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Total Hip Arthroplasty

Total hip arthroplasty (THA) is a procedure to restore the functionality of the hip
after trauma, osteoarthritis, or other diseases that prevent normal functioning of
the hip joint. THA is a successful procedure with pain relieve and hip function
restoration soon after surgery. The procedure has a survival rate of over 90% after
10 years of implantation and is in the Netherlands performed almost 30.000 times
a year [1].
During a THA procedure the joint is reconstructed by placing an acetabular cup in
the pelvis and a femoral stem in the femur (Figure 1). To place these parts, the
affected femoral head has to be removed and a cavity needs to be reamed out in
the intramedullary canal to create space for the femoral stem. Similarly, the
cartilage in the pelvis has to be reamed away in order to place the acetabular cup.
The femoral stem has a spherical head, and together with the acetabular cup this
acts as a ball and socket joint to restore the hip range of motion. This ball and
socket joint can consist out of different material combinations. The most common
material combination used is a metal head with a polyethylene cup (also referred
to as a metal on poly system). Other systems available are ceramic on poly,
ceramic on ceramic, or metal on metal.

Figure 1: Schematic of a total hip replacement. On the left the healthy situation,
and on the right a total hip arthroplasty in place, with a stem, head and cup.
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There are two different ways to fixate the implant to the bone: a cemented or an
uncemented fixation. Hence, the implant is fixated either using bone cement, or
the implant is inserted press fit into the bone, where the bone can grow in or
onto the surface layer of the implant.
The femoral stem can be a ‘monobloc’, which means the stem and femoral head
consist of a single part, or it can be a modular system. In the past decades the use
of a modular femoral system consisting of the stem and a separate head,
assembled using a tapered connection, has become common practice. Some
implant systems provide more modularity, by having a separate neck or adaptor,
which are all assembled using tapered connections. These modular parts are
available in different sizes and shapes, and offer more flexibility to the surgeon
intra operatively to restore the patient’s anatomy. For example, the head offset
can be adjusted to ensure a proper leg length and soft tissue tension after surgery.
Modular heads were first introduced in the 1970’s when ceramics were introduced
in hip arthroplasty. From then on the orthopaedic industry started using tapers
for joining modular parts for other material combinations as well. The
combination of different materials proved beneficial, as titanium is a more
suitable material for stems, due to their higher flexibility leading to a better
fixation. Cobalt chrome and ceramics, however, are better suitable for articulating
surfaces, as they are harder and less prone to wear.
In principle, the flexibility provided by modularity can also be incorporated in
monoblock implant systems. However, this requires a larger number of implants
to be available during surgery covering the ranges of femoral offset and
anteversion, to ensure the optimal component is placed. Using modular
components only one femoral stem is required, and once it is placed in the femur
adaptations can be made using different adaptors and/or femoral heads.
Another big advantage of modular systems arises when a revision surgery is
required, when for example the bearing interface is worn out. Usually this is the
polyethylene cup, but in some cases the femoral head can be damaged as well. In
this case it is not necessary to replace the whole implant system, but the femoral
stem can remain in place in the femur and only the femoral head, and
polyethylene cup need to be replaced. When a Monobloc system is placed, the
extraction of the femoral stem can result in substantial bone loss or even a
fracture of the femur. This can complicate the surgery, and may require a revision
implant system to restore the hip joint.

1
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Metal ion sensitivity

Although modular systems offer more intra operative flexibility, they also have
potential disadvantages related to reactions to the release of metal debris. These
reactions, also known as metal ion sensitivity, have been a subject of much
debate, particularly for implant systems with a metal on metal articulation.
Metal on metal implants have been shown to have significantly lower wear rates
than metal on polyethylene implants [2], with promising revision rates [3,4].
Therefore, in the early 2000’s metal on metal implants became popular for
younger and more active patients. Moreover, with the promising mid term results
for regular size (28 mm) metal on metal total hip arthroplasties, also large
diameter metal on metal total hip arthroplasties were introduced. Large diameter
total hip arthroplasties have additional advantages due to their increased head
diameter [5]. Increased head diameters have a larger range of motion before
impingement, as can be seen in figure 2. A larger diameter head also is less likely
to dislocate, because it needs to travel a larger distance to move out of the cup.

Figure 2: Larger diameter head (left) has an increased range of motion, as can be
seen in the top figures. Furthermore larger heads are less likely to dislocate due
to the larger travel, as can be seen in the bottom figures.
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However, in 2003 Clarke et al. [7] found that large diameter metal on metal
resurfacings produced more cobalt and chromium ions compared to 28mm
(regular diameter) implants. At this time the consequences were not fully
understood, other than that it may have long term toxicological effects. A few
years later, in 2006, Boardman et al. [8] reported the first case of a tissue mass as a
result of a metal wear debris particles. In 2008, Pandit et al. [9], was the first to
show a series of patients with pseudotumours, which they believed was a new type
of complication related to metal on metal resurfacings. They estimated the
incidence at 1% after 5 years based on 12 pseudotumour cases in 1300 resurfacings.
In some of these cases the patients were asymptomatic, which led to an
underestimation of the incidence percentage.

Pseudotumors are formed when there is a reaction to foreign materials like wear
particles from the metal implant, or polyethylene cup [10]. This reaction to the
wear particles forms granulation tissue, where the particles are encapsulated by
human tissue. This can lead to big lumps of soft tissue mass, called
pseudotumors, which can grow up to 200 mm in diameter [9]. The granulation
tissue destroys the bone [10], which can result in implant loosening.
Pseudotumours can form within a year, or can take many years, as shown by
Griffiths et al.[10]. Furthermore soft tissues, like muscles, can be affected by the
granulation tissue. Detecting these pseudotumors and damaged soft tissue can be
difficult, since soft tissues are difficult to see on X rays.
Although the volumetric wear was found to be less for metal on metal bearing
couples, the metal wear debris particles are an order of magnitude smaller than
polyethylene particles [8]. This smaller size results in a larger surface area
compared to the larger polyethylene wear debris particles. These smaller metal
wear debris particles cause reactions that were not seen after metal on
polyethylene joints [8]. Publications in 2008 and 2009 [9,11–13] linked high levels
of metal ions to excessive wear in metal on metal resurfacings. This was followed
by the recall of several resurfacing implant types [14].

The problems, however, were not limited exclusively to the articulating surfaces.
In 2012 Langton et al. found significant volumetric material loss at modular
junctions of large diameter THR’s, exceeding the wear at the bearing surface [15].
This was, however, not a new findings, since already in the early 1990’s, corrosion
had been reported as a potential disadvantage associated with the use of modular
components[16–18]. Corrosion at the taper interface can lead to increased wear
rates, and in extreme cases the wear at this junction can cause pseudotumors
[19,20]. Moreover, when too much material is removed from the taper, the

1
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strength of the neck is compromised, which in rare cases can lead to fractures of
the stem, as reported by Collier et al.[21], Gilbert et al.[22], and Morlock et al.[23].

Tapers and modularity

In order to better understand the processes leading to these clinical problems, it is
important to have a closer look at the mechanics of the modular taper connection

Taper mechanics

The taper connection used in THA’s is derived from the Morse taper, which was
developed for the machining industry to be able to quickly change tools in, for
example, a lathe. When the male taper part is tapped into the female taper,
compressive and frictional stresses arise that will keep the two parts fixed together
(Figure 3).

Figure 3: Schematic representation of taper extraction. With Fex the extraction
force, A the surface area, μ the coefficient of friction, the taper angle, and Pmax

the contact pressure at the taper surface.

The use of tapers is not standardized in the orthopaedic industry, leading to
differences in tapers mechanics between manufacturers such as the angle,
roughness or tolerances. These (small) differences can increase the risk of wear at
the taper junction, and thereby increase the risk of implant failure. Mixing and
matching of components of different implant manufacturers is therefore not
recommended, and can cause failure of the implant system[24]. Moreover, Nassif
et al. [25] performed a retrieval study that showed that thicker tapers with longer
contact lengths had higher fretting scores. Three taper designs were investigated,
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with contact lengths varying from 12.4 mm to 19.0 mm, and taper angles varying
from 4.0° to 6.0°. There is a trend towards shorter contact lengths and smaller
tapers, which allows for a larger range of motion and a lower chance of
impingement [15]. Impingement occurs when the femoral neck hits the
acetabulum, at the end of the range of motion, as can be seen in figure 2. Shorter
contact lengths and smaller tapers result in smaller diameter tapers and smaller
contact surface areas, both of which result in higher contact pressures, and can
lead to increased amounts of wear [26].

Fretting and corrosion

Fretting is a wear phenomenon caused by mechanical factors, such as normal
loads combined with sliding motion, and chemical processes, such as dissolution
and repassivation[27]. When two surfaces are in contact, and they are rubbed
against one another in a cyclic way, fretting wear can occur. Due to the rubbing of
the surfaces the metal oxide layer is abraded, which allows ionic dissolution and
the release of the metal oxide debris particles. There is an almost instantaneous
oxide repassivation, where a new metal oxide layer is formed. Due to the cyclic
loading this new oxide layer is destroyed again, the process is repeated, and more
ionic dissolution and metal oxide debris release takes place. During these cycles,
changes in surface potential are observed. During the abrasion the surface
potential drops, and returns to the baseline value when the abrasion stops. The
surface potential has a direct effect on the metal oxide layer and the coefficient of
friction. Locally, the coefficient can change over time, affecting the fretting wear
process.
Fretting can lead to cold welding, when the components are fused together. This
has been observed in the modular hip joint [28,29], the head in some cases was
fused to the stem, which led to the revision of the total implant system rather
than a revision of just the head.
Depending on the material combinations and the environment the material
couple is placed in, different types of corrosion can take place, which can
accelerate the wear process. Galvanic corrosion processes can arise when the taper
junction consists of dissimilar materials [30]. The two different metals will act as
anode and cathode, and the corrosive process of one of the metals is accelerated
while the corrosive process of the other metal is slowed down or even stopped.
Crevice corrosion can be caused by small crevices that are present as a result of
surface irregularities, or machining marks. These crevices enable fluid
penetration. Due to the loading the metal oxide layer is removed, and the
underlying metal oxidizes spontaneously. This reduces the concentration of oxide

1
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in the crevice fluid, and ultimately raises the concentration of free metal ions. The
reactions that follow result in a hydrochloric acid solution with a very low pH.
When all free oxygen is eliminated from the solution, the metal will lose its
passive film, which in combination with the acidic solution increases the
corrosion rate[18]. This process is called mechanically assisted crevice corrosion
(MACC) and is accelerated by the fretting process.

Taper testing

More insight into the mechanics behind fretting wear at the taper junction can be
gained by experimental testing. In such experiments, hip implants can be
mounted in a testing machine, in which it can be dynamically loaded for millions
of cycles. After this test the implant can be disassembled to quantify the wear.
These types of experiments, however, have several drawbacks that limit the
number of parameters that can be studied. First of all, since experiments have to
be run for millions of cycles in order to produce some wear, they are very time
consuming and expensive. Second, depending on the type of machine, the
complexity of the loading configurations that can be applied is limited, with the
simplest configuration, which is commonly applied, only allowing for a linear
applied load. A more variable load direction will be more aggressive to the
interface as a larger area of the taper is loaded. Third, wear experiments cannot be
interrupted for measuring the wear volume at a certain time point, as restarting a
stopped experiment would influence the results. Therefore, to track wear
progression over time, separate experiments have to be performed for each
particular time point. Fourth, when the assembled parts are disassembled, the
taper interface might get damaged and thereby give less accurate results.
Another approach to gain more insight into taper mechanics, without the
previously mentioned drawbacks, would be to use the finite element method. The
finite element (FE) method can be used to obtain an approximate solution of the
problem. Using FE models, boundary conditions, loading conditions, and material
properties can easily be varied to study their effect on stresses and strains. To
accomplish this a simplified model is created that is discretized into a mesh of
small connected elements for which output quantities can be approximated.
Finite element models have been used in total hip arthroplasty since the 1980’s
[31]. The early finite element studies were used to study the stresses in the
implant, cement mantle and bone for different implant parameters. This data
could then be used to minimize stresses in critical locations by optimizing the
implant geometry.
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Due to increasing computational power over the past decades, nowadays more
complex problems can be solved. Geometries can be modeled more accurately, as
larger numbers of elements can be used without sacrificing calculation time. In
recent years this has led to a number of finite element studies that investigated
parameters that affect the stresses and wear potential in total hip arthroplasties.
After Langton et al. [15] showed that wear at the taper junction was more
significant than wear at the bearing interface, more FE studies started focusing on
the taper junction. These studies varied parameters such as head size [32–34],
assembly force [34–36], taper surface finish [37], and taper size [35,38]. More
specific, Elkins et al. [34] showed that an increased diameter resulted in improved
stability, but contact stresses and computed wear increased at the taper junction.
Furthermore they saw a small decrease in trunnion computed wear with an
increase in impaction force. Donaldson et al. [38] found that the combination of
mismatch, offset and body weight resulted in increased computational fretting
wear, but found no significant effect due to impaction force.
When simulating contact problems using finite element models, the accuracy of
the predicted outcome is dependent on quality of the representation of the
frictional contact mechanics. Parameters in this contact situation include the
contact algorithm, frictional model, and the coefficient of friction. The key
parameter defining the mechanical response at the contact interface is the
coefficient of friction. Even though this is a key parameter, several FE studies have
used a wide spread in used coefficients of friction, ranging from 0.15 to 0.55[34,38–
41].
Most of the FE studies use a FE model in which the effect of cyclic wear is not
present, and the geometry does not change as a result of wear. The geometry
change following taper wear may have a significant effect on the wear progression.
Furthermore, only by incorporating these changes, an actual wear depth and
volumetric wear can be calculated. As described in previous work [42], an FE
model without geometry updates to account for wear cannot be validated, and
their results in terms of fretting potential may be inaccurate. Currently, only a few
studies have included geometry updates to give a more accurate estimation of the
wear depth and volumetric wear [37,43–45].

Joint loading

Fretting wear is caused by a compressive load at the taper interface and a cyclic
motion. This cyclic motion is caused by the loading of the hip joint. During daily
activities the hip is loaded and unloaded during every step, as can be seen in

1
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figure 4. Figure 4 shows a single walking cycle, in which the peak forces can be
seen right after heel strike and just before toe off. After toe off the loads are
reduced until the next heel strike, when the cycle repeats.

Figure 4: Hip force during a single walking cycle.

Due to this loading and unloading scheme the head moves with respect to the
stem. In this thesis the taper interface between a femoral stem and taper adaptor
is studied. A femoral head can be placed onto this taper adapter to complete the
total hip implant system. In figure 5 the displacement of the adaptor under
loading is visualized in a cross section at the taper junction. In green the adaptor
is shown in the unloaded position and in blue when a load is applied. This
displacement results in micromotions between the stem and adaptor.
The loading of the joint is also affected by the larger diameter heads used. Bishop
et al. measured friction moments for several bearing designs and found that
metal on metal bearing couples resulted in the highest moments. More
specifically larger diameter metal on metal heads had higher friction moments
compared to smaller diameter metal on metal heads[46]. Langton et al. came up
with a horizontal lever arm (HLA) which, when larger, correlated with higher
taper wear [15]. The HLA is defined as the maximum possible (horizontal) lever
arm acting on the taper, measured in the anteroposterior plane. The HLA distance
is increased by a combination of a larger head offset, larger bearing diameter, and
the neck shaft angle. Suggesting that increasing these parameters would increase
the amount of taper wear.
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Figure 5: Hip implant assembly with stem (red) and adaptor in unloaded
(green), and loaded (blue) configurations. Due to this loading micromotions
occur at the taper interface.

