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Fretting corrosion as one reason for failure of modular hip prostheses has been associated with micro-
motion at the head taper junction. Historically the taper diameter was reduced to improve the range of
motion of the hip joint. In combination with other developments, this was accompanied by increased
observations of taper fretting, possibly due to the reduced flexural rigidity of smaller tapers. The aim of
the study was to investigate how the flexural rigidity of tapers influences the amount of micromotion at
the head taper junction.

Three different stem and two different taper designs were manufactured. Experimental testing was
performed using three different activity levels with peak loads representing walking, stair climbing and
stumbling. The relative motion at the head-stem taper was measured in six degrees of freedom. Micromo-
tion was obtained by subtraction of the elastic deformation derived from monoblock and finite element
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Less rigid tapers lead to increased micromotion between the head and stem, enlarging the risk of
fretting corrosion. The influence of the stem design on micromotion is secondary to taper design. Manu-
facturers should consider stiffer taper designs to reduce micromotion within the head taper junction.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The introduction of modular femoral head-stem combinations
for total hip arthroplasties (THAs) in the 1980s established several
advantages over monoblock designs. A combination of different
materials for the head and the stem could be realized, which lead
to a variety of advantageous combinations, such as cobalt chrome
or ceramic heads on titanium stems. With a broader choice of ma-
terials, the head-stem combination could be matched to fit the
patients’ requirements, such as avoidance of allergic reactions to
cobalt chrome or consideration of a high body mass index (BMI).
Moreover, the opportunity to take benefit from the adaptation
to the patient-specific anatomy concerning the centrum collum-
diaphysis angle (CCD), the range of motion (ROM) and femoral off-
set was also advantageous [1-3].

This modularity was enabled by the introduction of conical
modular press fit taper junctions. The connection between the
femoral stem and the head is realized by a conical press-fit junc-
tion. The characteristics of the taper junction vary among different
manufacturers and even for products of the same manufacturer as
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no standardization of the taper junction is available [4,5]. In gen-
eral, taper designs (e.g. 10/12, 11/13, 12/14 or 14/16) are labeled ac-
cording to a theoretical ratio between diameters of two taper cross
sections at a distance of 20mm [6]. For 12/14 taper this would re-
sult in a theoretical taper angle of 5° 43‘ 30”, while the V40 de-
sign has a desired taper angle of 5° 40°. In this context it has to
be noted, that due to individual manufacturing tolerances the fe-
male and male tapers angles are different to guarantee a defined
but manufacturer specific clamping at either side of the taper. The
variety of taper designs includes different surface structures, taper
lengths and taper angles which can be combined with heads of dif-
ferent sizes and offsets [7], yet evidence-based recommendations
regarding optimal taper connection design remain inconclusive and
conflicting [8].

Innovations were not just introduced for head material and
taper design, but also included a large variety of stem designs
and materials. More than 100 different stem designs are commer-
cially available [9,10]. Between the different designs, large varia-
tions of the length, diameter, shape, surface structure, coating or
stem modularity can be found [11]. Typically, proximal stem de-
signs can be separated into three prominent groups: round, oval
and rounded square neck geometry (Fig.1). The head-neck ra-
tio has a major influence on the impingement behavior [2] and
consequently defines the anatomical ROM of the affected joints.
Previous research showed that a rounded square/trapezoidal neck
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Fig. 1. Examples for the geometrical variations in the neck design of modular hip
prostheses. The cross section varies continuously with distance from the proximal
taper surface.

design increases the joint mobility in flexion and extension by 20%
compared to round neck designs [12]. Furthermore, the combina-
tion of small cross-sectioned tapers or necks with large diame-
ter heads increases the ROM without the risk of an impingement
[13,14].

As many technical innovations come with a drawback, a new
phenomenon was described in the 1990s known as metallosis
[15-17]. Several reports of patients with high metal ions blood lev-
els and metal ion accumulation in the surrounding tissue identified
the modular taper junction as the root of cause [18-20]. In vivo,
the taper junctions are exposed to an exigent environment of the
human body such as tissues and body fluids. The national joint re-
placement registry of the Australian Orthopaedic Association (AOA)
indicated that 25.6% of all revision surgeries with primary diagno-
sis osteoarthritis had to be performed due to periprosthetic aseptic
loosening [21]. The bulk materials used are themselves highly bio-
compatible. However, released nano- and microparticles of these
materials result in a negative response of the immune system [18].
The result is an increased activation of osteoclasts that can lead to
a resorption of the surrounding bone material. This causes a loos-
ening of the femoral stem or the formation of pseudo tumors and
necessitates an early revision surgery of the prosthesis [22].

