form of a circumferential
band at the distal end of the CoCrMo femoral head taper
where the femoral head made physical contact with the base
of the titanium trunnion. Proximal to this circumferential band,
imprinting of the trunnion was observed, similar to that seen
in many retrieval studies of metallic femoral head tapers
(MoM or MoP).43,46,55,56
Retrieval studies reported material loss from the femoral
tapers of CoCrMo femoral heads mounted on titanium alloy
trunnions.43,46,47,57–59 Similarly, in this hip simulator test,
the CoCrMo femoral tapers showed material loss. A question
that may arise is: why did wear arise from the harder
CoCrMo alloy femoral taper when the Ti6Al4V alloy trunnion
is much softer? To answer this question, Moharrami et al.60
suggested that a titanium oxide surface layer will form on
the Ti6Al4V alloy trunnion, which has a greater hardness
than the femoral taper surface.
The lubricant employed in the wear test, dilute bovine
serum, is used to replicate synovial ﬂuid32 and as such, it is
known to create a corrosive environment.61 Therefore, the
potential for corrosion within the test setup of the hip simulator is created. Despite this, the results of this study, with
localized loss of material in the form of a circumferential
band at the distal end of the CoCrMo taper, appear to show
that mechanical loss (wear) is of greater importance than
electrochemical (corrosion) effects. In MoP THRs, metal
release and associated pseudotumor formation leading to
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TABLE I. Wear From the Taper-Trunnion Junction of MoP THRs
Wear Rate (mm3/year)
MoP Study

Total Volume (mm3)

Trunnion

Femoral taper

Trunnion

Femoral taper

Trunnion

Hothi et al 50 (2018)

Ti alloys (n = 42)
and CoCrMo alloy (n = 8)
Ti6Al4V

0.00 (0–0.32)
Median (range)
Not measured

Ti6Al4V

0.04 (0–4.34)
Median (range)
0.15 (0–3.80)
Median (range)
0.22  0.12
Mean  SD

0.00 (0–2.5)
Median (range)
Not measured

This Study

0.02 (0–8.67)
Median (range)
0.03 (0–1.07)
Median (range)
0.045  0.024
Mean  SD

Kocagoz et al

53

(2016)

failure has been previously reported.27,30,31 In this in vitro test,
wear testing was undertaken on 32-mm diameter MoXLPE hips.
There is the possibility that femoral head size is linked to clinical
performance. The expectation is that larger head sizes result in
fewer dislocations.62,63 However, there are concerns that larger
head sizes are related to greater damage at the taper-trunnion
junction in MoP hips. Kurtz et al. reported no associated
increased risk of fretting corrosion damage in LD CoCrMo femoral heads compared with small diameter (<36 mm) femoral
heads using a semiquantitative scoring on retrieved MoXLPE
THRs.64 In contrast to this Balso et al. conducted a semiquantitative scoring study on retrieved of MoP THRs and reported the
possibility of accelerated fretting damage due to increased femoral head size.65 Additionally, Craig et al. reported increased
serum metal ion levels in LD MoP hips compared with small
diameter from a single manufacturer.66 Furthermore, the NJR
shows higher revision rates for MoP hips ≥36 mm head diameter.4 Therefore, pseudotumor formation in MoP THRs is perhaps
associated with increased bearing diameter size. Coincidently,
retrieval studies also reported increased material loss in LD
MoM THRs.43,46,47,67,68 In this hip simulator test, CoCrMo femoral tapers and titanium (Ti) alloy trunnions showed similar volumetric wear rates (see Fig. 4). The signiﬁcance of elevated Co
and Cr ions in the body has been previously described in the
literature.69–72 There is a very limited amount of literature available on the clinical signiﬁcance of elevated Ti ions following
THRs. Dalal et al. reported that Ti particles induce less toxicity
than CoCrMo alloy particles.72 However, in vitro animal model
studies have shown that Ti particles in high levels are potentially
carcinogenic.73 Furthermore, Haynes et al. reported that wear
particles generated from Ti alloy implants can cause increased
release of the mediator responsible for the bone resorption process in an animal model.74 Several recent studies have reported
elevated Ti ions in the body following implantation of different
types of modular THRs.75–77 Gofton et al. reported elevated
serum Ti ion levels in a short-term (2 years) follow-up study of
small diameter MoXLPE THRs with a Ti alloy modular femoral
stem and neck.75 Furthermore, Nam et al. investigated serum
metal ion concentration 5 years following MoXLPE, ceramic-onXLPE, and oxinium-on-XLPE modular THRs with a Ti alloy
stem.77 Analysis of metal ions concentration suggested that Ti
ion levels remained consistently elevated whatever the femoral
head material. Therefore, our in vitro results, which show titanium wear, are consistent with these clinical studies that have
measured increased Ti ion levels after THRs that include titanium trunnions.
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0.044  0.003
Mean  SD

