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Abstract (250 words)

Head Taper Corrosion Causing Head Bottoming Out and Consecutive Gross Stem Taper Failure in
Total Hip Arthroplasty

Background

Taper corrosion in Total Hip Arthroplasty for bearings with metal heads against polyethylene has
developed from an anecdotal observation to a clinical problem. Increased taper wear and even gross
taper failure have been reported for one particular design. It is hypothesized that corrosion of the
female head taper results in taper widening, allowing the CoCr head to turn on the stem and wear
down the softer titanium alloy by abrasive wear, ultimately causing failure. The purpose of this study
was to investigate the time course of this process and the general role of taper dimensions and

material in this problem.

Methods

Retrieved CoCr-alloy heads (n=30, LFIT, Stryker) and TMZF stems (n=10, Accolade |, Stryker) were
available for analysis. Taper material loss was determined using 3D-coordinate measurements and
scanning. The pristine tip clearance between head and stem was analytically determined. The influence
of taper material and taper size on taper deformation and micromotion was investigated using a Finite

Element Model.

Results

Material loss at the head taper increased with time in situ up to a volume of 20.8 mm3 (p<0.001). A
mean linear material loss above 76 um at the head taper was analytically confirmed to result in
bottoming out, which was observed in 12 heads. The FE calculations showed significantly larger
deformations and micromotions for a small 11/13 TMZF taper combined with a distinctly different

micromotion pattern compared to other materials and taper designs.

Conclusion
A 11/13 TMZF taper design with 36mm head diameters bears a higher risk for corrosion than larger
tapers made from stiffer materials. Failures of this combination are not restricted to the head sizes

included in the recall. Patients with this implant combination should be closely monitored.

Keywords: Taper corrosion, Gross Taper Failure, TMZF, Head Size

page 2



55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

Introduction

Taper corrosion in Total Hip Arthroplasty (THA) has surfaced as a clinically relevant problem following
the introduction of large head metal-on-metal (MoM) bearing articulations [1]. Recently it has also
been more often reported for metal heads against polyethylene (PE) on a variety of stem designs [2;3].
It is widely acknowledged that any modular connection between metal alloys can exhibit corrosion
problems if in contact with body fluids and exposed to micromotion [4;5]. The magnitude of
micromotion during in-vivo loading is mainly influenced by 3 factors: the taper design and material [6],
the assembly condition [7], and the loading magnitude and direction [8]. It was shown early on that
low neck stiffness is a contributing factor [4]. It also has been shown that the changes in taper design in
the last 20 years have led to more flexible tapers [6].

Several studies on elevated metal ion levels or even catastrophic gross taper failures (GTF) after hip
joint replacement highlight one particular stem design with a small V-40 taper made from a less stiff Ti-
12Mo-6Zr-2Fe titanium-alloy (TMZF; Accolade |, Stryker, Mahwah, NJ) in combination with head sizes
of mostly 36mm and above (Figure 1) [9-18]. This proprietary beta titanium alloy was introduced in
2002 based on the potential benefits of more closely mimicking the modulus of elasticity of cortical
bone than standard Ti-6Al-4V alloys [19]. The overall magnitude of the problem is unclear, with the
number of cases reported in the literature being above 100 (including the cases reported in this study).
In August 2016, the manufacturer issued a voluntary medical device recall for certain cobalt-chromium
alloy (CoCr) head diameters (36mm and larger) in combination with certain offsets (+4mm. +5mm,
+8mm, +12mm; seven combinations in total). To date, other femoral head sizes have not been recalled
and remain on the market.

Speculations with respect to the influence of taper stiffness - resulting from the lower E-modulus of the
material and the taper dimensions - on the observed failure scenarios have been made [20], but have
not yet been systematically investigated. Furthermore, the role of tip clearance (TC), in the progression
of GTF is not fully understood. The TC is defined as the axial distance of the tip of the male stem taper
and the bottom of the female head taper. If the female head taper is widened by material loss due to
corrosion, the stem taper sinks deeper into the head until the TC is reduced to zero and the tip of the
stem taper and the bottom of the head taper get in contact. This process is called bottoming out. In
this situation, the force-locking of the taper junction has failed and the head is no longer prevented
from spinning on the stem taper when a torque around the taper axis is applied to it. Such a torque

always occurs during joint movement due to the friction in the joint articulation [21]. Gross stem taper
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failure (GTF) is the final failure mode after bottoming out, whereby the stem taper has been abrasively
worn down by the spinning head to such an extent that the head can easily disassociate from the stem.
Hence, the purpose of this study was (i) to investigate the time course of the head and stem taper
material loss for the particular implant combination based on retrieved components, to (ii) analytically
estimate the original tip clearance for these components and (iii) to investigate the general influence of
material characteristics and taper size on relative motions at the head-stem-taper interface based on

numerical modelling.