The loosening of the artificial joint is a result of tribologi-
cal strains promoted by high cyclic loading, e.g. walking activities
of 1-2 million steps per year [23,24|. During activities of daily
living the artificial joint is loaded with high forces exceeding a

multiple of the body weight [25]. Induced by these loadings, mi-
cromotion between the taper surfaces of the femoral head and
the femoral stem may occur. Micromotion at the head-stem taper
junction in combination with the surrounding body fluid may lead
to an abrasive release of the corrosive resistant passivation layer
(Fig. 2) which is known as fretting corrosion [26]. Metal debris re-
sulting from the fretting process, was linked to adverse local tissue
reactions, systematic effects on the body and subsequent failure of
the implant [18,20].

The drive to eliminate limitations in joint movement led to
the introduction of thinned and shortened taper and neck geome-
tries over several decades from the 1980s to 2010s. Porter et al.
[10] found a wide variability in flexural rigidity of various taper
designs and described a trend towards shorter and less rigid ta-
per junctions with time. Regardless of the trend, several publica-
tions indicate an increased risk for fretting corrosion for less rigid
and smaller tapers as well as stems [27-29]. Flexural rigidity as
a prevalent risk factor for corrosion is mainly present due to mi-
cromotion that is promoted by higher elastic strains [26,27,30].
In a finite element study, Dyrkacz and colleagues showed signifi-
cant differences in the amount of micromotion between taper sizes
[31] and the increase in fretting corrosion might even be larger if
materials with a lower modulus of elasticity are used for the stems,
e.g. Ti6Al4V or TMZF vs. CoCr29Mo [27]. The reduced flexural rigid-
ity and usage of titanium for femoral stems has been identified as
a potential cause for the increased incidence of corrosion in cur-
rent THA designs over a wide range of retrieval studies [10,32,33],
while the effect of smaller taper sizes as a risk factor for early re-
vision is discussed controversially [29,34]. As a change of geome-
try does not only affect the bending and torsion rigidity proper-
ties, but also the ROM, the reduction of the taper size to obtain
an increased ROM, results in a trade-off in rigidity. A balance be-
tween flexural rigidity of the junction and impingement-free ROM
must be achieved [35]. However, the influence of reduced flexural
rigidity and elastic modulus of the stem on corrosion risk may also
depend on other factors, e.g. the head material [32].

The variety of taper sizes in clinical use is still large. The range
covers taper sizes of 8/10mm up to 14/16 mm. The Exeter V40
(Stryker) and the Corail (Depuy Synthes) are the most frequently
used femoral stems for total conventional hip replacement in Aus-
tralia (AOA, 2017). The V40 taper shows significantly smaller di-
mensions than the 12/14 taper of the Corail stem. Besides the ta-
per geometry, large variations can be seen in the design of the
neck. Either of these two parameters can have an impact on mi-
cromotion and fretting corrosion and is therefore of great clini-
cal relevance. The purpose of this study was to clarify whether
lower flexural rigidity of the taper and the neck geometry increases
the amount of micromotion at the head-stem taper junction under
physiological loading conditions.

Loading
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Fig. 2. Formation of fretting corrosion and the release of micro particles within the modular taper junction.
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Fig. 3. Overview of custom-made proximal stem and stem taper designs. The transversal bore was added for handling purposes during disassembly. The round proximal
stem design was used to investigate the influence of taper design (12/14, V40, long 12/14). The 12/14 taper designs were used to investigate the influence of proximal stem

geometry (oval, round, rounded square).