Outline of this thesis

In this thesis we aim to accurately simulate the mechanical interactions at taper
connections, to get a better understanding of the wear at the taper junction of a
modular total hip implant. For this purpose, we focus on the large diameter head
Biomet Magnum implant system. Using this model, parameters that have a
significant effect on the wear can be identified, which can help in better implant
selection, implant design, and improved surgical procedures.
In Chapter 2 an experimental set up is presented in which the coefficient of
friction at the taper junction could be measured. There is a large spread in
coefficients of friction in existing literature. Because the coefficient of friction is
an important parameter in contact simulations using the finite element analysis,
this study was used to get a coefficient of friction as accurately as possible.
A finite element model in which a wear score was developed based on Archard’s
law, was combined with experiments in Chapter 3. Although similar predicted
wear patterns could be matched to retrievals, and the micromotion patterns
agreed with the experimental wear patterns, there was a discrepancy between the
predicted wear score and the measured volumetric wear.

1
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Adaptive meshing was included in the FE model in Chapter 4. Using this adaptive
meshing the progression of wear over time and the volumetric wear can be
calculated. This study proved that adaptive meshing results in more accurate wear
predictions than simulations using a single step, without mesh adaptations over
time.
In Chapter 5 the effect of manufacturing tolerances on the taper wear is studied.
Manufacturing tolerances in the manufacturing of the tapers lead to a mismatch
between the different components. This mismatch has an effect on the contact
pressures and micromotions at the taper interface, and thereby on the wear
progression.
Musculoskeletal modeling was combined with the finite element model in
Chapter 6. Musculoskeletal modeling can be used to extract patient specific
muscle and joint loads. These loads can be used to apply more realistic joint loads
to the finite element model, which can lead to more accurate wear predictions.
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CHAPTER 2

I

Modularity in total hip arthroplasty is used widely to improve intraoperative
flexibility and to facilitate restoration of the joint’s natural biomechanics.
Modularity also significantly reduces the inventory associated with multiple
size/offset compared to a monoblock system. However, some recent reports have
implicated the taper junction between the stem and femoral head as a possible
source of wear, particularly when using larger head sizes and in some cases
leading to early failure of the reconstruction [1,2]. Wear at the taper junction is a
result of a mechanically assisted (fretting) crevice corrosion [3], which in rare
cases has been associated with adverse tissue reactions and loosening of implants
[4].
The development of and severity of taper fretting corrosion depends on a large
number of factors related to design, surgical technique and patient. Examples of
these are head size [1], taper mismatch [5], implant alignment [5], assembly
impaction [6], and intraoperative taper cleanliness [7], but also taper length and
surface finish [8]. Taper surface finishes can generally be divided in either
polished or micro grooved tapers [9].
The influence of these numerous factors on the taper fretting corrosion can be
investigated in an experimental set up, but this can be costly and time
consuming. An alternative method is the use of the finite element (FE) analysis to
simulate the wear potential of the taper junction.
When simulating fretting corrosion, the accuracy of the FE analysis depends on
the quality of the representation of the frictional contact mechanics at the taper
head junction. Parameters that can be used for the contact situation include the
adopted contact algorithm, frictional model, and the coefficient of friction. The
key parameter defining the mechanical response at the contact interface is the
coefficient of friction. Although several FE studies previously investigated fretting
at the taper junction, there is a remarkable variation in the coefficients of friction
being used, ranging from 0.15 to 0.55 [5,10–13]. In other fields, ranging from
dentistry to industrial purposes, friction coefficients for similar material couples
have been reported ranging from 0.3 to 0.8 [13–18]. The variation in coefficients of
friction may be due to differences in material composition or surface treatment,
but the frictional behavior may also vary with contact pressure, which can become
quite large during taper assembly [10].
The choice of coefficient of friction to be used in FE analyses has a significant
influence on the simulation of micromotions [19] and contact pressures, and
therefore on the simulation of fretting wear. In an exploratory study with an FE
model of the taper junction subjected to an ISO 7206 6:2013 load [unpublished
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data], we varied the coefficient of friction from 0.15 to 0.5. Our results indicated
that by increasing the coefficient of friction from 0.15 to 0.5, the average
micromotions decreased up to 61%, and the average contact pressures acting on
the taper surface decreased by 39%. This demonstrates the importance of
determining the correct coefficient of friction for a specific implant system.
In the current study we determined the static coefficient of friction for two types
of titanium on titanium stem adaptor couples, using actual cut outs of the final
implants, ensuring that the coefficient of friction was determined for the “true”
implant material and surface finish. Experiments were performed at various
normal loads to investigate the possible effect of contact pressure on the static
coefficient of friction.

Figure 1. Taper types: left type 1, right 12/14

M

The specimens used for the coefficient of friction experiments were sectioned
from Magnum Taperloc Type 1 and 12/14 taper couples (Biomet UK Limited,
Bridgend, United Kingdom), made from Ti 6Al 4V alloy. The Type 1 taper has a
taper angle of 4° and a polished surface finish, while the 12/14 taper has a taper
angle of 5°42’30” and a micro grooved surface finish (Figure 1). The adaptors of
both taper types have a polished surface finish.

2
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Using wire electrical discharge machining (wire EDM), specimens were sectioned
from the stem and adaptor at the system specific taper angle to ensure that a
normal load, perpendicular to the taper surface, could be applied during the
experiments (Figure 2). The adaptor parts were cut out with a contact surface area
of 4 x 4 mm, while the taper parts were cut out at larger dimensions, and acted as
the basis for the experimental set up.

Figure 2. Cut out parts used in the experiments

The two parts were placed in a fixture (Figure 3) and aligned by adjusting the
height of the stem part, until an optimal fit was noticed. This was done using
backlight where two observers ensured the shape of the strip of light between the
two parts was parallel. Due to the tapered shape of the components incorrect
seating could easily be identified. The coefficient of friction was tested at normal
loads of 400N, 800N, 1600N and 4500N, representing contact pressures of 25, 50,
100 and 280 MPa. This range of contact pressures was based on previous FE
simulations of the taper junction, in which the coefficients of friction were varied.
The normal load was applied by tightening a screw thread that was attached to a
force transducer. The adaptor part was embedded in a metal clamp to prevent
bending of the part. For each normal load level, 5 specimens were tested, both for
the Type 1 and the 12/14 couples, leading to a total of 40 tests.
After the normal load was applied, the fixture was placed under a uniaxial test
machine. An increasing tangential force was applied to the taper part at a rate of
50N/s (~ 3 MPa/s), until the specimen was pushed down from the adaptor part. As
a sampling frequency of 50 Hz was used, this rate allowed for an accuracy of 1 N
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(~0.06 MPa). The coefficient of friction was then determined as the ratio of the
maximum tangential and normal force.
Before and after the experiments, the Ra roughness was measured for all
specimens using a Proscan 2100 non contact profilometer, according to ISO
4288:1996. Additional scanning electron microscope (SEM) imaging was
performed prior to and after testing to analyze the tested surfaces.
Differences in coefficients of friction between the two taper systems and the levels
of contact pressure were analyzed using a One Way ANOVA (SPSS 20, IBM SPSS
Statistics). The Ra values before and after loading were compared using paired t
tests.

Figure 3. Schematic of experimental setup

R

The contact pressure level did not have a significant effect on the coefficient of
friction (p=0.642 for Type 1 and p=0.104 for 12/14), indicating that the static
coefficient of friction was independent of the contact pressure (Figure 4) The
difference between the Type 1 and 12/14 taper types was, however, statistically
significant (p<0.01 for each contact pressure level). Average coefficients of friction
of 0.29 (±0.046) and 0.19 (±0.038) were found for the Type 1 and 12/14 taper,
respectively (Figure 4).

2
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Figure 4. Coefficient of friction for type 1 and 12/14 at different contact pressures
(*=p<0.01)

Prior to testing, the Type 1 stems had a smooth surface finish with an average Ra

roughness of 0.33±0.07 μm, whereas the 12/14 stems had an average Ra roughness
of 2.13±0.57 μm (Figure 5), caused by the micro grooved surface finish of the taper
(Figure 1). For both systems, the adaptors had a similar (p=0.40) roughness of
0.50±0.19 μm for the Type 1 and 0.48±0.17 μm for the 12/14. After testing,
generally, the roughness values for the adaptors decreased, although the
differences were not statistically significant (p=0.23, p=0.59). For the 12/14 stems a
decrease in roughness was seen, displayed in the surface profile by capping of the
characteristic micro groove profile (Figure 6). This was seen independent of
applied contact pressure.
During the experiment, scratch marks were created on the Type 1 stems,
obscuring the machining marks that were visible prior to testing (Figure 7 B).
Similar phenomena were seen on the surface of the Type 1 adaptor (Figure 7 D).
As indicated by the roughness measurements, the microgrooves on the 12/14 stem
were damaged by scratch marks during the push off (Figure 7 F). The 12/14
adaptor part had a larger area in contact, but the scratch marks were similar to
those seen on the Type 1 adaptor.
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Figure 5. Ra (average surface roughness) before and after
loading, measured using Proscan 2100 noncontact
profilometer according to ISO 4288:1996

D

There is a wide spread (0.15 0.55) in coefficients of friction used in computational
studies analyzing fretting wear at the taper junction of hip implants [5,10–13]. The
origin of this wide spread can be attributed to the variation in material couples
being analyzed (with various combinations of materials), the variation in the
experimental techniques used to derive the coefficient of friction values (pin on
disk [20] or push on pull off tests [21,22]), while in some cases the origin of the
values used are not clearly stated[11,12]. The static coefficients of friction found for
the two Ti 6Al 4V taper systems tested in the current study are within the range
previously used in taper interface studies.

2
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Figure 6. Taper profile 12/14 before and after loading, measured using Proscan
2100 noncontact profilometer according to ISO 4288:1996

Interestingly, our results indicate that on a macroscopic level, when using the
same experimental set up and same materials, the surface finish (smooth vs.
micro grooved) also had a significant effect on the coefficient of friction, with a
larger coefficient found for the smooth surface (0.29 vs. 0.19). The laws of friction
state that the coefficient of friction is independent of the surface roughness
[23,24], unless the surface is very smooth, in which case friction through adhesion
sharply increases, resulting in a larger real contact area.
In the current study, we uniquely employed a set up that allowed us to use actual
implant parts. As a result there may be differences in the measured values as
compared to more common methods, such as pin on disk testing, which allows
the dynamic coefficient of friction and the evolution of the coefficient of friction
over a number of cycles or distance travelled to be expressed. However, due to the
manufacturing processes and shape of the taper, the exact surface cannot be
replicated on a flat surface to be used in a pin on disk set up. In pin on disk tests,
Swaminathan and Gilbert [25] demonstrated that the coefficient of friction
depends on the fretting potential, indicating that the fretting process itself also
may affect the coefficient friction. McColl et al. [26] showed that the coefficient of
friction increases initially and then becomes stable over time in a fretting wear
experiment. Moreover, the current experiments were performed under idealized
conditions, while during surgery the taper junction may become contaminated
with blood, fat, or other tissue, which may further reduce the frictional properties
at this interface. In the present study the static coefficient of friction was
determined, which mainly gives information about the friction properties of the
initial, pristine contact surfaces. Although our experimental set up allows for
analyses of the effect of contamination, it is unsuitable for the analysis of the
effect of the fretting corrosion process on the static or dynamic coefficient of
friction.
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Figure 7. SEM images, left before loading, right after loading. Top two rows T1
stem and adaptor, bottom two rows 12/14 stem and adaptor.
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The contact pressure levels that were analyzed in the experiments were based on
previous FE simulations. As mentioned earlier, contact pressures predicted by FE
analyses depend on the chosen coefficient of friction, which evidently introduces
a causality dilemma. The adopted experimental contact pressures were therefore
based on FE simulations implementing the full spectrum of coefficients of friction
reported previously (0.15 0.55), leading to the pressure range of 25 to 280 MPa.
Our maximum contact pressure was markedly higher than those reported in a
previous FE study (~160 MPa) on the taper connection [10], which provide further
evidence that the current range should be sufficient for use in analyses of the
taper connection. Conversely, the current results indicate that the coefficient of
friciton was independent of the contact pressure level.
In the current study the static coefficient of friction was determined by gradually
increasing the transverse load at a rate of 50 N/s. This rate is significantly lower
than occurring during activities of daily living such as walking or stair climbing,
which are more in the range of 6 7 kN/s [27]. These rates, however, should be
compared relative to their respective contact areas, as in the current experiments
only a small fraction (16 mm2) of the full taper adaptor area (~475 mm2) was
considered. In addition, it remains unclear how the loading rate, impaction loads,
or other possible inertial effects would affect the static coefficient of friction. Such
an investigation would require a repetition of the current experiments at a wider
range of loading rates.
This study shows that the static coefficient of friction as tested in this
configuration is relatively insensitive to contact pressure, but that it is
significantly affected by surface finish. This sensitivity shows that it is precarious
to use a generally reported coefficient of friction to analyze a specific prosthetic
system. The coefficients of friction for the two taper types reported in this study
can be used for computational analyses of the taper junction of these specific
taper and material combinations. However, these coefficients will most likely be
different for other types of surface finish and material couples. For such systems
the specific coefficient of friction should be determined in a system specific
manner, to minimize the level of uncertainty in computational analysis of taper
stability and fretting corrosion.
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Introduction

A modular taper junction is often used to connect the femoral head and stem
during total hip arthroplasty (THA) as it can offer the surgeon increased intra
operative flexibility that is required to restore patient anatomy. The use of a
modular head allows for the adjustment of offset, which can compensate for
differences in soft tissue tensioning and leg length discrepancies, thereby
improving the function of the reconstructed joint. However, as early as the 1990’s,
corrosion has been reported as a potential disadvantage associated with the use of
modular components [1,2]. Recent reports have observed fretting or mechanically
assisted crevice corrosion in some modular junctions. This particularly appeared
when using femoral heads with large diameters [3,4], which in some cases caused
early failure of the reconstruction [5,6].

Biomechanical research into the origin of fretting corrosion at modular taper
junctions has focused on experimental testing, to investigate the fretting process,
and computational modelling, investigating the effect of patient and surgery
related variations on fretting potential. Ideally, these two methodologies should
be combined, as it enables validation of computational models, but it also
provides more flexibility in biomechanical testing. In the current work an attempt
was made to develop a combined mechanical approach to investigate fretting
corrosion. For this purpose, a novel mechanical testing set up is presented, which
was mimicked in silico. This validated simulation was then used to further
investigate how variations in implant assembly load and patient activity can affect
the fretting wear process at the taper junction, as these cannot be easily
reproduced testing in vitro.

Several experimental studies have investigated the underlying mechanical and
electrochemical processes at the taper junction interface in order to further
understand their contribution to fretting, ranging from simple pin on disc tests,
to in vitro tests using full implant systems [7–12]. Pin on disc tests are used to
measure the fretting potential for different material combinations, while in vitro
experiments are more representative of the clinical situation. In ISO 7206 6:2013
tests the endurance and fatigue properties of THA systems can be evaluated, but
these are unable to produce wear and corrosion patterns that have been observed
on clinical retrievals. The first objective of the current study was therefore to
adapt the loading conditions in an attempt to better reproduce clinically relevant
fretting corrosion features observed on retrieved components.

Due to the restrictions associated with in vitro testing, it is difficult to analyze
the effects of variations such as implant positioning, patient factors and surgical
factors on the fretting corrosion process. Finite element (FE) simulations are more
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flexible to study the effect of such variations on the taper mechanics in modular
THA systems [13–18]. Parameters such as head size [13,14,18], assembly force
[15,16,18] and taper size [15,17] have been varied to investigate their effect on the
mechanical response of the taper junction. These FE studies have demonstrated
that material combination and coefficient of friction have a significant effect on
interface micromotions and contact pressures [15]. Most FE studies use input
parameters based on values found in literature [19]. However, the reported
coefficient of friction can range from 0.15 to 0.8 for titanium on titanium or
titanium on cobalt chrome material pairs [20–22]. Moreover, plastic deformation
can occur during assembly of the taper junction, which also depends on the
specific properties of the implant material. The second objective of the current
study was therefore to develop an FE model that was consistent with the novel
fretting experiments. The FE model was then to apply loads from different
activities of daily living in order to study the taper mechanics in silico, rather than
during simplified experimental loading conditions.