Material and Methods

Explant analysis

A total of 30 retrieved CoCr metal heads articulating against PE were available for analysis (LFIT
Anatomic heads, Stryker, Mahwah, NJ). For 10 of these heads, the stems made of TMZF-Titanium alloy
with a V-40 taper were also available (Accolade | stems, both Stryker, Mahwah, NJ). All these stems
were from GTF cases with disassociation (n=9) or disassociation and fracture (n=1) (Figure 2). Clinical
data were limited to time-in-situ, patient gender and age (Table 1). To our knowledge, the remaining
20 other stems were left in the patient during revision.

To determine material loss, the female head tapers were scanned with a tactile coordinate measuring
machine (Mitutoyo BHN 805, Tokyo, Japan; ruby sphere diameter: 2 mm; 3 um precision; scanning grid
0.1 mm x 0.1 mm). Since the original geometry of the taper was unknown due to the manufacturing
tolerances, it was estimated for each implant individually by a least square fit reconstruction of a
global, regular reference from the original surface excluding the worn areas [22]. Female taper
material loss volume was calculated as the difference between the reconstructed and the worn
geometry. Taper angles and diameters were determined from the reconstructed geometry. Retrieved
heads were grouped according to whether they showed signs of bottoming out (defined as wear at the
base of the female head taper indicating contact with the tip of the male stem taper; “bottoming out”
group) or not (“wear only “ group).

The neck and taper surfaces of the retrieved male stems were scanned using a structured-light 3D
scanner (Artec Spider, Artec3D, Luxembourg; 100um resolution; 50um point accuracy). Post-processing
of the resulting 3D point clouds was conducted in Artec Studio 12 (Professional; Artec3D, Luxembourg).
Conversion to a stereolithograph (STL) output rendered a closed triangulated mesh representation of

the three dimensional surface of the stems from which the total neck and taper volume was
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calculated. The accuracy of this approach was determined by calculating the volume of a solid cube
(size: 28 x 28 x 28mm) from the resulting scanned STL surface and comparing this to the volume
calculated from the weight and density of the cube (material: AW2007; density: 2850 kg/m3; weight:
62.0g). The accuracy of the scanning method was found to be above 98.1%.

Due to the extent of damage (Figure 2), the original geometry (and hence, original volume) of the neck
and taper of the GTF stems could not be estimated from the scanned dimensions. Pristine stems of
similar size and neck length were scanned, and the neck and taper volumes were calculated using the
same approach as for the retrieved stems. Not all pristine sizes were available for comparison since
Accolade | stems are no longer on the market. For this reason, the original neck and taper volumes of
all GTF stems were estimated based on the volume of the respective four available stem sizes (3, 4, 5,
8). A linear regression model of stem offset and neck length was fitted to the measured volumes. The
correlation coefficient was 0.97 (p=0.18), the mean deviation of the estimated volume from the known
volume of the available stem sizes was 2.4% (maximum deviation 3.3%). The total material loss of the
stem was calculated as the difference between the estimated original volumes and the measured

(scanned) volumes (Figure 3).

Analytical determination of the tip clearance

The initial tip clearance for an assembly force of ON was determined for the geometries of pristine
(n=3) and retrieved (n=16) LFIT V40 CoCr heads, which had been implanted with Rejuvenate or
Accolade stems and still exhibited sufficient taper area without material loss. Head diameters were in
the range of 36 mm to 44 mm, and head length in the range from -5 mm to +10 mm. The averaged
geometry of an Accolade | TMZF V40 stem taper was determined from the four aforementioned
pristine stems available, using the same tactile coordinate measuring approach and subsequent least
square fit algorithm as described above. Each of the 19 heads was combined with this averaged stem
taper geometry.