2. Materials and methods
2.1. Materials and surface geometry

Based on the design of two clinically successful stem designs
(Accolade TMZF, Stryker, Kalamazoo, MI, US; Corail, DePuy Syn-
thes, Raynham, MA, US), five different models of the stem taper
and the proximal stem section were manufactured from Ti6Al4V
(Fig. 3; n=3 each). Geometries of the Accolade and Corail stems
were captured via 3D surface scanning technique (Handyscan 700,
Creaform, Lévis, Canada; 480,000 data points/s, measurement tem-
perature 21 °C) with a resolution of 0.05mm and an accuracy of
0.03 mm. This accuracy resulted in an error of less than 1/1000
of the neck geometry (Fig. 4). The 3D surface scans were fur-
ther edited to remove minor surface irregularities which occurred
during the scanning process (spatial filter; Geomagic Studio, Geo-
magic, Morrisville, NC, US). The male stem taper geometries of the
Accolade and Corail were additionally acquired using a tactile co-
ordinate measuring machine to increase accuracy (1.7 pm; Crysta
Apex S 574, Mitutoyo Germany, Neuss, Germany).

The influence of three different taper designs was determined
based on a round proximal stem geometry (@=14mm): a 12/14
taper, a V40 taper and a long 12/14 taper (Fig. 3, Table 1). Three
different proximal stem designs consisting of the Accolade (oval),
the Corail (rounded square) and a custom design with a round
proximal geometry, all with a 12/14 taper, were used to investigate

Fig. 4. Setup for the digitalization of the prosthesis geometry using a 3D scanner.

the influence of proximal stem design (Fig. 3). The use of custom-
manufactured models rather than original prostheses was chosen
to facilitate the systematic analysis of the influence of geometric
differences in the taper and proximal stems regions while neglect-
ing factors such as elastic modulus, taper surface structure or taper
angle.

2.2. Computation of flexural rigidity

Flexural rigidity is commonly determined based on either the
diameter of the distal taper contact [27-29,36,37] or the geomet-
ric taper centroid diameter [38] for a specific position and a fixed
diameter. In the present study, a continuous calculation of rigidity
was performed along the taper axis for the taper and neck region.
Hence, the calculation of the flexural rigidity is carried out in lat-
eral and central direction at every single position of the whole ge-
ometry of the prosthesis (Fig. 5). To achieve this, the CAD models
were converted into surface models and post-processed with Mat-
lab (2017b, The Mathworks, Natick, MA, US). Surface geometries
were then converted into a point cloud. Starting at the proximal
taper plane, the local second moment of inertia was determined
for any cross-section with an increment of 0.5 mm moving in distal
direction along the taper axis. The local second moment of inertia
(I) was then multiplied by the elastic modulus (E) to report the
flexural rigidity (FR) of the proximal stem region. The elastic mod-
ulus used for the models was 120 GPa. To investigate the influence
of material, a FE model was also created for the oval V-40 model
using the material properties of TMZF (elastic modulus: 85 GPa),
the material from which the Accolade stem is made.

2.3. Relative motion measurement

Prior to testing, each stem was cleaned and assembled quasi-
statically (F=2000N) with a metal ball head along the taper
axis (ISO 7206-10; Z010, Zwick/Roell, Ulm, Germany). For the V40
taper, LFIT V40 heads (Stryker), for the 12/14 tapers, M-SPEC Metal
heads (DePuy Synthes), both CoCr29Mo (@ 36 mm) were used.
The distal part of the models was fixed in a three-jaw lathe chuck
(ZE-6353-125, Mack Werkzeuge, Sontheim Brenz, Germany) and
inclined according to physiologically loading angles (10° adduction
and 9° flexion; ISO 7206-4). Force-controlled cyclic loading (1Hz)
was applied via a PE piston (22 mm contact diameter) to the head
using a servo-hydraulic testing machine (1Hz; MiniBionix II, MTS,
Eden Prairie, MN, US). A total of three activity levels were simu-
lated that reflect situations of daily living [25]: Fj;1 =230-2300N
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Table 1
Geometrical properties for the 5 custom-made models (n=3). The reference cross sections of the neck geometry were taken 20 mm
distally from the proximal taper surface (according to Fig. 1).