Methods

The contact mechanics of the taper junction were investigated by adopting a
combined experimental and computational approach. Firstly, tensile assembly
and disassembly experiments were performed in order to quantify taper
engagement mechanics. Subsequently, experiments were performed where the
taper junction was subjected to dynamic loading, to simulate the fretting patterns
seen in clinical retrievals.
Both experiments, tensile (dis)assembly and dynamic loading, were replicated in
FE models to validate the computational contact mechanics and wear predictions.
Subsequently, these FE models were subjected to loads occurring during activities
of daily living, to analyze the effects of activity type on the fretting wear potential
of the taper junction.

Experimental testing: Tensile assembly and disassembly experiments

Biomet Type 1 femoral stems were combined with Biomet M2a Magnum +9 mm
offset taper adaptors. Both sets of components were manufactured from Ti6Al4V
alloy. The taper adaptors were axially aligned and assembled to a 4 or 15 kN load
at a crosshead speed of 1 mm/min. The test was repeated five times (n=5) for the 4
kN case and four times (n=4) for the 15 kN assembly case. The components were
then disassembled in accordance with ISO 7206 10:2003 at a crosshead speed of

3
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0.48 mm/min. The assembly and disassembly forces were applied parallel through
the taper axis.

Experimental testing: Accelerated fretting experiments

An accelerated fretting test was developed that consistently simulated fretting
wear patterns observed in some clinical retrievals. Each stem was potted using
DuroCit 3 mounting material (PMMA), representing the use of bone cement in
vivo, into a fully polymeric fixture, to avoid any potential galvanic effects at an
angle of 10° in the coronal plane and 9° in the sagittal plane (in accordance with
ISO 7206 6:2013). Hydroxyapatite powder, approximately 10 mg, with a particle
size of between 60 and 75 μm, was applied using a pipette onto the dry taper
surface to simulate intra operative contamination of the taper. The adaptor was
then carefully assembled onto the taper to ensure the hydroxyapatite powder was
trapped between the interfaces. The engagement procedure for the adaptor was to
statically load the components axially to the taper with 2, 4 or 15 kN at a rate of 50
mm/min. Three femoral stems and taper adaptors (n=3) were tested for each
assembly condition. The test set up is shown in Figure 1 without the test medium.
A rocking mobile bearing fixture was used in order to produce a toggling effect.
The bearing was also laterally off set in order to provide an element of torsion.
Each stem was then submerged in the test medium containing PBS and a
concentration of NaCl = 90g/l, in tap water, adjusted to pH 3.0 with HCl. This test
medium was maintained at 37 C and circulated throughout the test.
A linear motor powered material test machine (either Bose 3510 with a calibrated
7.5 kN load cell, or Dartec HC1 test frame with a calibrated 10 kN load cell) was
used for the accelerated fretting test. The samples were preloaded with 200 N to
locate the bearing and ensure proper alignment of the test setup. The test was
then run between 0.4 – 4 kN in a sinusoidal pattern at a frequency of 5 Hz for 10
million cycles. The 4 kN load in combination with the off set resulted in a torque
of 24.8 Nm and an additional bending moment of 74.2 Nm about the taper.
After the accelerated fretting tests, the taper and adaptor wear was measured
using a roundness measurement machine (Talyrond 585, Taylor Hobson, UK). All
measurements and alignment routines were carried out using a 5 μm diamond tip
stylus at a measurement speed of 1 mm/s. Each measurement collected a series of
180 vertical traces around either the external surface of the stem taper or the
internal surface of the taper adaptor. These traces were then used to map and
calculate the wear in terms of volume loss from the tested components.
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Figure 1: Photographs taken of the accelerated fretting test set up, shownwithout
the test medium.

FE model

An FE model was created using geometry files from the manufacturer (Zimmer
Biomet, UK) for the components tested using the accelerated fretting test detailed
above. The model was built in Abaqus 6.13 (3DS, Dassault systems Simulia Corp.).
The femoral stem and taper adaptor were finely meshed using an element edge
length of 0.2 mm at the taper interface and a more coarse mesh towards the other
regions for an optimal mesh size to computational time ratio. A similar mesh size
was found to be optimal in wear modelling by English et al [23]. A total of 158,000
elements were used for the femoral stem and taper adaptor.
The femoral stem and taper adaptor were assigned material properties derived
from tensile tests using the same implant material (Ti6Al4V). Based on these
tests, a Young’s modulus of 107 GPa and a yield stress of 865 MPa were assigned in
an elastic plastic isotropic material model.
Frictional contact at the taper junction was modelled using an isotropic penalty
formulated friction coefficient. A coefficient of friction of 0.29 was applied, which
was determined previously in experiments using the same components [19]. The
steps performed in the simulation were similar to the steps performed in the
experimental tests.

3
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Simulation of the push on and pull off test
To simulate the push on and pull off experiment, the stem was fixed up to the
collar, where it would be potted in accordance with ISO 7206 6:2013. Next, the
adaptor was pushed onto the taper under a load of 4 or 15 kN, parallel to the taper
axis. In the subsequent step the stem was held still and all forces were removed in
order to let the assembly relax. After relaxation, the bottom surface of the adaptor
was fixed, the stem was released, and the stem was pushed out of the adaptor
using an increasing force, parallel to the taper axis. The maximum force was used
as a quantification of the maximum pull off force. The boundary conditions in the
different steps can be seen in Figure 2.

Figure 2: Push on, pull off boundary conditions
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FE simulation of accelerated fretting
Similar to the previous simulations, the adaptor was firstly assembled on the stem
at a load of 2, 4 or 15 kN. After relaxation the experimental load of 0.4 and 4 kN
was replicated at the same location and under the same coronal and sagittal
angles as the test setup, whilst fixing the stem in 6 degrees of freedom.
At the end of the simulation, the contact pressure and micromotion were
quantified at the nodes at the taper adaptor interface. The micromotions were
quantified as the motion of a node with respect to the contacting surface between
each load step. In addition, a contact pressure and a summed micromotion score
were calculated by performing a contact area weighted sum of the nodal contact
pressure and micromotion.
To quantify taper junction wear, a wear score was defined based on Archard’s

Law. In Archard’s equation the wear (W) is expressed as , where K is a

wear constant that needs to be determined experimentally, H is the material
hardness, F is the normal load and L is the sliding distance. For the current study,
the wear factor K and material hardness H were omitted, leaving a simplified
version of Archard’s equation that we used as a wear score (WS):

, in which contact pressure (CP) multiplied by the contact nodal area (CNA)
represented the normal force, and the micromotion (MM) defined the sliding
distance. The wear score was calculated for each node, after which a nodal sum of
all contact nodes was performed to quantify the wear score of the whole interface.

Simulation of activities of daily living
Finally, to investigate the effect of different activities of daily living on the
micromotion and wear score, the FE model was subjected to forces occurring in
an average hip patient during normal walking, standing up from a chair and
walking up stairs as reported by Bergmann et al. [24]. In addition, hip joint forces
during a stumbling incident of one specific patient [24] were applied to the FE
model, as an example of an incidental peak load.
For each activity, the loading curves were split into 32 discrete steps, allowing for
a quasi static simulation. The incremental loads were applied at the centre of the
head using the three dimensional force components [24]. During simulation of
the activities, the incremental micromotions were calculated for each incremental
step. These incremental micromotions were then integrated over all steps to
obtain the overall micromotion occurring at the taper surface for a specific
activity. The effect of activity was analyzed at an assembly load of 2 and 15 kN.

3
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Results

Push on and pull off

Experimentally, after an assembly load of 4 kN we found an average pull off force
of 2.80 ± 0.19 kN. The FE pull off force for the 4 kN assembly was 2.86 kN, within
the range of the experimental results. The 15 kN assembly condition had an
average pull off force of 13.76 ± 0.40 kN. The FE predicted a pull off force of 11.16
kN, which was slightly lower than the experimental result.

Accelerated fretting experiments

The experimental accelerated fretting protocol resulted in the generation of
fretting marks on the taper similar to those observed on clinical retrievals (Figure
3). The volumetric wear decreased when the assembly force was increased from 2
kN to 4 kN or 15 kN. The lowest amount of wear was measured in the group of
implants assembled at 4 kN (Figure 4). Due to the large standard deviations no
significant difference was found between the three assembly loads.

Figure 3: Experimental wear pattern on inferior side of the stem
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Figure 4: FE wear score and experimental volumetric wear

Simulations of accelerated fretting

In the simulations of accelerated fretting, the summed micromotion (Figure 5)
and maximum contact pressures decreased with increasing assembly load (1202 to
930 MPa), although directly after assembly the highest peak pressure was seen in
the 15 kN assembly load model (321 versus 42 MPa).
At a higher assembly load, a larger surface area was in contact (320 mm2 at 2 kN,
367 mm2 at 4 kN 439 mm² at 15 kN), resulting in reduced maximum values for
contact pressure and micromotion (Figure 6). The larger contact surface area
caused a total wear score that was higher when assembled with 15 kN, which was
conflicting with the experimental findings (Figure 4).
The simulated micromotion patterns were similar to the ‘thumbprint’ wear
patches seen in the experimental specimens (Figure 6), with higher simulated
micromotion and experimental wear compared to the 15 kN assembly. In the 2 kN
assembly a wear patch was observed proximally on the superior side of the taper
that coincided with larger micromotions in the FE plot. When assembled with 15
kN the micromotion pattern moved more distally and became larger, similar to
the wear patch measured in the experiments.
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Figure 5: Summed micromotion for all activities

Effect of activity

During the incremental loading of the simulated activities of daily living, the
maximum contact pressure was directly related to the force increments applied to
the system. However, a large variation in maximum contact pressure was seen
with an assembly load of 2 kN, particularly during the stumble load (44 313 MPa
for 2 kN; 245 313 MPa for 15 kN assemblies).
The variations in the loads occurring during the activities also led to larger
changes in micromotion between load increments, defined as incremental
micromotion (Figure 7). In general, a higher assembly load resulted in lower
incremental micromotion. Overall, a decrease in total summed micromotion was
found by increasing the assembly force from 2 kN to 15 kN (Figure 5).
At a 2 kN assembly force, the effect of activity in micromotion patterns was also
more pronounced (Figure 8). It is interesting to note that the maximum
micromotion patch for normal walking appeared on the superior side of the taper
(particularly for the 2 kN assembly force), whereas for all other activities, at higher
assembly loads, the maximum micromotion patch was seen on the inferior side.
Larger micromotions were typically found during walking up stairs and
stumbling, while normal walking and rising from a chair produced similar
patterns. At an assembly load of 15 kN the variation in activity did not have a
dramatic effect on the micromotion, except during the stumble load.
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Figure 6: Accelerated fretting FE taper plots and linear wear talyrond
measurement plots (bottom right) for 2, 4 and 15 kN assembly loads. The inferior
views represent the “bottom” side of the taper opposite of the load direction,
whereas the Superior views show the “top” of the taper in the direction of the
load.
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Figure 7 Incremental micromotion and load over time for “Up stairs” assembled
with 2 kN and 15 kN

Figure 8 Micromotion plots for all activities assembled with 2 and 15 kN, inferior
and superior view
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Discussion

In the current study we aimed to develop an experimental set up capable of
creating wear patterns found on retrieved implants, and to use the outputs of this
test to develop and validate an FE modelling approach that was able to analyse the
effects of variants such as implant positioning, patient factors and surgical factors.
In order to ensure analysis accuracy, experiments were performed to obtain
consistent material properties and tests were performed to determine the accurate
coefficient of friction [19].
Wear marks on the inferior side of the taper, as seen in Figure 3, show a similar
pattern as seen in retrievals from several implant systems. The typical
‘thumbprint’ shaped wear pattern was previously described by Langton et al [3],
who suggested a toggling effect as the underlying cause. Similar patterns have
been observed by Cook et al [25] in both visual inspection and from RedLux
height maps of the taper surface. In a retrieval study, Bishop et al [26] also found
tapers with thumbprint like wear patches, in addition to specimens with an
axisymmetric wear pattern.
In this study we first tried to validate our modelling approach against the taper
engagement mechanics at assembly loads of 2 and 15 kN. The FE simulations
compared well to the experimental results. We then compared the predicted wear
scores against the volumetric wear on tapers after 10 million loading cycles for 2, 4
and 15 kN assembled stem adaptor combinations. In these simulations, the
predicted wear scores showed a trend that was opposite to the wear volumes seen
experimentally. However, the computed micromotion distributions were very
similar to the wear patches seen in the experiments.
A possible cause for the discrepancy between the computational and experimental
wear predictions may be related to the fact that the FE simulations do not account
for the effect of the wear process on the changes in contact pressure and
micromotion. While the current simulations predict wear based on the initial
contact mechanics, changes in contact pressure and micromotion may alter the
distribution and total volume of wear.
Another limitation of the FE simulations may be that the relationship between the
wear volume, contact pressure and micromotion was assumed to be linear, in
accordance with Archard’s Law. The fact that the predicted micromotion
distribution was very similar to the wear patches seen on the experimental
specimens may suggest that the wear may be more dependent on the
micromotion than the contact pressure. Archard’s Law might therefore not be
appropriate for modelling wear at the taper junction. In other studies wear models
incorporating the shear stress instead of the contact pressure are used [23]. Gilbert

3
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et al [9] developed an electrochemical model of fretting wear, based on motion
and contact force, which may be more appropriate for the simulation of taper
fretting. At this point it cannot be concluded that these wear models are
favourable over Archard’s Law due to the lack of wear modelling that assesses the
effect of geometry changes on the contact pressure and micromotion. Another
factor that has not been taken into consideration in this FE simulation is the effect
of the chemical environment, the fretting test setup used a corrosive environment
in order to accelerate the fretting processes, however this has not been considered
in these simulations and only the mechanical environment has been examined.
Although there was no correlation between the predicted FE wear score and the
measured volumetric wear, the model was used to study the taper mechanics
using loading conditions of several activities of daily living. The wear score results
may not give a validated wear result, but the differences between the different
loading conditions can give important insights in the taper mechanics.
Analyses of different activities at different assembly loads revealed that the type of
activity can have a distinct effect on contact pressure and micromotion at the
taper junction, particularly at lower assembly loads. This further stresses the
importance of assembly technique, this was also previously shown by
Mroczkowski et al. [27], who showed that the assembly load is important in the
initial stability of modular hip taper connections. Larger micromotions were
found during walking up stairs, and particularly during stumbling. Evidently, the
number of stumbling instances is much lower than the number of cycles of the
other activities, but it emphasizes the significant effect of elevated external loads
on the taper mechanics.
Limitations to our experimental approach include the assembly of the
components, which was performed using a statically applied load, while during
surgery the head or adaptor is assembled using impaction. While our approach
may be less representative of the clinical situation, the static load was chosen to
ensure consistency in the component assembly, which was shown to have a
distinct effect on the experimental results. In addition, the volumetric wear was
not measured incrementally throughout the test, only at the end, meaning that
the wear could not be tracked with the simulations. Moreover, the number of
experiments was limited to n=3, which resulted in an insufficient statistical power
to find significant differences between the different assembly groups.
Similar to Dyrkacz et al. [15] and English et al. [28] we found that an increase in
assembly force resulted in lower micromotion. English et al. also showed that an
increase in assembly force increases the initial contact pressure, but over time the
increased assembly force causes a lower contact pressure on the taper. Similar to
the current study Elkins et al. [18] showed that increased assembly forces increase
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the contact pressure and decrease the micromotion. Because the wear is related to
both the contact pressure and micromotion Elkins et al. found that the two
combined had a negligible effect on the wear at the taper junction interface. They
found that the wear was less affected by contact pressure or micromotion alone,
whereas we found that the wear seems to be more driven by micromotion.
We showed using our experiments that an increased assembly force reduces the
fretting wear at the taper interface. This highlights the clinical significance of the
assembly procedure of modular components at the time of surgery. As we have
shown in this work, current FE studies using Archard’s Law in combination with
FE models which do not allow geometry updates to account for material loss
cannot be validated, and their results in terms of fretting potential may be
inaccurate.
In future studies we aim to incorporate the actual wear process in our
simulations, in order to account for the effect of geometrical changes at the
interface on the contact mechanics. The results of the accelerated fretting tests
presented in this study will serve as an input to further optimize our modelling
approach.