All head-stem combinations showed a positive taper angle difference between female and male taper,
which is indicative of a proximal taper engagement (Qfemale-%male > 0; Figure 4). The tip clearance was

determined with an analytical model using equation 1.

diaprox,male—4prox,female
TC — 14 14 f

Equation 1
2«tan(Afemale/2) g
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whereby diay,,oxmate aNd didpyox femaie are the proximal diameters of the male and female tapers

respectively (Figure 4).

Numerical determination of the micromotion at the taper interface

To investigate the influence of taper material and size on micromotions between head and stem
tapers, a simple Finite Element Model (FEM) was constructed (Abaqus/CAE 6.14-2, Dassault Systémes
Simulia Corp., Providence, Rl, USA; Figure 5). Element size was chosen based on a convergence study.
Four different stem taper materials (CoCr, 316L, Ti6Al4V and TMZF; Table 2) were combined with three
idealized taper geometries representing taper designs of 11/13, 12/14 and 14/16 (male proximal
diameters of 11.5 mm, 12.5 mm and 14.5 mm with a male taper length of 15 mm). The 11/13 taper
resembles the V-40 taper design. Element sizes were chosen based on a convergence study (Table 3).
Corresponding male taper angles were chosen to be 0.04° smaller to achieve a defined proximal taper
contact situation [23] (Figure 4). The stem geometries are idealized to represent standard taper
dimensions without matching a specific manufacturer’s design. In all cases, a CoCr head with an outer
diameter of 36 mm was modelled.

The numerical simulation was of a simplified loading situation in the hip joint (Figure 5). The distal end
of the stem taper was fixed. After achieving contact of the taper surfaces in an initiation step, the head
was subsequently impacted with an axial load of 4kN in the direction of the taper axis in an assembly
and seating step. This load was found to provide sufficient fixation strength to prevent head loosening
on the stem taper during activities [24]. This was followed by the application of a simplified joint force
of 2kN at an angle of 33° to the taper axis, pointing towards the rotational center of the head (Figure
5); the loading was chosen based on the ASTM F2345 standard. For all combinations (4 materials x 3
sizes) the taper deformation, as well as the micromotion at the taper contact area due to a simplified
joint force application, were determined (Figure 5). Micromotions are defined as the relative motion
between the contacting female and taper surfaces following loading. Micromotion values are reported
for the distal edge of the taper contact area after assembly since this is where the largest

micromotions occur during loading.

Statistics
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Statistical analysis was conducted using Regression and Analysis of variance procedures for normally
distributed data and Kruskal-Wallis test for not normally distributed data. The probability of a Type |
error was set to 5%. Bootstrapping was used to estimate the distribution of the sampling population

(IBM SPSS Statistics 22, Armonk, New York, USA).

Results

The material loss at the head taper increases with time in situ (r?=0.50, p<0.001; Figure 6). Head length
showed a slight tendency to increase the head taper material loss rate (p=0.14; Table 4). The heads in
the “bottoming out” group (n=12) tended to be longer, showed higher material loss, higher maximal
wear depth and were in-situ for a longer time compared to the heads in the “wear only” group (Table
4, Figure 6, Figure 7). The heads from stems with GTF all belonged to the “bottoming out” group and
exhibited wear volumes of above 15mm?3. They showed either a “Bird Beak”, a “Toothpick” (n=1) or a
“Trumpet” (n=1) material loss pattern, dependent on head length (Figure 8). The taper with the
“Trumpet” material loss pattern had failed by fracture at the most distal contact point between head
and stem (Figure 2, Figure 8). Each material loss pattern had characteristic wear marks at the base of
the head taper and at the tip of the stem taper associated with it (Figure 8). All heads of the
“bottoming out” group showed circumferential wear tracks at the female taper surface, indicating
spinning of the heads on the stem tapers (Figure 7, Figure 8). Stem wear for the GTF group was large
with large variations (713.6mm3, SD 252.3mm?3) but did not show an influence of the time in situ
(Figure 6; p=0.714) or of any other design parameter (Table 1).