Specimen Neck geometry Male taper geometry Head
Type

P Cross section a[mm] b[mm] Proximal @ [mm] Angle [°] Length [mm]  Type

12/14 Round 12.98 - 12.550 + 0.001 2.822 +£0.002 112 M-Spec (DP)
V40 Round 13.05 - 11.300 + 0.001 2.828 + 0.001 10.8 LFIT V40 (ST)
L12/14 Round 1243 - 12.550 + 0.002 2.823 £0.003 137 M-Spec (DP)
12/14 Oval 12.60 11.50 12.550 + 0.001 2.824 £ 0002 112 M-Spec (DP)
12/14 Rounded square  13.23 9.30 12.550 + 0.001 2.827 £ 0.003 112 M-Spec (DP)
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Fig. 5. Calculation of the flexural rigidity for the taper and neck geometry. A 3D-scan of the prosthesis was obtained (a) and the corresponding point cloud derived (b). The

precise geometry of the taper region was further gathered by a coordinate measuring machine. The flexural rigidity was calculated for each cross section of the prosthesis

starting from the proximal plane.

(walking, 1h), F,=230-4300N
Fi3=230-5300N (stumbling, 0.5 h).

The relative motion between the head and the stem component
was measured contactless, utilizing six eddy-current sensors (Type
ES05(78), MicroEpsilon, Ortenburg, Germany, resolution 50nm).
The sensors and corresponding reflectors (St37) were mounted into
two holders that were rigidly fixed to the head and the models.
The distance between sensors and their respective reflectors was
continuously measured (Fig. 6a). Upon loading the corresponding
relative motion was captured as a change in distance (measure-
ment range 500 um). Relative motion at the head center was com-
puted using a coordinate transformation. Further details on the
measurement setup are described elsewhere [39]. All measure-
ments were performed within a temperature-controlled chamber
containing four PID-controlled ceramic heat radiators (30 + 0.1 °C;

(stair climbing, 0.5h) and

PE piston =—>

Measurement range

Quantrol LC100, Jumo, Fulda, Germany). After testing, the pull-off
forces of the heads were measured according to ISO 7206-10.

Testing of original Corail and Accolade prostheses was also per-
formed to validate the TMZF FE-model of the Accolade proxi-
mal stem and taper as well as the manufactured model of the
Corail proximal stem and taper. The distal parts of the stems were
fixed at the resection plane using custom-made prosthesis-specific
mounts (Fig. 6b), designed in accordance with ISO 7206-6.

2.4. Micromotion

When using non-destructive methods, it is only possible to de-
termine the relative motion between the head and the stem, which
is a combination of elastic deformation and micromotion. Micro-
motion can consequently be determined by subtracting the elastic

Sensor reflector y

s/ensor

Eddy current

Fig. 6. Experimental setup used to measure relative motion between the head and stem. Six eddy current sensors are placed around the taper junction (a). Custom-designed
holders were used to mount the prostheses in accordance with ISO standards (b).
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X = Lateral axis

Yy = Central axis

z = Taper axis

Ax = Lateral rocking motion
Ay = Central rocking motion
Az = Pistoning motion

Aa = Central toggling

AB = Lateral toggling

Ay = Screwing

Fig. 7. Notation for the directions of the measured relative motion at the head-stem
junction with respect to a coordinate system fixed at the head center.

deformation from the measured relative motion. Relative motion
was therefore measured for “near”-monoblocks of two of the mod-
els investigated (S12-14 round and V40 round). “Near”-monoblocks
were produced by assembling respective heads and models with a
very high axial assembly force of 70 kN (SCHENK, PC400M, Darm-
stadt, Germany). Higher forces could not be used since they caused
plastic deformation of the models. Measured relative motion of the
“near”-monoblocks consist nearly of the pure elastic deformation.
After subtraction of the elastic deformation, pistoning, lateral and
central rocking micromotion were combined to the total transla-
tional micromotion (Euclidean norm), while total rotational micro-
motion is described by the norm of screwing, central and lateral
toggling (Fig. 7).

2.5. Finite element model

A total of 10 numerical models were created (ABAQUS 6.14-2,
Dessault Systémes, Vélizy-Villacoublay, France), 5 of those repre-
senting the modular head-stem taper junction with the individ-
ual stem-adapter designs (Fig. 3) and 5 to simulate corresponding
monoblock versions analogue to the experimental study. In addi-
tion, the V40 models were simulated with two different material
properties (Ti6Al4V: 120 GPa, TMZF: 85 GPa).