3
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Introduction

Total hip arthroplasty can be performed in order to restore hip function after
osteoarthritis or femoral fracture. For improved intra operative flexibility and
optimized restoration of the natural joint biomechanics, modular total hip
arthroplasty components are commonly used. Modular components allow the
surgeon to vary parameters such as head diameter and neck offset so that implant
positioning and the patients biomechanics can be restored, but as a result
different material combinations such as titanium alloys, cobalt chrome alloys and
ceramics may be combined. However, modular taper junctions introduce an
additional interface with the potential for fretting and corrosion [1]. Fretting and
corrosion at the taper junction has been reported as a potential cause of early
failure in modular joint replacements and has resulted in the need for revision
surgery [1].
Fretting and corrosion at the taper junction has been the subject of different types
of research including retrieval analysis, in vitro testing and in silico analysis.
Retrieval studies, like those reported by Kocagöz [2,3] who studied the effect of
taper angle clearance on fretting and corrosion damage, and Higgs [4] who
showed the effect of head offset and patient weight on fretting and corrosion
damage, have been the predominant source of information in the literature on
fretting and corrosion. These studies have tried to correlate patient and implant
data in order to find common causes of the clinical observations of fretting.
In vitro experiments often involve either the full implant systems or
representative test pieces. Examples of in vitro testing are fatigue tests where the
stem of the hip implant is fixed and a cyclic load is applied on the head [5]. The
taper surfaces can then be examined for visual wear marks, and volumetric wear.
Partial implants [6] or representative test pieces manufactured from the implant
material [7] are often used to measure the electrochemical processes during cyclic
loading. In these studies the potentials and fretting currents are measured to
investigate the effect of loading on the electrochemical fretting and corrosion
processes. Although in vitro studies produce very important information, they do
have some limitations. Important properties such as contact pressure and wear
propagation at interfaces cannot be monitored over time. Furthermore,
depending on the type of test they can also be very expensive and time
consuming.
In silico analysis allows for computational investigations of the biomechanical
aspects of fretting using the finite element (FE) method. FE analysis in
combination with in vitro studies can be used to get a better insight into the
complexity of fretting wear. It is possible to use FE simulations to analyze
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variations in loading configurations, and to assess their effect on interface
micromotion, contact pressure and wear. Fretting at the modular taper junction
in total hip arthroplasty has been subject of several FE studies [8–13]. These FE
studies have examined the effects of variation in head size [8,9,13], assembly force
[10,11,13] and taper size [10,12] on stress, strain, and micromotion.
However there are important aspects of FE analyses that can have a significant
effect on fretting which previous studies have not considered. In previous work we
showed that, due to the wide variation in input parameters described in the
literature, it is important to use material properties and coefficients of friction
that match the actual implant system being analyzed [14]. Moreover, simulating a
single load cycle is a simplification often made in finite element studies. The
modeling of a single cycle of loading gives insight into the initial conditions, but
may not be representative for the changes in contact mechanics that occur during
the fretting process. The contact pressures and micromotions may change over
time due to wear and plastic deformation, which in turn can affect the progression
of fretting.
In this study we developed an FE routine in which adaptations to the implant
geometry are made to account for material removal during the fretting process.
Material removal was simulated based on Archard’s Law, incorporating contact
pressure, micromotions and a wear factor which used input from in vitro fretting
tests. This method has delivered results that are more similar to the experimental
test data in comparison to the results from modelling a single cycle without
adaptive meshing.

Methods

Accelerated fretting experiments, in which the clinical fretting process was
reproduced, served as the basis for the FE procedure in order to simulate fretting.
For this purpose, an FE model was developed in which the experimental boundary
conditions were reproduced and the material properties of the implant system
were tested to give more accurate material property data. The measured
experimental volumetric wear was used to determine the wear factor for the FE
simulations.

Experimental set up

An accelerated fretting test was performed, in which fretting wear was produced
with features that similar to those observed in clinical retrievals [15]. Briefly, a

4
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Zimmer Biomet femoral stem with a Type 1 taper (4 ) was used in conjunction
with a compatible Zimmer Biomet taper adaptor (Zimmer Biomet, Swindon, UK).
Both the stem and the adaptor were manufactured from Ti6Al4V alloy. From a
range of 6 mm to +9 mm offset, a +9 mm offset adaptor was used as a worst case,
due to the increased lever arm on the trunnion. The stem was fixed in potting
media (PMMA, Durocit 3, Struers, UK) in accordance with ISO 7206 6:2013 in a
fully polymeric fixture. The stem and adaptor were then assembled by applying a
4 kN force onto the adaptor, along the taper axis. An additional head fixture
(shown in Figure 1) was used to increase the offset, torque and bending moment
acting on the trunnion. The load applied to the assembly was a cyclic sinusoidal
load between 0.4 and 4 kN for 10 million cycles. The test medium contained PBS
and NaCl (90 g/l), was adjusted to pH 3 using 0.1 M HCl and maintained at 37°C
using recirculated solution throughout the test. This experiment was carried out
for three sets of samples (N=3).
After the accelerated fretting tests, the wear on the internal taper surface of the
taper adaptor and external taper surface of the femoral stem was measured using
a roundness measurement machine (Talyrond 585, Taylor Hobson, UK). All
measurements and alignment routines were carried out using a 5 μm diamond tip
stylus at a measurement speed of 1 mm/s. Each component measurement entailed
collecting a series of 180 vertical traces, which were then used to map and
calculate the wear in terms of a volume loss which was estimated from a fitted
ideal conical surface.
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Figure 1: Accelerated fretting experimental set up, shown without the test
medium.

FEA model

Geometry files of a 60 mm femoral head, +9mm offset taper adaptor, and a
matching femoral stem were supplied by the manufacturer and converted into a
finite element mesh in Abaqus 6.14 [15].
A mesh convergence study was performed with element edge lengths at the taper
interface between 0.8 and 0.1 mm. Based on average contact pressures and
micromotions in the contacting regions, an element edge length of 0.2 mm was
considered as sufficiently small. Element coarsening was applied in regions away
from the contacting surfaces with edge lengths up to 3 mm. This mesh size has
proven to offer the optimal ratio between accuracy and computational time, this
is also supported in the work by English et al. [16].

4
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The stem and adaptor were assigned with material properties derived from tensile
tests with the actual implant material (Ti6Al4V). Based on these tests, a
Young’s modulus of 107 GPa, a Poisson’s ratio of 0.34, a yield stress of 865 MPa
and an ultimate strength of 945 MPa were assigned in an elastic plastic isotropic
material model.
Frictional contact at the taper junction was modeled using an isotropic penalty
formulated friction coefficient. A coefficient of friction of 0.29 was applied, as
determined previously in experiments using specimens created from the actual
implants [14].
The stem was constrained up to the same level as in the accelerated fretting
experiments (Figure 2). A 4 kN axial assembly load was applied to assemble the
parts. A relaxing step after assembly was used (Figure 3) to recover from the
elastic deformation caused by the assembly force. Finally a sinusoidal load was
applied with a peak load of 4 kN and a minimum load of 400 N, the same
magnitude and orientation as the experimental loading configuration. The
simulation was performed using Abaqus/standard 2017, using a quasi static
implicit solver.

Figure 2: FEA model set up
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Adaptive meshing of the wear process

The linear wear depth was calculated based on Archard’s Law [17] with the
following equation: H=kpS, in which H is the linear wear depth (mm), k is the
wear factor (mm³/Nmm), p is the contact pressure (MPa) and S is the sliding
distance (mm). The linear wear depth was applied using the user subroutine
UMESHMOTION in Abaqus 6.14. For each node on the contacting surface of the
stem the linear wear was calculated. Subsequently, this linear wear was accounted
for physically by moving the node inwards, perpendicular to the taper surface.
This was after each application of the maximum and minimum loads, and
repeated for each completed cycle, as can be seen in Figure 3.
The contact pressure and sliding distance were derived using Abaqus utility
subroutine GETVRMAVGATNODE. The wear factor, k, was fitted depending on
the number of virtual steps used to simulate the 10 million experimental cycles, in
such a way that the total experimental volumetric wear was matched. Hence, the
10 million experimental cycles were discretized into smaller virtual steps, and the
wear factor was scaled accordingly. This was done to limit the computational
time. Virtual step sizes ranging from 2 million to 50,000 test cycles per step were
used, resulting in 5 to 200 virtual steps.
During pilot simulations it was found that linear scaling between the wear factor
and the number of virtual steps did not result in the same amount of volumetric
wear. When using more virtual steps, a smaller amount of volumetric wear was
found. When using more virtual steps the contact situation is being updated more
frequently which can result in a different amount of wear at the end of the
simulation. To correct for this behavior the wear factor for each simulation was
determined to match the volumetric wear at the end of a simulation to the
volumetric wear from the experiments.

Number of
Virtual steps

Total wear factor
(Wear factor * nr of steps)

5 0.00115
10 0.0012
25 0.001275
50 0.00135
100 0.0014
200 0.0015

Table 1 Total wear factor for different number of steps
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Figure 3: FEA wear modeling process

It is preferable that the wear factor is independent of the number of virtual steps,
therefore we evaluated the ‘total wear factor’. This is equal to the wear factor
multiplied by the number of virtual steps, in order to select the optimal wear
factor and step scaling. Iteratively the wear factor was selected, when the
volumetric wear found in each simulation was within 3% of the experimental
measured volumetric wear.
The optimal scaling and wear factor was selected by assessing the total wear factor
(Table 1), contact pressure, linear wear pattern and the average incremental
micromotion.
The results from this adaptive model were compared to the results from a model
in which the wear was applied after a single cycle in order to show the importance
of adaptive meshing in combination with simulating multiple cycles.



525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter
Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018 PDF page: 67PDF page: 67PDF page: 67PDF page: 67

CHAPTER 4

67

Results

Accelerated fretting experiments

The 3 accelerated fretting experiments in which the system was assembled with 4
kN resulted in an average volumetric wear of 0.79 ± 0.52 mm³ after 10 million
cycles from the external surface of the femoral stem taper. The majority of the
wear was observed as a ‘thumbprint’ wear patch on the distal inferior side of the
taper.

Finite element wear model

Adapting the mesh to account for wear in a single virtual step as a comparison to
more virtual steps showed extreme mesh deformations. This was caused by the
nodes moving inwards in a single step due to the initial contact pressure after
assembly (Figure 4).

Figure 4: extremely deformed mesh (15x deformation scale) at inferior side, in
line with loading direction. Due to the high contact pressures the mesh
deforms extremely when trying to model wear in a single virtual step.

The predicted wear volume had a decreasing wear rate over time. This
relationship was not influenced by the variations in the number of virtual steps
that were taken for simulating the 10 million test cycles (Figure 5). In Figure 6 the
linear wear on the taper in the simulation and after the experiments are plotted.
The area with the most wear, the inferior side, had a similar pattern in both the FE
simulation and the experimental measurements. The average maximum wear

4
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depth in the experiments was found to be 30.5±17.3 μm while in the FE
simulations the maximum wear depth was 27 μm (Figure 7).

Figure 5: Simulated volumetric wear for different number of cycles

Figure 6: FEA linear wear plot (left), and experimental measured surface profile
(right), where 0 μm is the unworn surface, and blue indicates the worn area.
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Figure 7 Thumbprint wear patch on inferior side of the taper

In Figure 8 the average (A) and maximum (B) contact pressures, and the average
incremental micromotions (C) are given over time. The average contact pressure
increases over time, regardless of how many virtual steps are taken. When using
more virtual steps (200C), the increase in average contact pressure is higher
compared to lower number of virtual steps.
The change in maximum contact pressure indicated a decreased contact pressure
over time, due to the adaptive meshing. Using less than 25 virtual steps resulted in
deviating contact pressures over time compared to using 25 or more virtual steps.
With 25 or more virtual steps the maximum contact pressure patterns are similar,
starting at a maximum contact pressure of 1400 MPa, then decreasing to around
800 MPa, with a slight increase towards the end of the test.
The average incremental micromotions again show a similar decreasing trend
when using 25 or more virtual steps. When using less than 25 virtual steps the
incremental micromotions initially decrease after which they increase again.
Using more virtual steps resulted in a larger reduction in incremental
micromotions (15 μm for 200 virtual steps versus 27 μm for 25 virtual steps)
(Figure 8 C).

4
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Figure 8: Figures over the 10 million simulated cycles versus: A) Average contact
pressure, B) maximum contact pressure and C) average incremental
micromotion

These findings are visualized on the taper in Figure 9. In the contact pressure
distributions for less than 25 virtual steps, low pressure ‘lines’ can be observed due
to too much motion of the nodes. For these situations higher maximum linear
wear patches are observed. Since the volumetric wear is the same in all cases, this
means that the wear is more evenly spread out over the taper when using more
virtual steps. This can be seen by the smaller dark blue areas of low contact
pressures, and the greater light blue areas of low linear wear, when more virtual
steps were used.



525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter
Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018 PDF page: 71PDF page: 71PDF page: 71PDF page: 71

CHAPTER 4

71

The total wear factors for the different number of virtual steps showed a
converging trend. A higher number of virtual steps resulted in a higher total wear
factor and higher computational costs (Figure 10). Based on the results a wear
factor of 2.7*10 5 [ mm ^3/(N mm)] at 50 virtual steps was found to give an
optimal balance between accuracy of the prediction and computational time
required.
Using the found wear factor and 50 virtual steps the wear rates showed a slight
decrease as can be seen in Figure 11. After the first million cycles the wear rate is
6% lower than the initial wear rate, in the last million cycles the wear rate lowers
by less than 1%, and the wear rate is then 14.1% lower than the initial wear rate.