The mean tip clearance determined with the analytical model was 1.53 mm (SD: 0.11 mm). No
differences in tip clearance were seen between the different head sizes (p =0.331) or head length
(p=0.144). A mean circumferential radial material loss in the head taper greater than 76 um (SD:
11 um) was estimated to be sufficient to result in zero tip clearance and cause bottoming out.

The numerical model showed smaller taper deformations due to the joint force application for larger
taper diameters and stiffer materials (Figure 9 left). The micromotion at the distal edge of the taper
contact area due to joint load application showed very large differences between the four materials
and large differences between the three taper sizes (Figure 9 right). The statistical analysis comparing
the taper sizes for all materials combined revealed no significant differences between the taper sizes
(deformation: p=0.19, micromotion: p=0.729; Figure 9). The analysis comparing materials for all taper

sizes combined, however, revealed significant differences between the materials. The deformation and
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the micromotion was significantly larger for the TMZF-alloy compared to the CoCr-alloy (deformation:
TMZF: 33.1+/-11.1um vs. CoCr 12.9+/-4.2um, p=0.03; micromotion: TMZF 2.2+/- 0.27um vs. CoCr
1.3+/-0.06um, p< 0.001; Figure 9). The Ti6Al4V-alloy exhibited a similar result in comparison to the
CoCr- and the 316L-alloys, but the differences were not statistically significant (Figure 9).

In addition to the increased magnitude, a different micromotion pattern between head and stem for
the Ti6Al4V- and TMZF-alloys compared to the CoCr-alloy and the 316L-alloy was found (Figure 10).
Whereas maximum micromotion for the two less stiff Ti-alloys occurs on the taper side away from the
joint force (counter-clockwise tilting of the head on the taper), for the two stiffer materials it occurs on
the side on which the force is applied (clockwise tilting of the head on the taper). These differences are

caused by the differences in stem taper deformation between the four materials.

Discussion

The most important result of the retrieval study was that the analysed 36mm CoCr heads exhibited
major material loss of the female head taper due to fretting and corrosion, which increased with time
in situ. None of the other design specific parameters investigated showed a significant influence on the
amount of material loss, only the head length showed a trend to increase material loss (Table 4). It has
to be noted that all analyzed stems had a CCD angle of 127°, none of the GTF cases had a CCD angle of
132°, which was also available. This missing correlation corresponds to the results for the material loss
of CoCr neck pieces from Rejuvenate stems (Stryker, Mahwah, NJ), which are made from the same
TMZF-alloy as the Accolade | stem [25]. Material loss of the CoCr female head taper increased by about
2.7mm?3 for every year in situ, with bottoming out to occur with a material loss of 15 mm? and above
(Figure 6). Bottoming out of the head occurred in 12 of the 30 cases. At first sight it may seem
surprising that the harder CoCr head taper in contact with the softer Ti-alloy stem is exposed to
material loss, whereas the stem taper initially stays rather undamaged. However, this phenomenon is
reported in the literature as ‘imprinting’ by several authors [26;27]. The reason for it is that oxidized
titanium has a significantly higher hardness value, therefore damaging the unoxidized cobalt-chrome
material [28]. After the widening of the female taper results in bottoming out, the mechanism for
material loss changes: from corrosion to abrasion causing the softer Titanium to wear down.

The three observed GTF patterns “Bird Beak, “Toothpick” and “Trumpet” were directly related to the
length of the head, which determines the position of the stem taper center with respect to the head