Each model consisted of the head and the proximal stem model
as well as a simplified structure of the holders using beam el-
ements (10 x 10mm) for improved computational performances.
The model was orientated analogue to the experimental setup ful-
filling the ISO requirements. Sinusoidal load was applied over two
cycles for each activity level due to the quasi-static simulation.
Tangential behavior was used to discretize the interaction includ-
ing finite sliding with a penalty friction formulation and a friction
coefficient of n1=0.3. All implant geometries were meshed with
linear hexahedron elements (C3D8R). The contact area of the male
taper (slave surface) was meshed with a seed size of 0.4 mm and
of the female taper (master surface) with 0.8 mm. An increased
mesh size was chosen for areas without surface contact. An analy-
sis of convergence was performed to ensure a suitable mesh size.
Monoblocks were modelled by rigidly combining the head and
stem using a Boolean function. The ball head was translated on
the male taper by the amount of secondary seating obtained from
its corresponding modular model. Head (CoCr29Mo: 210 GPa) and
stem material were reassigned to match their original geometries
as before merging.

2.6. Statistical analysis

Pull-off force, total translational and rotational relative motion
were compared statistically between activity level and stem or ta-
per design, using a parametric analysis (one-way analysis of vari-
ance (ANOVA)) and post hoc test (Tukey), or a non-parametric
analysis (Kruskal-Wallis) with the probability of a Type I error set

to oo =0.05 (SPSS Statistics 23; IBM Corp., Armonk, NY, US). All re-
sults are reported as mean and standard deviation (SD).

3. Results
3.1. Flexural rigidity of the taper and the neck region

The maximum taper rigidity for the 12/14 round taper was
computed to be 188 Nm?, whereas the long version of the 12/14
round taper had a slightly greater taper rigidity of 194 Nm?2.
(Fig. 8a). The V40 round male taper showed a maximum com-
puted taper rigidity of 126 Nm2. All three taper designs showed
the same distribution of flexural rigidity within the distal neck
region. For the different stem geometries, taper rigidity was con-
stant with a magnitude of 188 Nm? since the taper was similar
for all geometries (Fig. 8b). The round proximal stem cross sec-
tion showed similar flexural rigidities in both bending directions.
An oval neck region led to more flexible properties in lateral di-
rection compared to the central bending direction (—70%). Models
with rounded square neck region proved to be most flexible in lat-
eral direction when compared to the other models (—100%). The
lower lateral flexural rigidity of the neck geometry was consistent
with higher displacements observed in the finite element model
(Fig. 9).

3.2. Total translational relative motion

Increasing activity levels caused a marked increase of total
translational relative motion (Table 2; p < 0.001). Total transla-
tional relative motion of the 12/14 round model during walking
was 16 + 0.6um. For the smaller V40 round model, an increase
to 19.2 £ 0.9 pm was seen (p < 0.001; all activity levels). The in-
creased taper length of the long L12/14 round model led to a sig-
nificant increase of total translational relative motion compared to
the reference taper (22.9 + 0.4 um; p < 0.001; all activity levels).

The rounded square neck geometry showed an enlarged to-
tal translational relative motion compared to the round geometry
(17.3 £ 1.1 pm; p < 0.001). A similar difference was found for the
oval neck design (18.3 &+ 0.2 pm; p < 0.001; all activity levels).

The results for the original Corail stem and the corresponding
custom-made model (12/14 rounded square) showed slightly lower
relative motion for the original stem during walking (15.0um vs.
17.3pm). The numerical results matched the experimental results
within 10% tolerance. For the activity level stumbling, a difference
of only 0.05% was achieved (Table 2).