4
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Figure 9: Contact pressure and linear wear distributions at the end of the
specified number of virtual steps.
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Figure 10: Total wear factor and computational time

Figure 11: Volumetric wear rate

7 Hours

17 Hours

27 Hours

65 Hours

123 Hours

242 Hours

488 Hours

0
0.0002
0.0004
0.0006
0.0008
0.001

0.0012
0.0014
0.0016
0.0018

0 50 100 150 200

To
ta
lW

ea
rF

ac
to
r(
N
ro

f
cy
cl
es
*w

ea
rf
ac
to
r)

Number of cycles to represent 10 milion
simulated cycles

4



525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter
Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018 PDF page: 74PDF page: 74PDF page: 74PDF page: 74

CHAPTER 4

74

Discussion

In this study we developed an FE model with adaptive meshing to predict wear at
the modular taper junction in total hip arthroplasty. The model was validated
using in vitro fretting experiments, aiming at predicting the measured volumetric
wear.
In a similar study, English et al. [16] simulated 5 million walking cycles in a model
of a CoCr head on a Ti alloy stem. In their model the maximum applied load in
the walking cycle was about 2 kN, in contrast with the 4 kN applied in the current
study. English et al. found a maximum linear wear depth of 2 μm on the stem,
while we found a maximum linear wear depth of 27 μm after 10 million cycles in a
titanium on titanium system. This difference in linear wear depth can be
explained considering the differences in material combination, number of cycles
and loading conditions.
The wear factor that was determined in the FEA simulations was based on
experiments using a single assembly case, and a single loading condition. The
current assembly case is considered as an optimal assembly force for hip implants
during surgery [18], and the loading condition was derived from an international
standard for the testing of hip implants (ISO 7206 6:2013). Ideally the wear factor
should also be applicable in different assembly loads and loading configurations
however, the effect of variations in assembly and loading conditions are still to be
determined. The method that was used for determination of the number of
virtual steps, resulting in the wear factor, is consistent with other studies[16,19,20].
A single, constant wear factor was assumed in the current study to simulate the
full loading history of 10 million cycles, whereas other studies have shown a
distinct running in phase in the wear that is produced at the taper junction[21,22].
This suggests that the wear factor might change over time rather than being
constant.
It may be possible to use the maximum observed contact pressure or
micromotions which exhibit a similar trend to optimize the wear equation and
demonstrate a “running in” phenomenon. However, the running in phase may
also be caused by manufacturing tolerances, while our FE model assumed a
perfect match between taper and adaptor. A suboptimal fit caused by these
manufacturing tolerances may lead to an increased initial wear rate, after which
the wear rate will stabilize. Using the currently presented methodology it is
possible to investigate the effect of manufacturing tolerances on the taper wear
and taper wear rate more thoroughly, to possibly create more accurate wear
predictions.
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Although we were able to model the linear wear based on a wear factor, contact
pressure and sliding distance, we did not incorporate the electrochemical fretting
process, which also depends on factors such as corrosion potentials and oxide
repassivation. Including these factors may give a further advancement of the wear
prediction over time. Swaminathan and Gilbert showed that the fretting potential
changes over time due to abrasion [23], this might lead to varying wear rates over
the 10 million cycles. Moreover, fretting products were not included in the
simulation, whereas there may be a significant portion of material deposit on the
tapers surfaces, which may also influence the wear process [24,25].
The assembly force used in this study was applied as a push on rather than an
impaction force, as is the case during surgery. The push on force was used to be
able to consistently assemble the adapter onto the stem during the experiments,
and similar in the FE simulations. A dynamic impaction force can be replaced by a
push on force as it results in a similar trunnion strength, as has been shown by
Rehmer et al. [26]. As a push on force was applied, no inertial forces played a
significant role in the assembly or cyclic loading of the implant system. Therefore,
a quasi static implicit simulation was performed.
The model presented in this study can be used in future work to determine the
effect of different patient, implant and surgical factors on the volumetric wear.
Different patient factors can be implemented by changing the loading conditions
to mimic a range of body weights or activities. Activities like walking, going up
stairs or getting up from a chair can be easily simulated. The most strenuous
activities according to Bergmann et al. [27], are walking, going up stairs and
stumbling. These activities therefore might have a big impact on the taper wear.
Implant factors that can have an effect on the taper wear that could be considered
are taper tolerances, different material couples or taper offsets [4,28,29]. The
assembly force is a major surgical factor contributes to the strength of the taper
connection. As shown by Rehmer et al. [26], a higher assembly force results in an
increased taper interference strength. A higher taper interference strength will
reduce the amount of micromotions and thereby may reduce the amount of wear.
It is also important to consider component positioning, changing the orientation
of femoral or acetabular components may have an influence upon the taper
stability and performance. The effect of all these patient, implant and surgical
parameters should lead to a model that can help develop and select the right
implants for a specific patient category.
This study shows the first experimentally validated model to examine taper wear
in comparison to results from an accelerated fretting test that produces features
which are comparable to retrieved prostheses. This work also demonstrates the
importance of simulating not only the first cycle when evaluating taper fretting.

4
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Using only a single step resulted in differences in average micromotion of 28%
when compared to 50 virtual steps, and 58% when compared to 200 virtual steps.
The average contact pressure deviated 15% and 27% when comparing 1 step to 50
and 200 steps respectively. The maximum contact pressure with more than 25
virtual steps is quite stable and deviates ±39% when compared to a single step.
We were able to demonstrate a suitable compromise of accuracy and
computational time where diminishing returns were observed. This study is of
great value for the orthopaedic community and demonstrates a set of simulation
parameters that have been verified by experimental results, which will allow
improved accuracy and predictability when looking at other design, patient and
surgical factors.



525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter
Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018 PDF page: 77PDF page: 77PDF page: 77PDF page: 77

CHAPTER 4

77

References

1 Cooper, H. J., Valle, C. J. Della, Berger, R. A., Tetreault, M., Paprosky,
W. G., Sporer, S. M., and Jacobs, J. J., 2012, “Corrosion at the Head
Neck Taper as a Cause for Adverse Local Tissue Reactions after Total
Hip Arthroplasty,” J. Bone Jt. Surgery, Inc., 94(18), pp. 1655–1661.

2 Kurtz, S., Kocagöz, S. B., Hanzlik, J. a, Underwood, R. J., Gilbert, J. L.,
MacDonald, D. W., Lee, G. C., Mont, M. a, Kraay, M. J., Klein, G. R.,
Parvizi, J., and Rimnac, C. M., 2013, “Do Ceramic Femoral Heads
Reduce Taper Fretting Corrosion in Hip Arthroplasty? A Retrieval
Study.,” Clin. Orthop. Relat. Res., 471(10), pp. 3270–82.

3 Kocagöz, S. B., Underwood, R. J., Sivan, S., Gilbert, J. L., Macdonald,
D. W., Day, J. S., and Kurtz, S., 2013, “Does Taper Angle Clearance
Influence Fretting and Corrosion Damage at the Head Stem
Interface? A Matched Cohort Retrieval Study.,” Semin. Arthroplasty,
24(4), pp. 246–254.

4 Higgs, G. B., MacDonald, D. W., Gilbert, J. L., Rimnac, C. M., and
Kurtz, S., 2015, “Does Taper Size Have an Effect on Taper Damage in
Retrieved Metal on Polyethylene Total Hip Devices?,” J. Arthroplasty,
31(9), pp. 277–281.

5 Viceconti, M., 1996, “Design Related Fretting Wear in Modular Neck
Hip Prosthesis,” 30, pp. 181–186.

6 Goldberg, J. R., and Gilbert, J. L., 2003, “In Vitro Corrosion Testing of
Modular Hip Tapers.,” J. Biomed. Mater. Res. B. Appl. Biomater.,
64(2), pp. 78–93.

7 Mathew, M. T., Uth, T., Hallab, N. J., Pourzal, R., Fischer, a., and
Wimmer, M. a., 2011, “Construction of a Tribocorrosion Test
Apparatus for the Hip Joint: Validation, Test Methodology and
Analysis,” Wear, 271(9–10), pp. 2651–2659.

8 Lavernia, C. J., Iacobelli, D. a., Villa, J. M., Jones, K., Gonzalez, J. L.,
and Jones, W. K., 2015, “Trunnion Head Stresses In THA: Are Big
Heads Trouble?,” J. Arthroplasty.

9 Theodorou, E. G., Provatidis, C. G., Babis, G. C., Georgiou, C. S., and
Megas, P. D., 2011, “Large Diameter Femoral Heads Impose Significant
Alterations on the Strains Developed on Femoral Component and
Bone: A Finite Element Analysis.,” Open Orthop. J., 5, pp. 229–238.

10 Dyrkacz, R. M. R., Brandt, J. M., Morrison, J., Brien, S. T. O., Ojo, O.
A., Turgeon, T. R., and Wyss, U. P., 2015, “Finite Element Analysis of
the Head Neck Taper Interface of Modular Hip Prostheses,”
Tribiology Int.

11 Fallahnezhad, K., Farhoudi, H., Oskouei, R. H., and Taylor, M., 2016,
“Influence of Geometry and Materials on the Axial and Torsional
Strength of the Head Neck Taper Junction in Modular Hip
Replacements: A Finite Element Study,” J. Mech. Behav. Biomed.
Mater., 60, pp. 118–126.

4



525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter
Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018 PDF page: 78PDF page: 78PDF page: 78PDF page: 78

CHAPTER 4

78

12 Donaldson, F. E., Coburn, J. C., and Siegel, K. L., 2014, “Total Hip
Arthroplasty Head Neck Contact Mechanics: A Stochastic
Investigation of Key Parameters.,” J. Biomech., 47(7), pp. 1634–41.

13 Elkins, J. M., Callaghan, J. J., and Brown, T. D., 2014, “Stability and
Trunnion Wear Potential in Large Diameter Metal on Metal Total
Hips: A Finite Element Analysis.,” Clin. Orthop. Relat. Res., 472(2),
pp. 529–42.

14 Bitter, T., Khan, I., Marriott, T., Schreurs, B. W., Verdonschot, N., and
Janssen, D., 2016, “Experimental Measurement Of The Coefficient Of
Friction At The Ti Ti Taper Connection In Total Hip Arthroplasty,” J.
Biomech. Eng., 138.

15 Bitter, T., Khan, I., Marriott, T., Lovelady, E., Verdonschot, N., and
Janssen, D., “A Combined Experimental and Finite Element Approach
to Analyze the Fretting Mechanism of the Head Stem Taper Junction
in Total Hip Replacement,” Proc. Inst. Mech. Eng. Part H J. Eng. Med.,
In press.

16 English, R., Ashkanfar, A., and Rothwell, G., 2015, “A Computational
Approach to Fretting Wear Prediction at the Head Stem Taper
Junction of Total Hip Replacements,” Wear, 338–339, pp. 210–220.

17 Archard, J. F., 1953, “Contact and Rubbing of Flat Surfaces,” J. Appl.
Phys., 24(1953), pp. 981–988.

18 Heiney, J. P., Battula, S., Vrabec, G. a., Parikh, A., Blice, R.,
Schoenfeld, A. J., and Njus, G. O., 2009, “Impact Magnitudes Applied
by Surgeons and Their Importance When Applying the Femoral Head
onto the Morse Taper for Total Hip Arthroplasty,” Arch. Orthop.
Trauma Surg., 129, pp. 793–796.

19 English, R., Ashkanfar, A., and Rothwell, G., 2015, “The Effect of
Different Assembly Loads on Taper Junction Fretting Wear in Total
Hip Replacements,” Wear, 95, pp. 199–210.

20 Zhang, T., Harrison, N. M., McDonnell, P. F., McHugh, P. E., and
Leen, S. B., 2013, “A Finite Element Methodology for Wear Fatigue
Analysis for Modular Hip Implants,” Tribol. Int., 65, pp. 113–127.

21 Liu, F., Leslie, I., Williams, S., Fisher, J., and Jin, Z., 2008,
“Development of Computational Wear Simulation of Metal on Metal
Hip Resurfacing Replacements.,” J. Biomech., 41(3), pp. 686–94.

22 Uddin, M. S., and Zhang, L. C., 2013, “Predicting the Wear of Hard on
Hard Hip Joint Prostheses,” Wear, 301(1–2), pp. 192–200.

23 Swaminathan, V., and Gilbert, J. L., 2013, “Potential and Frequency
Effects on Fretting Corrosion of Ti6Al4V and CoCrMo Surfaces,” J.
Biomed. Mater. Res. Part A, 101 A(9), pp. 2602–2612.

24 Goldberg, J. R., Gilbert, J. L., Jacobs, J. J., and Bauer, T. W., 2002, “A
Multicenter Retrieval Study of the Hip Prostheses,” (401), pp. 149–161.

25 Brown, S. a, Flemming, C. a, Kawalec, J. S., Placko, H. E., Vassaux, C.,
Merritt, K., Payer, J. H., and Kraay, M. J., 1995, “Fretting Corrosion



525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter
Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018 PDF page: 79PDF page: 79PDF page: 79PDF page: 79

CHAPTER 4

79

Accelerates Crevice Corrosion of Modular Hip Tapers.,” J. Appl.
Biomater., 6(1), pp. 19–26.

26 Rehmer, A., Bishop, N. E., and Morlock, M. M., 2012, “Influence of
Assembly Procedure and Material Combination on the Strength of the
Taper Connection at the Head Neck Junction of Modular Hip
Endoprostheses,” Clin. Biomech., 27(1), pp. 77–83.

27 Bergmann, G., Graichen, F., Rohlmann, a., Bender, a., Heinlein, B.,
Duda, G. N., Heller, M. O., and Morlock, M. M., 2010, “Realistic Loads
for Testing Hip Implants,” Biomed. Mater. Eng., 20(2), pp. 65–75.

28 Langton, D. J., Sidaginamale, R., Lord, J. K., Nargol, A. V. F., and
Joyce, T., 2012, “Taper Junction Failure in Large Diameter Metal on
Metal Bearings,” Bone Jt. Res., 1(4), pp. 56–63.

29 Gilbert, J. L., Mehta, M., and Pinder, B., 2009, “Fretting Crevice
Corrosion of Stainless Steel Stem CoCr Femoral Head Connections:
Comparisons of Materials, Initial Moisture, and Offset Length,” J.
Biomed. Mater. Res. Part B Appl. Biomater., 88(1), pp. 162–173. 4



525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter
Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018 PDF page: 80PDF page: 80PDF page: 80PDF page: 80



525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter
Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018 PDF page: 81PDF page: 81PDF page: 81PDF page: 81

The effects of manufacturing tolerances
and assembly force on the volumetric
wear at the taper junction in modular 
total hip arthroplasty

Thom Bitter, Imran Khan, Tim Marriott, Elaine Lovelady, Nico Verdonschot,
Dennis Janssen. The effects of manufacturing tolerances and assembly force on
the volumetric wear at the taper junction in modular total hip arthroplasty.
Submitted to Journal of Biomechanics.



525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter
Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018 PDF page: 82PDF page: 82PDF page: 82PDF page: 82

CHAPTER 5

82

Introduction

Modular total hip replacements have been developed in the past to improve both
intra operative flexibility, and to facilitate restoration of patient anatomy[2,3].
Modular interfaces within femoral hip implant systems can take the form of
modular necks, modular stem extensions, proximal bodies or the interface with
the femoral head. This may also encompass a taper adaptor for use with large
diameter femoral heads or ceramic femoral heads. The modular tapers are
generally conically shaped and can vary in size and material [4,5]. The focus of
this work was on the modular connection between a femoral stem and a taper
adaptor that is intended for use with large diameter femoral heads.
Although there are many advantages of using modular junctions[3], under certain
circumstances they may be associated with additional risks, as described in
reports on fretting wear at these locations[6,7]. Fretting wear is caused by small
cyclic motions between two contacting surfaces, and is a combination of
mechanical and chemical factors, such as abrasion and corrosion. Fretting can
result in the formation of particles and metal ions that are released into the joint
cavity, and have been implicated in some cases of early failure of hip replacement
[8,9].
One of the factors that may influence taper fretting and wear is the angular
mismatch between the taper of the stem and the femoral head. A mismatch
between the head and the stem is often designed into systems to ensure
consistent performance, and a specified tolerance band is allowed in order to
ensure manufacturability. The magnitude of the actual mismatch depends on the
specific processes and tolerances from each manufacturer. The mismatch can
result in the head seating at either the proximal or distal end of the stem taper,
known as ‘tip fit’ and ‘base fit’, respectively. The requirement of compatible
tolerances between mating tapers means that that tapers from different
manufacturers with even nominally similar taper angles may not be compatible
and should not be ‘mixed and matched’.
The taper geometries for the modular junction are defined by the taper angle,
taper length and distal or proximal diameter, roundness, straightness, surface
finish and material [10]. General manufacturing tolerance requirements`, as
described in ISO 2768 1:1989, have not changed since 1989, while manufacturing
processes have considerably improved.
Tolerances that might influence the taper connection include linear and
roundness tolerances, representing the tolerances on the diameter of the taper,
and the deviation from a perfect circular shape.
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There are several FE studies that found a relationship between taper mismatch
and taper wear [11,12]. However, in a retrieval study by Kocagöz et al. (Kocagöz et
al., 2013), no relation between taper mismatch and fretting or corrosion damage
was observed. Moreover, in the FE studies that did demonstrate a relationship
between taper mismatch and wear there is no consensus as to which situation is
preferable. Fallahnezhad et al.[11] concluded that ‘base fit’ mismatches are more
resistant to fretting wear, while Ashkanfar et al.[12] found the opposite, with ‘base
fit’ tapers having significantly higher wear rates, reportedly caused by the larger
moment arm in the case of a ‘base fit’ taper.
Computer simulations using the finite element (FE) method can be used to study
the taper mechanics. There have been several studies that used FE to study
parameters that may affect the taper interface. Parameters that were studied
include the head size [14–16], assembly force [16–18], taper surface finish[19], taper
mismatch[11,12], and taper size[17,20]. A larger head has been suggested to lead to
an increased moment arm, and thereby increased loads on the taper [21]. A higher
assembly force can increase the stability of the junction, which decreases the
amount of wear [16], but may increase contact pressures and therefore may
increase the amount of wear. Most of the FE studies use a simplified FE model in
which the effects of cyclic wear is not present, and the geometry does not change
as a result of wear. In this work, the FE method will be used to study the effect of
taper mismatch, using adaptive meshing to account for material removal due to
wear.
The consequences of taper mismatch are poorly understood. It is, however,
evident that a sub optimal fit between stem taper and femoral head has an effect
on the biomechanical response at the interface between the two components. In
the current study a previously developed FE model was adapted to investigate the
effect of manufacturing tolerances and different assembly forces on taper wear. In
this model a titanium stem was coupled with a titanium taper adaptor. The model
was then used to analyze the effects of manufacturing tolerances on the
volumetric wear, and to establish which type of angular mismatch resulted in the
least, and which resulted in the largest amount of volumetric wear.