center and thus the associated dominant moment direction caused by the hip joint load axis (Figure
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11). The resulting stresses at the taper interface [20;29] cause varus or valgus tilting of the head (Figure
11). It should be noted that the “Toothpick” and “Trumpet” damage patterns have not yet been
reported elsewhere and were only observed in one sample each. A further contributing factor is the
accelerated corrosion of TMZF in simulated body fluid in comparison to Ti6Al4V, which might further
precipitate the process [30]. It is surprising that the catastrophic GTF cases did apparently not exhibit
clinical symptoms due to raised Co and Cr metal ions, which must have been caused by the amount of
CoCr lost from the female head taper (above 15mm?3, Figure 6, Figure 7), and/or the large amounts of
TMZF abraded from the male stem taper. A possible explanation could be that only a relatively small
amount of female taper widening is required before the tip clearance is minimized and bottoming out
occurs. The estimated value of 76 um (SD: 11 um) lies well within the observed wear depth determined
for the GTF cases. After bottoming out, material loss is dominantly caused by abrasion of the spinning
head on the damaged taper rather than corrosion. It could be speculated, that abrasive CoCr debris
might have a different particle size, causing a different biological reaction compared to corrosion
debris. The overall frequency of the GTF phenomenon in THA seems to be rather low. Gross Taper
Failure of stems that are not made from TMZF-alloy are reported in the literature for only three cases.
The stems of these failures were all made from standard Ti-6Al-4V titanium: one failure of a small 6°
10/12 taper of a titanium-alloy porous-coated Harris hip stem after 14 years in situ in an active working
farmer [31], one failure of a skirted head on a Bimetric Stem with a type | taper in a patient with a BMI
of 30 after 8 years [16], and one failure for a ML extended offset 12/14 taper stem in a patient with a
BMI of 40 after 8 years [16]. This indicates that GTF is not totally limited to TMZF stems with a V40
taper, even so the extend is much larger [9-18].

The results of the Finite Element Model show that the micromotion at the head-stem taper interface is
largest for the tapers made from TMZF-alloy, followed by Ti6Al4V-alloy, which also exhibited an
elevated micromotion compared to the two stiffer taper materials. These differences could explain
why the GTF phenomenon is mostly reported for stems made of TMZF-alloy and for a few cases for
stems made from Ti6Al4V-alloy, but not for stems made from CoCr or 316L. The numerical results
indicate that the material has a stronger influence than the taper size. Taper size showed an increased
micromotion for smaller tapers, but the increase was not as pronounced as the differences between
the four materials. The largest micromotions were found for the 11/13 taper made from TMZF-alloy,

which further supports the suggestion that this combination is more susceptible to extensive wear and
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GTF problems. The significance of the different movement patterns between the materials is not yet
understood but will be further investigated.

For the particular Accolade | stem design with a V-40 taper, reports for good clinical performance
(without mentioning head size) are reported in the literature [32;33]. The Orthopaedic Data Evaluation
Panel ODEP of UK and Wales lists an ODEP rating of 10A* for the Accolade-I stem in 2017, i.e. the best
rating awarded by the ODEP, which indicates that the 10-year revision rate lies below 5%

|"

(http://www.odep.org.uk/products.aspx) . These reports indicate that there is no “general” problem
with the specific design itself, but rather that the problems might be caused in combination with
adverse factors such has high loading or large head sizes [1;20]. This might also explain, why these
problems are not reported in Europe since here the head diameter used against Polyethylene is
predominantly 28 or 32mm. The widespread use of ceramic heads might have further helped to keep
the problem small in Europe [34]. The Accolade | stem was never recalled, but in 2012 replaced with
the Accolade-Il stem made from standard Ti-6Al-4V titanium alloy. The use of the Accolade | stem
consequently declined rapidly: the 2017 Annual Report of the Australian Joint Registry lists for the year
2013 the use of 765 Accolade | stems. For 2014 the Accolade | stem is absent from the list of the 10
most used uncemented stems, and replaced by the Accolade Il stem with 523 implantations. In this
context, it has to be highlighted that more than 50% of the CoCr heads analysed in this study do not
belong to the recalled sizes. This is a similar finding to other authors [14] and further highlights that not

only one adverse combination of several factors is able to initiate the corrosion process.

The study has several limitations. No patient-specific information was available. It would have been
very interesting to determine the influence of patient BMI and level of activity on the magnitude of
material loss. However in an earlier study assessing the material loss of CoCr neck pieces from
Rejuvenate stems, which are made from the same TMZF-alloy as the Accolade | stem, this information
was available but did not yield any additional insight [25]. For the pristine heads, tip clearance could
only be estimated for non-recalled sizes since no retrieved heads of the recalled size could be
obtained. The analytical model also does not consider chamfers or the relief groove and the tip
clearance had to be estimated for an assembly without assembly force. The determined value
corresponds to a best case scenario since the intra-operatively achieved tip clearance after seating the
head with a hammer stroke will be even lower than the value determined with the model. The amount

of stem wear of the GTF cases could not be determined directly since original stems are no longer
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available. This, however, should not influence the results greatly since the chosen approximation
approach was shown to produce only minor deviations for known original stem geometries, but the
values should only be viewed as a rough estimate. This is the first time that an attempt is made to give
a quantitative approximation of the stem taper material loss. Consequently, no comparison to
literature values was possible. Finally, in-vivo assembly and loading have a high variability. In this study
only one defined loading and assembly situation was modeled in the FEM analysis. Higher loading and

sub-optimal assembly might further increase the determined micromotions.