3.3. Total translational and rotational micromotion

Total translational and rotational micromotion in the junction
(without elastic contribution of the neck) was higher for increasing
activity levels (Fig. 10). For the 12/14 round reference model a total
translational micromotion was computed within the range of 2.2-
2.8 pm (walking-stumbling) and 0.003-0.010° for rotational mo-
tion. Similar amounts of total micromotion were computed for the
12/14 rounded square and 12/14 oval model (2.2-2.8 pm; 0.004-
0.010°). Prolongation of the taper (L12/14 round) led to increased
total translational and rotational micromotion compared to the ref-
erence taper (2.3-3.0 pm and 0.005-0.012°). Models with V40 ta-
per design exhibited increased total translational and rotational
micromotion in the range of 2.9-4.5 pm (V40 round) and 3.3-
5.2 pm (V40 round TMZF, Fig. 10a-b), respectively 0.002-0.016°
and 0.006-0.022°

3.4. Rocking and pistoning micromotion

By separating the total translational micromotion into rocking
motion (radial to the taper axis) and pistoning motion (in axis of
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Fig. 9. Finite element model of the proximal neck and taper region for the 12/14 rounded square (a) and 12/14 round neck geometry (b). The lower lateral flexural rigidity

is highlighted by higher displacements in the neck.

Table 2

Experimentally and numerically determined relative motion of the different models.

Activity level [N]

Relative motion [pum]

12/14 round L12/14 round V40 round 12/14 oval 12/14 rounded 12/14 round V40 round
square “near”-Monoblock “near”-Monoblock
Exp. Num. Exp. Num. Exp. Num. Exp. Num. Exp. Num. Exp. Num. Exp. Num.
FL1 230-2300 161+06 174 229+04 194 189+09 199 183+0.2 205 173+11 18.8 14.7 16.5 17.2 17.7
FL2 230-4300 331+08 337 463+10 376 395+11 382 374+07 398 36.6+04 367 30.0 325 359 349
FL3 230-5300 415+08 417 581+14 466 498+13 471 472+10 494  46.0+03 455 378 40.5 448 435

Total Translational Micromotion [um]

Specimen Group

[ s12/14 round

[ V40 round

B V40 round TMZF
Il L12/14 round

[ S12/14 square
W S12/14 oval

230-2300

Walking

Stair Climbing

230-4300

Activity Level [N]

230-5300
Stumbling

Total Rotational Micromotion [deg]

o
o
P

o
o
T

Specimen Group

[ s12/14 round
[ V40 round
B3 V40 round TMZF
Il L12/14 round
[ S12/14 square
Il S12/14 oval

230-2300
Walking

230-4300
Stair Climbing

Activity Level [N]

Fig. 10. Total translational (a) and rotational (b) micromotion of the different models for the three activity levels.

230-5300
Stumbling
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Specimen Group

] S12/14 round

O v40 round

V40 round TMZF
M L12/14 round

[ S12/14 square
W S12/14 oval

Lateral Rocking Micromotion [um]

230-2300
Walking

230-4300
Stair Climbing

Activity Level [N]

230-5300
Stumbling

o

_l[ Specimen
0 s12/14 round
& v40 round
4| B8 V40 round TMZF
M L12/14 round
[ S12/14 square
M S12/14 oval

T

Pistoning Micromotion [um]

51— ‘
230-5300
Stumbling

230-2300
Walking

230-4300
Stair Climbing

Activity Level [N]

Fig. 11. Rocking (a) and pistoning (b) micromotion of the different models for the three activity levels.

the taper) smaller taper diameters exhibited an increase in rock-
ing motion of about 300% for all activity levels. Taper length or
neck geometry did not show any differences in rocking micromo-
tion (Fig. 11a).

Pistoning motion was observed in the range of —2.2um to
—2.8 pm for the models using the 12/14 taper designs (12/14
round, rounded square, oval). Long tapers showed a slight increase
in pistoning micromotion (—2.3 pm to —3.0 pm). No effect of re-
duced taper diameter size (V40 round) on the amount of piston-
ing micromotion could be detected during walking. Pistoning mi-
cromotion increased by 15% compared to the reference model for
higher activity levels. Lower elastic modulus resulted in an in-
crease of pistoning micromotion of approximately 20% compared
to the same taper design with the conventional material properties
(Fig. 11b).

3.5. Taper strength analysis

The pull-off force for the models with the 12/14 taper and the
long 12/14 taper design was similar (1750 + 238N re. 1679 + 97N;
p=1.00). The V40 taper design showed a slightly elevated pull-
off force (2025 + 115N) compared to the 12/14 taper designs
(p=0.238).