Methods

FE model

A previously developed FE model [1] was used as basis for the current model. In
this model a Ti6Al4V stem with a Type 1 taper (4°) was used in combination with

5
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a Ti6Al4V taper adaptor (Zimmer Biomet UK Ltd, Swindon, UK). The adaptor
selected had the maximum available offset of +9 mm, in order to increase the
lever arm on the trunnion. Elastic and plastic material properties were assigned,
which were derived from tensile tests on the actual implant material. Frictional
contact between the stem and the adaptor was modeled using an isotropic penalty
formulated friction coefficient. This coefficient of friction was experimentally
determined in a previous study for the same implant system [22].

Taper tolerance

The stem taper tolerance was varied in accordance with general manufacturing
tolerances from ISO 2768 1:1989. It was assumed that there could be a
manufacturing tolerance of ± 0.1 mm on the stem taper diameter. Based on this,
the following five scenarios were analyzed:

1. ‘Perfect fit’: assumes that there is no angular mismatch between the stem
taper and the taper adaptor.

2. ‘Tip fit’ assumes that the angular mismatch causes the taper adaptor to
seat at the proximal end of the stem taper.

3. ‘Base fit’ assumes that the angular mismatch causes the taper adaptor to
seat at the distal end of the stem taper.

4. ‘Oval frontal’ assumes that there is a perfect fit in the superior inferior
(SI) direction and an angular mismatch in the anterior posterior (AP)
direction.

5. ‘Oval coronal’ assumes that there is a perfect fit in the AP direction and a
mismatch in the SI direction.

The different taper tolerances are illustrated in Figure 1.
In addition to this, the angular taper mismatch was reduced by 50% for each of
these scenarios in order to evaluate the effect of the magnitude of the taper
mismatch. The resulting angular mismatch, based on the tolerances described in
ISO 2768 1:1989, on the male taper was 1.27° for the full and 0.64° for the half
mismatch. The female taper on the adaptor was constant in each instance.
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Figure 1 Taper mismatch scenarios

Wear model

Wear was simulated using adaptive meshing based on Archard’s law, as previously
described in[1]. The wear depth was calculated following H=kpS, in which H is the
wear depth (mm), k is the wear factor (mm³/Nmm), p is the contact pressure
(MPa) and S is the sliding distance (mm). The geometry of the stem was updated
by moving each node perpendicular to the surface using the UMESHMOTION
subroutine (Abaqus 2017, Dassault Systèmes, Vélizy Villacoublay, France),
according to the calculated wear depth. The loads on the model were the same as
in the previous study, based on the accelerated fretting experiments; the stem was
fixed in accordance with ISO 7206 6:2013, the adaptor and stem were assembled
using 2, 4 or 15 kN force perpendicular to the taper axis (Figure 2), and a cyclic
load between 0.4 and 4 kN was applied oriented as described in ISO 7206 6:2013.
The wear was updated after each change in load for every cycle; after reaching 0.4
and 4 kN for every cycle. 50 virtual steps were modeled mimicking 10 million
experimental cycles. This discretization was applied to give optimal results in
simulation time and predicted wear. The wear factor used was fitted and
determined in the previous study [1] and has a value of 2.7x10 5 [mm³/Nmm]. This
validation was performed by matching FE models with experiments.

5
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Figure 2 FE boundary conditions and loads

Results

The full ‘tip fit’ stem assembled with 2 kN did not numerically converge from the
first cyclic load step, most likely due to the poor connection at the top edge of the
stem in this situation. Therefore, the results of this simulation have been not been
included.

Micromotions and contact pressures

In Figure 3 and Figure 4 the micromotions and contact pressures are plotted for
all the mismatch situations assembled with 4 kN. The figures are created at the
final 4kN load, the micromotions are calculated as the contact displacement
relative to the previous load of 0.4 kN. As a result of the adaptive meshing these
patterns have changed between the first cycle and the last cycle. The areas where
the contact pressures and micromotions overlap is the area in which adaptive
meshing will take place to simulate the wear. From these figures it can be seen
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that the overlap in micromotions and contact pressures for the ‘tip fit’ is not
situated at the tip, but further down on the inferior side. When the mismatch was
halved, this area moved down even further on the inferior side, resulting in the
wear patch also moving down on the inferior side of the stem (Figure 6).
For the ‘base fit’ the opposite can be seen. On the superior side the micromotions
are higher up on the taper where the largest contact pressures are at the top of the
taper. On the inferior side the micromotions and contact pressures are near the
base of the taper, the resulting wear patch is shown in Figure 6.
The micromotion and contact pressure patches for the ‘oval fit’ stems start at the
same height on the stem as the ‘tip fit’, however the shape of the contact area is
different. The initial contact areas are not in line with the direction of the load,
resulting in an almost diagonal contact area.

5
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Figure 3 Micromotion plots for junctions assembled with 4 kN. The darkest
red color indicates micromotion values which are above 70 μm.
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Figure 4 Contact pressures plots for junctions assembled with 4 kN.

5
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Figure 5 Plastic strain for 'Tip fit' assembled with 15 kN, and subsequently cyclic
loaded, at the end of the simulation.

Plastic deformation

Plastic deformation was not observed in any of the stems during the assembly
process. Even though the contact pressures for the ‘base fit’ were above the yield
stress of 865 MPa, the (von mises) yield criteria was not reached and plasticity was
not present at this point.
Plasticity was observed after the cyclic loading, mainly in the ‘tip fit’ situations.
The largest plastic strain was observed for the ‘tip fit’ assembled with 15 kN, see
Figure 5. The maximum plastic strain was in this case 2.74 %, it reduced slightly to
2.67% when assembled with 4 kN. For all other mismatch types the plasticity was
considerably smaller. The 'base fit’ assembled with 15 kN had a small plastic patch
at the base of the taper, with a maximum plastic strain of 0.35%. The ‘oval’ stems
had small plastic patches at the tip, with maximum values of 0.58% and 0.61% for
the ‘oval coronal’ and ‘oval frontal’ stems respectively when assembled with 15kN.
The plastic strain decreased in all situations with a lower assembly force.
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Figure 6 Wear depth contour plots, after simulation assembled with 4 kN

5
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Wear patterns

In Figure 6 the wear depth contour plots can be seen for different taper fits
assembled with 4 kN after 10 million cycles. All components are orientated in line
with the applied load, displaying the wear patches on the inferior side of the
taper. The ‘perfect fit’ had the least wear with the lowest wear depth (26.9 μm),
while the ‘tip fit’ had the largest visible “thumbprint” wear patch and the highest
wear depth (67.7 μm). The half ‘tip fit’ stem had a wear patch similar to the full
‘tip fit’, but the wear depths were lower (46.2 μm), reducing the total volumetric
wear. The ‘base fit’ stems had maximum wear depths of 46.6 μm for the full
tolerance and 42.2 μm for the half tolerance.
The larger wear patch and volumetric wear of the ‘oval frontal’ stems in
comparison to the ‘oval coronal’ stems was due to their contact area being more
in line with the applied load.

Wear rates and total wear

The volumetric wear rates showed relatively high initial wear rates, which
decreased after 1 million cycles for all types of taper fit (compare left to right
curves in Figure 7). The ‘tip fit’ had the highest volumetric wear and wear rates
when assembled with 4 kN (as mentioned previously, the 2 kN simulation with a
tip fit stem did not converge). The ‘perfect fit’, when assembled with 2 kN or 4 kN,
resulted in the lowest wear rates and least amount of total volumetric wear
(Figure 8). The half and full ‘base fit’ stems had a slightly larger wear rate and total
volumetric wear than the ‘perfect fit’ when assembled with 2 kN or 4 kN, but
performed better when assembled with 15 kN. The volumetric wear was 43% lower
with the half ‘base fit’ stem and 40% lower with the ‘base fit’ stem, compared to
the ‘perfect fit’ stem assembled with 15 kN. The results for the oval fits were
between the results for the tip and base fits, and the ‘oval coronal’ fit had less
volumetric wear compared to the ‘oval frontal’ fit.
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Figure 7 Initial wear rate up to 1 million cycles (left) and wear rate after 1
million cycles (right) for different tolerances and assembly forces. Lines are
connected between 2, 4 and 15 kN assembly force to emphasize the trends
found depending on the assembly force.

Figure 8 Volumetric wear after 10 million cycles

5
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Discussion

In the present study the volumetric wear at the taper junction was calculated for
different taper mismatches and assembly forces. It was shown that for low (2 kN)
and recommended (4kN)[23] assembly forces, a ‘perfect fit’ results in the least
amount of wear. In the case of high assembly forces, the mismatches had less of
an effect, with less variation in amount of wear. In this case the ‘base fit’
mismatches had the least amount of wear. The least amount of wear in case of a
‘perfect fit’ can be explained by the contact pressures being spread over the whole
interface, rather than a small contact area at the tip or base of the taper. Although
this larger contact area seems to lower the wear in the case of a ‘perfect fit’, the
opposite is true for the tip and base fit stems. The ‘tip fit’ stem had a larger area in
contact, a larger wear patch and more volumetric wear compared to the ‘base fit’
stem. The same was found when comparing the half ‘tip fit’ stem with the full
‘base fit’ stem, which both showing a similar maximum wear depth. The
conceptual ‘oval fit’ mismatches had a volumetric wear in between the tip and
base fit stems, where the orientation had an effect on the volumetric wear. This
can be explained by the orientation of the load being in line with the contact area
of the oval shape, resulting in a larger area where micromotions and contact
pressures overlap.
In this work it is shown that the wear is reduced with an increased assembly load.
This agrees with the experimental findings of Rehmer et al. who found that an
increased assembly load results in a higher trunnion strength, meaning a larger
pull off force or turn off moment was required when assembled with a higher
assembly force [23]. Assembly forces as high as 15 kN reduced the volumetric wear
and volumetric wear rate in every situation. It is, however, unlikely that these high
assembly forces will be reached in clinical practice. Lavernia et al. found relative
low impaction forces of 1.6±0.4 kN[24], where Nassut et al. found higher assembly
forces of 3.4 kN, but with a large standard deviation of 2.3 kN[25]. As the assembly
force is important for the trunnion strength, the use of an instrumented hammer
could be beneficial in order to give surgeons confirmation that they have applied
sufficient impaction force.
Compared to other studies, the tolerances in this paper are based on general
manufacturing tolerances, and not on measurements of a single implant
system[23] or measurements from new and retrieved implants of a single
manufacturer[21,26,27]. This results in larger tolerances than measured or found
in retrieved systems. However, it has been shown that mixing and matching of
different components from different manufacturers can result in mismatches,
with an increased risk of failure [28]. Even though the angular mismatch in this
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study is relatively large, a component mismatch of 1.69°, with a Type 1 stem and a
12/14 head, would result in an even larger mismatch. Gührs et al.[29] described
that this type of mismatch is not easily detected visually during surgical assembly,
and that mismatched taper/heads result in about 50% lower fracture loads in case
of a ceramic head. The current results show that it is important to minimize taper
mismatch, and that it is better to have a ‘base fit’ than a ‘tip fit’. This information
may be of value for the manufacturing process of taper junctions in hip
arthroplasty components. A recent study of Mueller et al.[4], among stems and
heads from 8 different manufacturers showed, that out of the 8 systems tested 7
had a ‘tip fit’ and only one a ‘base fit’ mismatch. Although the material
combinations (CoCr on Ti) and taper angles in that study are different, it could be
beneficial to manufacture implant systems with a ‘base fit’ mismatch instead.
Other studies have shown mixed results when modeling wear for different taper
tolerances. Fallahnezhad et al.[11] concluded that base fit mismatches are more
resistant to fretting wear, while Ashkanfar et al.[12] found the opposite with base
locked tapers having significantly larger wear rates. Both studies, however, have
different material combinations, taper mismatches and wear models. Ashkanfar et
al. uses the dissipated energy wear law for a cobalt chrome on titanium material
couple with a maximum mismatch of 0.18° in a 3D FE model. Fallahnezhad et al.
uses a 2D wear model based on Archard’s law for cobalt chrome on cobalt chrome
material couples with a maximum mismatch of 0.124°. Both studies used a 4 kN
assembly force and larger taper angles, 5.6° versus our 4°. The differences in these
results could possibly be explained by the different material couples, wear models
or the magnitude of the taper mismatch. The variation in outcomes of
computational models simulating taper fretting illustrate the importance of model
validation against experimental results, which we have done in our previous work
[1].
In the current study volumetric wear was calculated as the amount of volume lost
due to the movement of the nodes in the subroutine UMESHMOTION. There is,
however, also a change in geometry due to plastic deformations. Plastic
deformation was mainly observed in the ‘tip fit’ stems, and hardly in any of the
other cases. The volumetric material loss for the ‘tip fit’ stems might therefore be
underestimated, when compared to experimental measurements of taper
junctions.
A limitation of this model is that only mechanical wear is modeled.
Electrochemical processes may have an additional effect on the wear at the taper
interface [30], so the current simulations may have underestimated the actual
wear volume. Areas at which there are very low contact pressures and high
micromotions now result in very low, or no wear. These conditions might be
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sensitive to electrochemical processes, such as crevice corrosion. In addition no
3rd body wear as a result of wear debris particles or contamination was included,
which may accelerate the wear process.
Although for a Ti6Al4V Ti6Al4V stem adapter couple a ‘base fit’ was found to
result in the least amount of wear, this is not necessarily the best option for all
material couples. More brittle materials, such as ceramics, are more susceptible to
fracture than metal components. The fracture risk of ceramics is greatly increased
by the taper contact region, caused by the type of mismatch or taper offset, the
taper roughness, and the taper straightness [31,32]. A ‘base fit’ taper mismatch
increases the risk of ceramic head fracture, therefore a ‘tip fit’ is advised in order
to reduce the risk of ceramic fracture [33].
This study showed that a ‘perfect fit’ between a Ti6Al4V stem and Ti6Al4V taper
adaptor in combination with a large assembly force results in the least amount of
wear. However, it is not practical to manufacture tapers to perfectly match. With
this in mind, this study showed that a ‘base fit’ mismatch is preferable over a ‘tip
fit’ mismatch, resulting in only slightly higher wear than a ‘perfect fit’ for Ti6Al4V
components.
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Introduction
In total hip arthroplasty (THA), modular connections offer the surgeon intra
operative flexibility to restore patient anatomy. Using modular connections the
offset or anteversion of an implant can be adapted and different head sizes can be
chosen. With modular connections soft tissue tension can be tuned and range of
motion can be increased, which contributes in prevention of (sub)luxation, and
leg length discrepancies can be addressed. However, fretting wear occurring at
modular connections has also been identified as a potential cause of early failure
of the reconstruction [1,2].
Computational methods, such as the finite element (FE) method, have previously
been used to study fretting at the taper interface. These studies varied parameters
such as head size [3–5], assembly force [5–7], taper surface finish [8], and taper
size [6,9].
There are two different approaches to simulate fretting wear in FE analyses. In the
first approach, contact pressures and interface micromotions are analyzed to
calculate the fretting work as a predictor for taper wear [10,11]. In these
simulations the actual wear process (and subsequent geometrical change of the
materials at the interface) is ignored. The second approach uses adaptive meshing
to actually model taper wear, accounting for the material loss during the
simulation by changing the geometry [12]. The second approach is theoretically
more suitable for calculating the progressing wear over time, and captures the
effect of a change in geometry on the contact pressures and micromotions. This
could potentially lead to models that are capable of clinically relevant predictions,
if combined with different realistic loading profiles representative of actual
patient activity. The activities that have been evaluated so far using the adaptive
meshing method have been limited to rudimentary loads, mimicking
experimental set ups, and simplified loading configurations representing gait.
More detailed information on the forces acting on the joint during an array of
activities of daily living can be obtained through instrumented implants [13] and
musculoskeletal modeling [14]. In musculoskeletal modeling, motion capture data
and force plate data are utilized in inverse dynamics musculoskeletal modeling
tools to calculate muscle and joint forces. Combining data on in vivo joint loads
with FE models can provide more insight into the effect of various activities of
daily living on the progression of wear in hip tapers.
In the current study, a previously developed FE model was combined with
musculoskeletal models of healthy subjects to determine the effect of activities of
daily living on the volumetric wear. For this purpose, loading patterns were
derived from multiple subjects using musculoskeletal analyses, and an average
pattern was calculated based on these subjects. The activities included normal
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walking, a chair rise, and walking up stairs. For these activities, the volumetric
wear after 10 million simulated cycles was simulated in the FE model.