Conclusions

Follow-up examinations of patients treated with the respective stem type in combination with large
CoCr heads should include metal ion determination in blood or serum, even if no clinical symptoms are
present. This might allow the detection of taper corrosion before catastrophic failure of the taper
connection occurs. Testing should not be solely restricted to patients that were treated with heads
sizes that have been recalled since many of the failed cases analysed belong to heads not included in
the recall. Deformation and micromotion were shown to occur for all combinations of taper size and
taper material. As a consequence, taper assembly should be optimized and taper bending load - where
possible — minimized, even if larger tapers and stiffer materials are utilized. These reduce the risk of
micromotion but do not fully eliminate it. The higher micromotion shown for small tapers made from
less stiff materials should be used as a basis for future designs, acknowledging that an absolute limit

for critical micromotion is not known.
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Patient and implant data of the retrieved implant components. All stems had a neck angle of
127° (Group: 1, wear only, no stem available; Group 2: bottoming out; failure patterns are
explained in Figures 8&10; components which have not been recalled have been marked by
grey background).
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Specifications of the FE-Model.

Patient, implant and material loss data for the two groups (p-values represent the
comparison for each variable between the 2 groups; SD: Standard Deviation).

Maximum deformation of the male taper due to loading [um].
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419 Table 1: Patient and implant data of the retrieved implant components. Components which have not

420 been recalled are marked by grey background. All analyzed stems had a neck angle of 127°

421 (Group: 1, wear only, no stem available; Group 2: bottoming out; failure patterns are

422 explained in Figures 8 and 10;).

423
Nr Group Sex Ageat Timein Stem Stem Neck  Offset Head Head

(failure Implant  situ Size length  length  [mm] dia- length
pattern) ation  [years] [mm] [mm] meter [mm]
[mm]

1 1 F 70 3,3 36 -5
2 1 M 70 6,0 40 (]
3 1 F 33 7.1 32 4
4 1 M 67 6,4 44 0
5 1 F 62 3,9 44 -4
6 1 F 58 6,2 40 -4
7 1 F 64 3,1 36 5
8 1 F 32 7,0 32 4
9 1 M 53 1,9 36 0
10 1 M 53 5,3 32 0
11 1 F 55 3,6 36 0
12 1 M 69 4,8 36 0
13 1 F 82 4,6 36 -5
14 1 F 59 4,9 44 0
15 1 M 62 7,4 36 5
16 1 F 59 6,7 40 4
17 1 F 69 3,8 36 10
18 1 M 72 1,3 36 5
19 2, no stem F 50 6,3 36 5
20 2, no stem F 70 7,2 36 5
21 2, (bird beak) F 85 9,7 1,0 110,0 30,0 38,0 36 5
22 2, (bird beak) M 65 6,2 3,0 120,0 35,0 43,0 36 5
23 2, (toothpick) M 52 10,7 3,0 120,0 35,0 43,0 36 0
24 2, (bird beak) M 52 8,3 3,5 124,0 35,0 43,0 36 5
25 2, (bird beak) M 70 9,8 4,5 129,0 35,0 45,0 36 5
26 2, (bird beak) M 74 8,3 5,0 130,0 37,0 48,0 36 5
27 2, (trumpet) M 51 6,5 5,0 130,0 37,0 48,0 36 -5
28 2, (bird beak) M 55 7,7 5,0 130,0 37,0 48,0 36 5
29 2, (bird beak) M 78 9,2 5,5 133,0 37,0 49,0 36 5
30 2, (bird beak) M 71 5,8 5,5 133,0 37,0 49,0 36 5

424
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426

427
428

429
430
431

432
433
434

435

436

Table 2: Properties of the materials investigated.
Material Modulus [GPa] Poisson’s ratio [1]
Co28Cr6Mo 220.0 0.29
316L 200.0 0.28
Ti6Al4V 110.0 0.32
Til2Mo6Zr2Fe (TMZF) 79.5 0.33

Table 3:
Element type

Specifications of the FE-Model.