4. Discussion

Current research suggests that in-vivo material loss within
modular taper junctions is attributable to mechanically assisted
crevice corrosion (MACC; [40]). MACC can occur if two prerequi-
sites are fulfilled: the presence of fluid in the body and micromo-
tion between two mating surfaces [41]. The micromotion between
the two surfaces can damage the passivation layer of the metal sur-
face and leave the surface temporarily exposed to the surrounding
body fluids. As a consequence, the prevention of micromotion is
the key concept to minimize the impact of MACC [42].

Low-elastic modulus titanium composite stems (e.g. TMZF)
were introduced to decrease stress shielding of the bone and
improve femoral remodeling [43]. This beneficial characteristic,
however, comes with drawbacks: the decreased elastic modulus
may foster the expression of micromotion [36,39,44], which is con-
firmed in the present study. Another drawback of TMZF is the lim-
ited wear resistance under loading [45]. This is further supported
by reports, showing less clinical adverse reactions for Ti6Al4V
11/13 tapers vs. TMZF V40 [30]. For bi-modular prostheses, TMZF

stems in combination with CoCr neck adapters were shown to ex-
hibit extensive surface damage and CoCr material loss, again sup-
porting that material is crucial for early implant failure [46,47].

The 30% lower elastic modulus of TMZF (TMZF with 85 GPa vs.
Ti with 120 GPa) resulted in an increase of 15% in translational mi-
cromotion and of 30% in rotational micromotion (toggling). Sepa-
ration of the translational micromotion showed that the influence
of lower modulus of elasticity on micromotion was most promi-
nent for pistoning motion (+30% vs. Ti6Al4V; Fig. 10) while rock-
ing motion was not as extensively expressed (<5%). These findings
corroborate with other publications reporting twice the amount of
pistoning motion for TMZF compared to Ti at a loading amplitude
of 3200N (Accolade I: 12.5um vs. Accolade II: 6.6 um; [48]). The
smaller micromotion values in the present study are due to the
compensation of the elastic component from the relative motion
by using numerical simulations.

Fretting corrosion within taper interfaces is a multifactorial
problem that is affected not only by material choice, but also
patient-specific parameters, handling by the surgeon and implant
design [5,49]. The later one has been addressed in various reports,
identifying the femoral stem taper flexural rigidity as a major fac-
tor for fretting corrosion [27-29,36]. In a retrieval analysis Arnholt
and colleagues showed for total knee arthroplasties that the flex-
ural rigidity of female tibial tapers was negatively correlated with
fretting corrosion scores, while patient factors such as implanta-
tion time, patient weight and age showed no influence on corro-
sion [36]. Moreover, Higgs and colleagues showed in a retrieval
study that stiffer tapers (range: 84.5-402.6 Nm?) exhibit less fret-
ting damage, while the taper size (C taper vs. V40) had no effect
on head fretting [29]. In contrast, the more flexible 11/13 taper
sizes have been reported to show significantly higher taper fret-
ting scores compared to 12/14 sizes even for a single manufac-
turer [30]. Consistent with these findings, the rocking micromo-
tion was more than 300% higher for the V40 taper design com-
pared to 12/14 sizes in the present study. The same trend can
be observed for the toggling motion (+30% rotational micromo-
tion [50]). Toggling can presumably lead to a cyclic opening and
widening of the gap and subsequent fluid ingression [42] as well as
severe plastic deformation and wear [51]. Increased corrosion has
been found at the distal section of the taper region, possibly due
to a combination of fluid ingress and enlarged bending moments
[30], resulting in some cases even in catastrophic failure of the im-
plant due to plastic deformation and abrasive wear of the taper
surface [5,46].
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Reduced taper length (mini vs. standard taper) was found to
have a negative impact on fretting corrosion risk [52]. This finding
is supported by the lower rocking motion observed for the long
version of the 12/14 taper (—10%). The larger contact area in the
long version might limit the bending loads via geometrical con-
straints and increased flexural rigidity. The higher pistoning mo-
tion for the long taper version might be explained by the reduced
contact pressures as a consequence of the extended contact area.
However, in this study, no differences in pull-off force were no-
ticed that might be caused by lower contact pressures and higher
contact areas for the long taper design compared to regular sized
tapers. Fretting scores may vary to a great extent even for identical
taper types due to variations in taper length, as they are adapted
by manufacturers (e.g. range for 12/14 tapers: 10.8-14.2 mm; [7]).
In the case of short tapers, the head-stem taper axes might be
tilted due to higher bending moments resulting in an ongoing head
rocking. In contrast, the increased pistoning of long tapers might
be of secondary importance as no bending moments and widen-
ing of the gap are induced during translational motion. Whether
a head-taper interface is more likely to be negatively affected by
explicit head rocking or pistoning is still unclear. Retrieval studies
show extensive damage pattern on opposite areas of the taper sug-
gesting such a toggling effect [50]. In contrast, only minor differ-
ences between round, oval and rounded square designs regarding
toggling motion were observed even for large variations in flexural
rigidity of the neck designs. This could be different for heads with
high offsets due to the higher bending and friction moments. Con-
sidering the current trend towards smaller and less stiff implants
[10], the impact of bending moments might be even more crucial.
On the other hand, the transition from round to rounded square
neck geometries also offered advantages by reduction of the im-
pingement risk, e.g. the original Corail neck vs. AMT Corail neck
resulted in an increase of +10° in flexion and +18° in extension
[12].