Methods
FE model

Previously, an FE model (Figure 1) was developed in which adaptive meshing was
applied to simulate volumetric fretting wear [15]. This model consisted of a
Ti6Al4V Type 1 stem and a Ti6Al4V taper adaptor (Zimmer Biomet, Swindon,
UK), assembled with a force of 4 kN. Elastic and plastic material properties were
assigned, which were derived from tensile tests on the actual implant material.
Frictional contact between the stem and the adaptor was modeled using an
isotropic penalty formulated friction coefficient. This coefficient of friction was
experimentally determined in a previous study for the same implant system [16].
In this FE model, wear was predicted by moving implant nodes inwards
perpendicular to the taper surface, based on contact pressures, micromotions and
a wear factor, k (mm3/Nmm) (Figure 1 bottom). The wear factor k was determined
by matching the FE model with wear experiments with the same implant system
[15]. Based on Archard’s law, the wear depth was determined using H = k p s,
where H is the wear depth in mm, p is the contact pressure in MPa, and s is the
sliding distance in mm, which in this case equals the micromotion.

Experimental measurements

A dataset of ten healthy subjects (five males, age 40.1 ± 15.7 years, height 174.9 ±
11.1 cm, weight 74.8 ± 11.9 kg, BMI 24.4 ± 2.3 kg/m², fat percentage 27.8 ± 5.8%) was
obtained at the Radboud University Medical Center in Nijmegen, the Netherlands;
IRB approval was obtained to perform this study. For each subject, an MRI scan of
the lower extremity was obtained (3T, T1 weighted axial spin echo (SE), voxel size
of 1.0 x 1.0 x 3.0 mm for pelvis, knee and ankle region, and 1.0 x 1.0 x 8.0 mm for
the remaining upper and lower leg) using a Siemens 3T MAGNETOM® Skyra
(Siemens AG, Munich, Germany). Then, a six camera digital optical motion
capture system (Vicon Motion System Ltd., Oxford, UK) with synchronized
custom built force plates (AMTI, Watertown, MA, U.S.A.) were used during the
recording of the trials. 35 optical markers were placed according to the standard
Vicon Plug in Gait marker set, and 10 additional markers were placed on the right
and left thigh, shank, medial femoral epicondyle, medial malleolus and fifth
metatarsal head of the foot. For each subject, three different trials were analyzed:

6
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gait at comfortable walking speed (CWS), chair rising (CR), and walking upstairs
(SU).
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Figure 1 FEA model, Boundary conditions (left), cross section mesh taper
interface (right), adapted mesh (bottom). Nodes are moved inwards to the taper
surface, changing the geometry to account for the wear.

Musculoskeletal modeling

Modeling was performed using the Twente Lower Extremity Model 2.0 [14]
implemented in the AnyBody Modeling System™ ver. 6.0.3 (AnyBody Technology
A/S, Aalborg, Denmark) [17] (Figure 2). TLEM 2.0 represents a comprehensive MS
geometry dataset including medical images (CT and MRI) and segmented bone
and muscle volumes. The model consisted of 12 body segments, 11 joints and 21
degrees of freedom. To accurately describe the functionality of the
musculoskeletal system, each leg contained 55 muscle tendon parts in total whose
mechanical effects were described by 166 three element Hill type muscle tendon
units [18]. The hip joint was represented using an idealized spherical joint (or ball
and socket joint) which provided three rotational DOFs and constrained all
translations.
For each subject and trial, anthropometric parameters of the TLEM 2.0 model
were optimized so that the model markers best fitted the position of the measured
optical markers, using a parameter identification algorithm [19]. Joint angles and
pelvis position for each trial were optimized using an inverse kinematics analysis
[20]. The tendon slack length and optimal fiber length of the muscle tendon units
were calibrated using custom calibration routines, based on physiological joint
ranges of motion [21]. Muscle strengths were scaled linearly based on subjects’
body weight. Subsequently, the optimized kinematics were combined with the
measured ground reaction forces (GRFs) in an inverse dynamics analysis, by
which hip joint reaction forces could be estimated. The muscle recruitment
problem was solved using an optimization approach, minimizing the sum of cubic
muscle activations weighted by muscle volumes. The hip reaction forces,
therefore, included the contribution from both muscle and inertial forces during
the activities analyzed. The hip forces were scaled assuming 750 N as the body
weight, based on the average weight of the subjects.

6



525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter525580-L-sub01-bw-Bitter
Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018Processed on: 30-10-2018 PDF page: 106PDF page: 106PDF page: 106PDF page: 106

CHAPTER 6

106

Figure 2 Different activities that were modeled using musculoskeletal modeling.
Comfortable walking speed (CWS, left), chair rise, (CR, middle), and stairs up
(SU, right). Grey boxes indicate the force plates used.

Loads during various activities

The hip force data obtained for each activity were reduced by selecting four time
points, capturing the peaks and valleys during each activity, which were
anticipated to contribute most to micromotions at the taper connection. In Figure
3 the total hip joint force is shown for one subject, with the selected points
indicated with stars.
For each activity the subjects with the maximum and minimum peak force were
selected to represent the boundaries of this limited population. In addition, the
average forces were calculated for each activity. The subject with the highest peak
force was selected as the maximum, and the subject with the lowest peak force
was selected as the minimum. For the average force, the x, y, and z force data at
the 4 selected points were averaged for all the subjects, resulting in 4 average
discretized loads. The discretized data for the three different activities, minimum,
maximum and average, are given in Table 1. Additionally, a loading configuration
was defined which combined the three activities. In this situation the discretized
points for the average force of the 3 activities were placed after one another,
thereby combining the three activities into a single loading configuration
consisting of 12 steps, in which each activity was performed the same number of
times.
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The hip joint loads calculated from the musculoskeletal model were then applied
to the FE model at the same hip joint location (Figure 1). This hip joint location
was linked to the outside of the taper adaptor to transfer the loads to the implant.
The finite element simulation was quasi static, ignoring inertial effects or velocity
differences between the different subjects, similarly to another previously
published study [15]. Inertial effects were, however, taken into account in the
inverse dynamics analysis of the musculoskeletal model, which accounted for
inertial contributions to the hip reaction forces. For each activity, the loading
configuration was applied in 50 equally divided steps, representing 10 million
loading cycles using a scaled wear factor. In previous work [15] this scaled wear
factor was determined to result in the optimal balance between accuracy and
computational time.

Figure 3 Hip force during comfortable walking speed. Stars indicate selected time
points.

6
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Results

Musculoskeletal modeling

Out of the 10 healthy subjects analyzed, data from only six subjects were suitable
for further analysis. For three subjects, marker data were missing for some
activities, and these subjects were therefore excluded. With a fourth subject,
inverse dynamics analyses could not complete due to numerical problems, and
therefore also this data was excluded.
Using the musculoskeletal model, time force data was derived for each subject.
The forces for the comfortable walking speed had the highest peak forces for the
maximum peak subject, with a maximum peak force of 3644 N, followed by
walking up stairs, with a similar maximum peak forces of 3626 N ( 0.5%). The
chair rise had a lower maximum peak force of 2240 N ( 38.5%). For the average
and minimum subject forces, the highest peak was observed for the stairs up
activity. For the average forces, however, the second force peak (point 4), was
higher for the comfortable walking compared to the stairs up activity.
From Figure 4 the direction of the forces for each activity can be seen for the
subject with the highest peak forces. The largest spread in AP direction is for the
stairs up activity. Comfortable walking resulted in the most vertical forces, and
during a chair rise the forces were directed more posteriorly.

Total Hip
Force (N) 1 2 3 4

MIN 215.5 2786.8 1446.8 2515.2
CWS AVG 204.8 2975.5 1430.3 2947.9

MAX 210.1 3644.1 1611.5 2775.5
MIN 321.0 1261.9 1005.7 1230.9

CR AVG 337.7 1880.1 1213.7 1409.6
MAX 391.7 1993.3 1919.9 2239.6

SU
MIN 207.4 2892.2 1738.9 3131.2
AVG 275.0 3221.1 1624.5 2566.9
MAX 348.1 3626.0 1672.8 2442.1

Table 1 Applied forces for different activities, Comfortable Walking Speed
(CWS), Chair Rise (CR) and Stairs Up (SU) at the four selected time points.
The direction of these forces is captured in three orthogonal directions. The
total hip forces given in this table are created from the force data for each
activity. For each activity forces were applied for the minimum (MIN), and
maximum (MAX) peak force subject, as well as all subjects averaged (AVG).
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Figure 4 Force direction vector plots for the different activities (CWS
comfortable walking speed, CR chair rise (CR) and SU stair up) for the
maximum peak subjects. Comfortable walking (red) is oriented more vertically
than the other activities. The chair rise (green) had the most posteriorly
oriented forces.
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Wear

The linear wear depth patterns and summed micromotion patterns
(micromotions summed over all the simulated steps) shown in Figure 5 indicate a
small wear patch on the inferior distal side of the stem. This was clearly visible for
the comfortable walking speed, stairs up and combined activities, but was hardly
visible for the chair rise load. A similar pattern was observed for the
micromotions. For the stairs up and chair rise activities, the micromotions were
located more posterior compared to the comfortable walking speed. The higher
loads for comfortable walking also resulted in a larger area affected by
micromotions, where for the chair rise only a small micromotion patch was
observed. The combined activities showed a micromotion distribution and wear
patch that appeared averaged over the three activities.
The volumetric wear for the different loading conditions is given in Figure 6.
Following the results from the highest peak forces derived from the
musculoskeletal modeling, the volumetric wear showed the same trend. A
comfortable walking speed showed the highest volumetric wear, followed by the
stairs up activity and the chair rise. The highest peak subjects resulted in the most
volumetric wear in all cases, however, the lowest peak subject had a higher
volumetric wear for the stairs up case, than the average subject.
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Figure 5 Wear and micromotion plots for comfortable walking speed (CWS),
Chair rise (CR), Stair up (SU), and the activities combined (Combined), for the
average subject.
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Figure 6 Volumetric wear after 10 million simulated cycles

Discussion
In this work the volumetric wear at the taper interface was calculated for different
activities and different subjects. Using musculoskeletal modeling hip joint forces
were extracted. The joint forces from the musculoskeletal model where then
applied to a previously developed FE model, in which the volumetric wear was
calculated.
Surprisingly, a comfortable walking speed resulted in the highest volumetric wear
for the average and highest peak subject. This can be explained by the higher
forces that were derived for comfortable walking speed, compared to the other
activities. Although for the average forces the highest peak was higher for the
stairs up activity, the second peak was higher for the comfortable walking speed,
moreover, the valley to peak differences were largest for the comfortable walking
speed.
For the chair rise and comfortable walking speed the subject with the highest
peak force had the most wear, and the subject with the lowest peak force had the
lowest amount of wear, with the subject averaged load in between the two. For
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the stair climbing, however, the lowest and highest peak force subject had a
similar volumetric wear, and the subject average had a slightly lower volumetric
wear. In Figure 7 the force peaks for the 3 subject situations for the stairs up
activity are given. From this figure it can be seen that the differences between the
two force peaks for the maximum and minimum peak subjects are very similar.
The maximum peak subject has a larger initial peak, and the minimum peak
subject has a larger secondary force peak. These similar peak differences result in
a similar total volumetric wear as was seen in Figure 6.

Figure 7 Total hip force for stairs up activity. * minimum peak subject, o
maximum peak subject, average subject

The combination of loads calculated using a musculoskeletal model and an FE
analysis with adaptive meshing to account for wear has the potential to study the
effects of additional parameters. Using musculoskeletal models, subject specific
parameters can be applied to the FE model. These include changes in loads due to
differences in anatomy, gait pattern and body weight. Furthermore, variations in
implant position can be included, such as the offset or anteversion. These surgical
parameters may have an effect on the hip loads, which could be applied in an FE
model to see how they affect the volumetric wear at the taper junction.
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A limitation to this study is that the subjects used for the musculoskeletal
modelling were all healthy subjects. The joint kinematics can be affected by a total
hip arthroplasty, which means that also the joint loads may be different for
patients. A possible solution for this limitation is to perform motion capture and
run musculoskeletal models for patients, to also capture the changes following hip
surgery.
Each healthy subject’s anthropometry was scaled linearly based on the position of
the optical markers. The linear anthropometric scaling and/or differences
between patients and healthy subjects may be the reasons for the high hip forces
obtained in the case of the comfortable walking activity in this study, whereas, in
general, stair climbing results in larger forces [10,22]. Other image based scaling
methods may result in more accurate model geometry representation, and
consequently more realistic muscle and joint forces estimations. However, image
based subject specific modeling is more time intensive and fell out of the scope of
this study.
Compared to Bergmann et al. the hip forces calculated in this study were
considerably higher for the selected activities [22]. Bergmann et al. found hip
forces for walking, stairs up and chair rise of 1800 N, 1900 N, and 1500N
respectively, whereas we found forces of 2976 N, 3221 N, and 1880 N respectively.
However, in their study patients with instrumented implants were used, which
were on average older (60 versus 40 years) and had a higher body weight (85
versus 75 kg), compared to our healthy subjects. There were also differences in the
direction of the forces, as in the study of Bergmann et al. the hip forces were
oriented more superiorly (+31°). In the AP direction, however, CWS and CR had a
similar orientation (±2°), and the SU had a much more anterior oriented hip force
peak in the Bergmann study (+14°). The differences in patients versus healthy
subjects, age, and weight, can result in the different kinematics, explaining the
larger and differently oriented hip forces in this study.
The linear scaling used in this study might not result in a perfect subject specific
match. As the markers and ground reaction forces are subject specific, this
mismatch may result in an error of the estimated hip forces, as well. Furthermore,
the tendon slack lengths and optimal fiber lengths were calibrated by applying
physiological ranges of motion for each muscle group. Errors in muscle
calibrations can however cause suboptimal muscles to take over, which eventually
may also result in higher joint forces.
Concerning the FE simulation of wear, only mechanical wear was considered in
the current analyses, whereas the wear mechanisms at the taper junction also
include electrochemical processes[23]. These electrochemical processes include
crevice corrosion [23] which occurs when small crevices are formed in the taper
junction, or galvanic corrosion [24] which occurs when two dissimilar materials
are used for the taper junction. In both cases the corrosion rate is accelerated. The
crevice corrosion process in combination with mechanical loading is called
mechanically assisted crevice corrosion (MACC) [24] and can accelerate the wear
process at the taper junction further. The inclusion of these processes in wear
simulations could improve the accuracy of the wear predictions using FE. No
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contamination was modeled, and although the geometry is updated, no third
body wear as a result of the wear debris is included in this study. Wear debris and
contamination may result in an increased wear rate or failure of the implant
system [25]. Pennock et al. showed that exposure to wet contaminants resulted in
unpredictable dissociation forces, where in some cases the interlock between the
surfaces was completely lost [26]. By ignoring the effects of contamination and
third body wear, the volumetric wear might be underestimated in this study,
however, the comparison between the activities is still valid.
In comparison to the FE study by Farhoudi et al. [10,27], our model shows more
wear for a comfortable walking speed, whereas their model predicted more
fretting work for walking up the stairs. In their model, however, wear was not
modeled and cyclic repetitions were not included. Furthermore, in their model an
explicit dynamic approach was used with a different material combination. These
different modeling techniques may explain the differences in outcomes.
FE modeling based on musculoskeletal calculated hip forces can help to
determine the critical parameter combinations which affect implant longevity. In
this study the effect of different activities are shown. Other possible parameters
that can affect implant longevity include body weight, patient specific gait
pattern, implant offset, and implant anteversion. Quantifying the effect of these
parameters on taper wear could aid surgical decisions regarding the optimal
implant combination for a specific patient. Ultimately this could minimize wear
of the implants and maximize survival of the total hip arthroplasty.