Element size of meshed contact area (head/taper)
Number of elements stem taper (11/13, 12/14, 14/16)
Numb. of elements head taper (11/13, 12/14, 14/16)
Friction coefficient between head and stem for all

combinations

C3D8R

0.3

0.6 mm /0.3 mm
111488 /128908 / 171520
28022/ 28514/ 28635

Table 4: Patient, implant and material loss data for the two groups (p-values represent the
comparison for each variable between the 2 groups; SD: Standard Deviation).
0| Age Time in Head Head Vh\;l::r Material
Group & SD situ | SD |length | SD |diameter| SD SD loss SD
[#]] [years] [years] [cm] [mm] depth [mm?3]
[um]
wearonly | 18 60.5 | 12.6) 49 | 1.8 1.1 | 4.1 373 | 3.9 60.4 | 25.8 5.1 | 4.0
bottomi
Oﬁt OMINE| 12| 64.4 | 120 80 | 1.6/ 38 | 3.1] 360 | 00| 1486 | 475 | 208 | 3.6
p-value n.s. p=0.403 | sig. p<0.001 | n.s. p=0.063 | n.s. p=0.247 sig. p<0.001 sig. p<0.001
Table 5: Maximum deformation of the male taper due to loading [um].
Taper Size TMZF Ti6Al4V 316L CoCr
11/13 43.7 32.2 18.4 16.8
12/14 34.1 25.3 14.6 13.4
14/16 21.6 16.0 9.3 8.5
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Figure Legends

Figure 1:

Figure 2:
Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

Figure 11:

Gross Taper Failure of an Accolade | stem after more than 10.5 years in the patient (implant
#30in Table 1).

The 10 stems with Gross Taper Failure (from left to right stems #21-30 in Table 1).

Method for the determination of the material loss on the stem neck and taper. Left: The
pristine stem of the same size and geometry as the retrieved stem. Middle left: the
retrieved damaged stem. Middle right: the 3D reconstruction of the retrieved damaged
stem. Right: Difference between pristine and damaged stem (i.e. material loss) is indicated
in red.

The geometrical parameters of the taper junction for the determination of tip clearance
and contact area. The sketch is greatly exaggerated for easier understanding. The order of
magnitude of the real taper angle difference between the male and female tapers is about
0.04°.

Left: The Finite Element Model (Tables 2 and 3) ;

Right: The boundary conditions for the head loading step after assembly.

Material loss of the female and male tapers of the different groups together with the time
in situ of the implants (female taper material loss = -4.9mm3 + 2.7mm3*time_in_situ.,
r?=0.05, p<0.001).

Female head taper material loss patterns ranging from small (left) to very large wear
amounts (right). The left 3 images are from heads in group 1 (no bottoming out), the right 2
images from group 2 (bottoming out; first: tooth pick, second: bird beak).

The three observed Gross Taper Failure patterns of the stem (bottom row) were all
associated with bottoming out of the male stem taper in the female head taper. Associated
with each failure pattern was a specific wear pattern of the tip of the male stem taper
(middle row) and the bottom of the female head (top row): “Bird Beak” (left column),
“Toothpick” (middle column), “Trumpet” (right column).

left: Maximum stem taper deformation due to loading for the different stem taper
materials and sizes.
right: Maximum micromotion at the distal edge of the taper contact due to loading for

the different stem taper materials and sizes.
Micromotion at the taper contact area due to loading (black indicates micromotions above
1.5um, dark blue the non-contact area).
The three observed material loss patterns of the GTF stems were associated with specific
head length: The “Bird Beak” pattern with a long head length (+5mm; left), the “Toothpick”
pattern with a neutral head (Omm; middle), and the “Trumpet” pattern with a short head (-
5mm; right). The dominant direction of the moment around the taper center due to in-vivo
joint loading is indicated. The grey arrow indicates the assembly force direction (F=4000N),
the dark red arrow the direction of the joint load (F=2600N). The red lines represent the
stresses at the taper interface, the orange lines separation of the head taper from the stem
taper (the calculations are explained in detail in [26]).
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