0.24  0.02
Mean  SD

Wear at the bearing surfaces of XLPE liners
As shown in Table II, the mean volumetric wear rate of the
XLPE liners, 2.74  0.74 mm3/Mc, falls within the range of
wear rates found in previous MoXLPE hip simulator
studies.11–18 The surface roughness (Sa) of the articulating
surface of the XLPE liners showed a signiﬁcant decrease
posttest (p < 0.001). This ﬁnding was supported by an elimination of the original machining marks from the bearing surfaces of the XLPE liners (see Fig. 8a,b). The decrease in the
roughness and consequent removal of the machining marks
are consistent with previous in vitro studies that tested
MoXLPE hips under standard (i.e., non-“adverse”)
conditions.14–16
There is the potential of an additional source of in vitro
PE wear at the back side of the acetabular liner and the pelvic insert holder. However, microscopic examination revealed minimal damage and the presence of the original
circumferential machining marks (Fig. 7) at the backside of
the XLPE liner indicating minimal, if any wear. These results
ﬁt with other studies. Reyna et al. compared the wear on the
backside of PE (non-XLPE and XLPE) liners used in a hip
simulator test and retrieved liners using a semiquantitative
scoring method and reported similar wear scores for both
groups.78 Furthermore, Kurtz et al. in 3D ﬁnite-element
models showed at least three orders of magnitude less volumetric wear rates from the backside of the liner compared
to the volumetric wear rate estimates at the articulating
bearing surface.79
This present hip simulator study had a few limitations.
Analysis of metallic or polymeric wear particles and metal
ion concentration present within the lubricant were not carried out. However, to the authors’ best knowledge, no MoP
retrieval studies have measured volume loss from the tapertrunnion junction and metal ion concentration in the same
study. Furthermore, the volume loss reported from the
taper-trunnion junction of the MoP hips used in the present
hip simulator test is in agreement with those from previous
MoP retrieval studies. Surface elemental composition of the
cut femoral tapers was not carried out. While this is under
further investigation, the key aim of the research was to
quantify material release from the taper-trunnion junction
from contemporary MoP hips for the ﬁrst time. The impaction force applied during the assembly of the femoral head
on the trunnion and the number of impactions were not
measured during this current hip simulator test. However,
the same author (RMB) carried out all impactions as per a
IN VITRO TESTING OF TAPER-TRUNNION JUNCTION

Not measured

Not measured

Not measured
Not measured
T: 0.045  0.024
Tr: 0.044  0.003

Not measured

Not measured

Not measured
Not measured
0.057  0.020

10.4  1.6

3.29
8.7
2.74  0.74

Durasul® Alpha, Zimmer (−)

Not given (γ 75(10%))
Marathon® DePuy Synthes (γ 50)
Commercially available (γ 75)

Galvin et al.16 (2010) 36 mm

Affatato et al.17 (2016) 32 mm
Partridge et al.18 (2017) 36 mm
This study

H: 0.009
L: 0.232
H: 0.012  0.005
L: 0.100  0.049
–
–
H: 0.008  0.003
L: 0.041  0.016
Durasul® Alpha, Zimmer

Affatato et al.12 (2005) 28 mm
Dumbleton et al.13 (2006) 36 mm
Fisher et al.14 (2006)
28 and 36 mm

Fisher et al.15 (2006) 36 mm

H: 0.006
L: 1.070
H: 0.006  0.001
L: 1.057  0.059
–
–
H: 0.007  0.003
L: 1.192  0.217

Not measured
Not measured
Not measured
Not measured
Not measured
Not measured
–
–
–
H: 0.12–0.14
–
–

Not measured
Not measured

−1.5  1.6
1.6  1.3
1
3  1.3
~ 5 (28 mm)
10.6  11.4
(36 mm)
9.5
Durasul™, Sulzer Orthopedics (Eb95)
Crossﬁre™, Howmedica Osteonics (γ75)
Longevity®, Zimmer, Inc (Eb95)
Trident®, Stryker Orthopaedi0063s (γ 90)
Not given (Eb100)

–

CONCLUSION

–

previously used technique.37 Additionally, surface roughness
of the trunnion was not measured as we were guided by
previous retrieval studies, which show that the material loss
arises mainly from the CoCrMo alloy femoral tapers rather
than the Ti alloy trunnion, when CoCrMo/Ti alloy combinations are used for the taper-trunnion junction.

D’Lima et al.11 (2003) 28 mm

T: Femoral Tapers
Tr: Trunnions
CoCrMo Heads
MoXLPE Study Size of the Joint

XLPE Liner Manufacturer
(γ: Gamma or Eb: Electron
Beam Irradiation in kGy)

Pretest

Posttest

XLPE Liners

Wear rates (mm3/Mc)
(Mean  SD)
Surface Roughness (μm) H:CoCrMo
Heads and L:XLPE Liners

TABLE II. Laboratory Wear Rates for Different MoXLPE Hip Joints Under Standard Testing Conditions Compared With This Study
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This is the ﬁrst long-term hip simulator study to report
material loss from the taper-trunnion junction of contemporary MoP hips. Based on the gravimetric, volumetric, and
surface roughness measurements, the wear of the CoCrMo
femoral heads arose mainly from the internal taper. The
CoCrMo femoral tapers and titanium trunnions showed similar volumetric wear rates in this in vitro wear test. The wear
from the XLPE liners was similar to that seen in other
in vitro studies. This hip simulator study conﬁrms the necessity of measuring taper-trunnion junction wear in preclinical
testing to avoid adverse reactions to metal debris and further increase the longevity of MoP hip prostheses.
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