Micromotion increased significantly with higher activity level,
indicating that patients with a high BMI are more affected by mi-
cromotion and possible implant failure [49]. Earlier studies indicate
that fretting corrosion is directly linked to the amount of micro-
motion and contact pressure even if no critical value for micro-
motion can be derived [53]. The contact pressure within the taper
junctions of the present study was initiated with 2000 N of assem-
bly load for all specimen. Interestingly, in some cases, micromotion
did not increase with higher activity levels (cyclic load of 5300 N),
which might be explained by an additional seating of the head on
the taper followed by less vulnerability for head toggling. If physi-
ological friction moments are present, the prevalence for head tog-
gling might even further increase and be expressed more clearly
for taper junctions with lower contact pressures. In consideration
of the fact that BMI and total number of performed THAs are in-
creasing for most countries, the significance of micromotion and
taper fretting could increase further.

The multifactorial nature of the problem is highlighted as con-
tradicting reports have been published about the influence of sin-
gle factors. Some studies did conclude that lower flexural rigidity
was only found for specific material combinations [32,54] or could
even lead to reduced damage scores [38]. These diverse findings
[55] highlight the importance of isolated investigations of design,
handling and patient-specific factors on the occurrence of MACC
[8]. Retrieval studies typically address a mix of various factors such
as geometry, surface morphology and material issues in combina-
tion with unknown parameters such as assembly and loading. The
approach presented in this study using custom-made parts is in
contrast well suited for the investigation of isolated parameters.

A limitation of the present study is the simplification to the
proximal geometry of a prosthesis and minor deviations from the
micro-grooved structure of the tapers used by the manufacturers.

Although geometrical parameters were kept identical to the origi-
nal protheses, manufacturing imperfections can have a significant
impact on the quality of the taper junction [56]. This is also im-
portant to consider as manufacturing tolerances cannot be elimi-
nated during an experimental study. Accordingly, those deviations
cannot be considered in the numerical simulation as well as the
precise material properties. Those values were obtained from lit-
erature, while variations in elastic modulus are known to exist for
titanium alloys. Moreover, the simulations conducted in this study
considered real-monoblock approaches. The experimentally tests
were based on “near”-monoblocks as the crevice between the male
and female taper depends on the taper angle difference.

5. Conclusion

In an attempt to increase impingement free range of motion,
modern taper designs show a tendency to be thinner and shorter
as traditional ones. This change reduces the rigidity of the modular
taper junction [10], which has early been identified as a potential
cause of fretting [27,33]. While the size, geometry and the material
of the taper junction are not the only relevant factors contribut-
ing to risk of fretting corrosion [57], strong evidence has been pre-
sented that those factors are of high importance for the observed
micromotion [5,8,42]. The influence of neck geometry as a risk fac-
tor was rather secondary in the present study. Favoring rounded
square neck designs instead of smaller taper sizes could be an al-
ternative to increase range of motion without enlarging the risk of
fretting corrosion. The use of more elastic materials might have the
similar effect as small tapers. Manufacturers should consider stiffer
taper designs to avoid early implant failure.
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