6
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The goal of this thesis was to develop a model in which wear can be accurately
modeled, to help with better implant selection, implant design, and improved
surgical procedures, leading to hip replacement systems that can last a life time.
Within this thesis a finite element model has been described with which wear
predictions at the taper junction of modular total hip arthroplasty can be made.
This model can help identifying parameters that contribute to taper wear.
Parameters such as assembly force and manufacturing tolerances were studied in
this thesis and it was shown that no mismatch between the adaptor and the stem
resulted in the least amount of wear.

Assembly force

Several studies have studied the effect of assembly force on taper mechanics, with
mixed outcomes. Elkins et al. found that taper wear was only moderately
influenced by a higher assembly force [1]. Similarly, Dyrkacz et al. found a
negligible effect on the von Mises stresses at the taper junction, but they did find
a significant decrease in micromotions with a higher assembly force [2]. Both of
these studies, however, did not include geometrical material updates to account
for the wear. In a study by English et al. geometry updates were included [3].
Similar to our results, they found that an increase in assembly force resulted in
reduced wear.
The strength of the taper connection, expressed as the force or moment required
to pull or turn off the head, was calculated by Fallahnezhad et al. They found that
an increase in assembly force resulted in a higher taper junction strength [4]. A
higher taper connection strength reduces the micromotions at the taper interface
and therefore might reduce taper wear. In an in vitro study Lavernia et al. showed
that the taper strength decreased when contamination with blood and fatty tissue
was applied [5]. In a case report by Pansard et al. an unstable taper junction led to
increased taper wear [6], in this case the head was not properly aligned with the
taper, causing this instability.
The simulations and experiments in this study have been performed using a push
on force, rather than an impaction force used during surgery. This has been done
to be able to consistently replicate the assembly procedure, during both the
experiments, and the simulations. In a study by Rehmer et al. it was shown that
push on assembly and assembly using an impaction force were comparable [25].
They furthermore showed that multiple impactions only results in a better taper
strength if the sequential impactions are higher in force than the initial
impaction.
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Taper mismatch

FE studies investigating the effect of taper mismatch also showed mixed results.
Ashkanfar et al. found, in contrast to our findings, that base locked tapers had
significantly larger wear rates [7], while Fallahnezhad et al. found, similar to our
results, that base fit mismatches are more resistant to wear [8]. Besides these
mixed FE results, a retrieval study by Kocagöz et al. could not identify a relation
between taper mismatch and fretting corrosion damage [9], however, it has been
shown that a mismatch can drastically reduce the fracture load of ceramic heads
[10].

Head size

Lavernia et al. found an increase in von Mises stresses in the neck from 20.3 to
43.8 MPa when the head size increased from 28 to 40mm [11]. Although this is a
significant increase in stresses, the maximum of 43.8 MPa is not close to the
minimum required yield strength specified by ASTM F75 07, specification for
surgical implants, of 450 MPa. Dyrkacz et al. found the opposite, with a decrease
from 80 to 58.3 MPa, with an increased head diameter from 28 to 44 mm [2]. They
did, however, find that the increased head diameter resulted in larger
micromotions at the taper interface. Elkins et al. did find increased contact
stresses and micromotions, leading to more wear, with an increased head size
from 32 to 56 mm [1]. The larger stresses in the neck as seen by Lavernia et al. can
be explained by the larger moment arm resulting from the increased head size.
Due to the head alignment used by Dyrkacz et al. no increase in stresses was
observed in this study due to larger heads. They aligned all head sizes at the same
center of rotation. As the applied load went through this center of rotation no
increased moment arm is present.
Retrieval studies also show mixed results for the effect of head size. Meyer et al.
did not find a correlation between head size and the amount of metal released
from the taper [14], and similarly, Cartner et al. did not find a relation between
head size and corrosion evidence [15]. Dyrkacz et al., however, did find more
corrosion damage at the taper junction in 36 mm heads, when compared to 28
mm heads [16]. Langton et al. performed a prospective study on failing metal on
metal hip prostheses and hypothesized that increased frictional torque at the
bearing surface in larger diameter heads results in larger wear at the taper
interface [17]. In a study by Bishop et al. using a hip simulator it was shown that
larger diameter heads had an increased friction moment, when compared to
smaller diameter heads [18]. Furthermore they found that metal on metal bearing

7
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couples had up to 70% higher moments when compared to metal on polyethylene
bearing couples.

Taper size

Other taper parameters that have been studied are the taper size, length, and the
surface finish. The taper size is mainly dependent on the taper diameter. A
reduction of the taper diameter reduces the risk of impingement because it allows
for a larger range of motion. The smaller diameter, however, does mean that the
contacting surface is decreased. Nassif et al. studied three different taper types for
their effect on fretting scores and wear [19]. It was concluded that thicker tapers
with longer contact lengths were associated with greater fretting scores, but there
was no significant difference in volumetric wear. The three tapers studied by
Elkins et al. however, differed in taper diameter, taper angle, and contact length,
making it impossible to indicate one specific parameter as worst for taper wear. In
another retrieval study by Higgs et al. two taper types were studied from 252
retrieved implants [20]. By controlling for several device and clinical factors, they
concluded that fretting and corrosion was insensitive to differences in taper size.
They did, however, find head offset, implantation time, and material combination
as contributing factors, and patient weight was a predictor of fretting corrosion
damage.
Hothi et al. found that shorter rougher tapers had increased material loss at the
taper, when compared to larger smoother tapers [21]. Shorter tapers may result in
higher stresses due to their smaller contact area, however, Jauch Matt et al. found
that the taper length not necessarily resulted in smaller contact areas, as the taper
can fully sit within the head, while larger tapers are partly outside of the head
[22]. They did agree with the findings of Hothi et al. that smoother surfaces are
more appropriate, as they have a higher taper strength. Arnholt et al., however,
did not find a relation between taper morphologies and material release, when
looking at smooth and microgrooved tapers [23]. Pourzal et al. found the opposite,
where sharper trunnion peaks resulted in lower stem damage [24]. From these
studies it can be concluded that there is no agreement if smoother tapers are
actually better wear resistant as compared to microgrooved tapers. These studies,
however, all use different implant systems, from different manufacturers, which
all have different topologies on the taper surface.
Taper wear and/or corrosion has been observed in retrievals since the early 1990’s
[26–28]. It wasn’t until 2010 that a noticeable increase in revisions due to adverse
local tissue reactions was observed [29]. Adverse local tissue reactions caused by
metallic wear debris may progress differently amongst patients. Patient specific
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differences in metal hypersensitivity may play a role in the tissue reactions, as in
some cases no wear debris was found, but high levels of inflammation were
present [30]. In 2012, Langton et al. found taper wear to be worse than wear from
the bearing interface in large diameter total hip arthroplasties [17]. From this time
on taper wear was recognized as a problem, and taper wear was also observed in
‘regular’ diameter total hip arthroplasties.
Taper wear accounts for 2% of the reasons for revision according to Berstock et al.
[31]. According to the Dutch national implant registry the top 5 reasons for
revision are loosening of the acetabular component, dislocation, infection,
loosening of the femoral component, and inlay wear. Taper wear is in this registry
not registered specifically, and therefore the number of revisions due to taper
wear with The Netherlands are unknown. The national joint registry of England,
Wales, Northern Ireland, and the Isle of Man does register adverse reaction to
particulate debris. This particle debris however, is not exclusive debris from the
taper interface, but can also be generated at the bearing surfaces. The registry
shows that adverse reactions to metal debris caused in 0.03% of non MOM
implants a revision, while this was the reason for revision in 3.7% of MOM
implants. Besides some MOM implants being discontinued due to high revisions
rates, no specific taper connections have been identified by registries as failures.
The number of different taper connection combinations, and the multifactorial
source of taper wear make it difficult to isolate specific tapers, or specific
parameters that have the biggest chance of failure.
Currently there is no standardized taper, resulting in many different sizes and
shapes of tapers which are available on the market. The standardization of tapers
could be a solution to taper wear, if an optimal taper would be adopted by all
manufacturers. The differences in manufacturing processes should be within the
same tolerances for optimal connections. Standardized tapers, however, would
need a lot of testing to prove that no increased wear is present due to the specified
taper, or due to the differences in manufacturing processes. Manufacturers now
strongly advise to not “mix and match” heads and tapers from different
manufacturers, as differences between male and female taper shapes would result
in sub optimal taper connections. Even for established tapers like the well known
12 14 taper, there is a lot of variation in the actual shape. The 12 14 taper prescribes
a proximal and distal taper diameter of 12 and 14 mm, respectively, but taper
length is not specified, which determines the taper angle, and thus the taper
mismatch. Conversely, although the advice is not to “mix and match”, Whittaker
et al. found no increase in material loss when stems and heads from different
manufacturers were combined [32], meaning that the effect could be rather small
when the tapers and head have the same taper angle and size.

7
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The use of ceramic heads might be able to solve some of the problems in total hip
arthroplasties. Corrosion in ceramic heads on metal tapers is limited as there are
no dissimilar metals at the taper junction. There is, however, a (small) risk of
fracture of ceramic heads, and they are more expensive as compared to other
materials. At the taper junction, the ceramic head can, however, still cause the
stem taper to wear. In some cases a metal insert is used within the ceramic head,
which cancels the advantage of not having a metal metal taper connection.
The most apparent way to avoid taper wear, is to avoid using tapers. Although this
is a solution to taper wear it would mean the loss of surgical flexibility during
surgeries and forcing hospitals to have larger stocks to facilitate all the different
combinations that are now available using few modular parts. Furthermore it
would complicate revision surgeries, as it wouldn’t be possible to replace only the
head.

Future recommendations

The goal of this thesis was to develop a computational approach to model wear at
the taper connection of modular total hip arthroplasty components. Although this
thesis has made several steps to improve the computational analysis of fretting
corrosion, there is a number of aspects that require further investigation.
Only few FE studies look at wear progression over time, by updating the geometry
to account for wear. We showed that studies without geometry adaptation cannot
accurately predict wear at the taper junction. Updating the geometry affects the
contact conditions, resulting in changes in contact areas, micromotions, and
contact pressures over time, which all have an effect on the wear process.
Although geometry updates are a big improvement in wear prediction, the wear
model that is used is very important. The current wear model is based on
Archard’s Law, which uses a wear factor, micromotion, and contact pressure to
predict wear. This wear model, however, only simulates mechanical wear, while
fretting wear at the taper junction consists of a combination of mechanical wear
and chemical, corrosive, processes. Although there are studies showing relations
between mechanical factors and electrochemical potential, which can describe
oxide film properties and repassivation [33], there are no studies that have been
able to implement this into a validated FE model. The implementation of a
mechanical description of electrochemical processes could lead to more accurate
wear simulations, as corrosive processes play an important role in fretting wear.
In addition, the current model only applied geometry changes to the stem taper.
As the material couple consisted of the same materials, one will not wear
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preferentially over the other. However, due to the changing loading conditions
one side might wear faster than the other. This has been seen in studies, where
there is more wear found on the female part, compared to the male taper part.
The change of geometry on the contacting surface can also lead to different wear
patterns, although the wear patterns found in this study are similar to the
experimentally observed wear patterns. However, when analyzing taper junctions
with different material properties, geometrical changes on both sides are
necessary.
Validation of computational models of fretting corrosion remains challenging.
Experimental tests, such as used for validation of the current modeling approach,
is very expensive and time consuming, as the development of wear requires
multiple millions of loading cycles. Moreover, regardless how sophisticated the
set up, experiments still provide a simplified representation of the in vivo
behavior. Retrieval studies can be valuable for validation of computational
models, as they provide information on the actual in vivo processes occurring in
patients. However, as retrievals provide information on the final result, patient
activity and exact loading conditions are unknown, which complicates analysis of
the exact conditions under which fretting corrosion occurred. Moreover, fretting
or corrosion scores do not provide an objective, quantitative representation of
wear, and therefore are of limited use for model validation. Wear depth
measurements give more insight in the wear over a specific implantation period,
but still cannot be linked to an exact loading condition.
Solutions to the limitations mentioned above should be implemented in future
models to improve reliability and accuracy. The implementation of a wear model
incorporating chemical processes, and modeling wear progression on both
contacting surfaces should make the model more accurate for wear predictions of
different implant systems, as well as patient, and surgical factors. However, even
with these implementations, the modeling approach should be validated against
multiple implant systems, loading conditions and assembly forces, and compared
against reliable and reproducible data. After validation of the model, the effect of
parameters mentioned earlier in this discussion should be reassessed in order to
give accurate advice on implant design, patient, and surgical parameters to
minimize taper wear. This could result in implant systems with a different size
taper, depending on the head size, in combination with the patient’s body weight
and activity level, for minimal amounts of taper wear.
At this point the FE models are not sufficient to give accurate wear predictions.
The current models can, however, be used for comparative studies, and can
provide a solid basis for more sophisticated modelling. Development of future
models should focus on the inclusion of electrochemical processes in the wear
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model, and on robust experimental and in vivo validation, to warrant accurate
wear predictions. This next generation of clinically validated FE models can then
be used to prevent taper neck corrosion, contributing to the development of total
hip replacement systems that last a life time for patients that require hip joint
reconstruction.
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Most common hip implants consist of multiple parts, like the stem, head and cup.
During surgery the head is assembled onto the stem using a conical (tapered)
interface. Due to loading of the hip implant, at the taper interface between the
stem and the head, micromotions can occur, which can result in wear. Wear in
hip implants could lead to problems like implant loosening from the bone, or in
rare cases implant fractures.
The aim of this thesis was to develop a finite element model to predict wear at the
taper junction of modular total hip arthroplasties. This model can help identifying
parameters contributing to taper wear. The boundary conditions of the FE models
were mimicking an experimental set up that was used for validation purposes.
This experimental set up was based on an international standard for testing
modular hip implants (ISO 7206).

The coefficient of friction has a big influence on the simulation outcomes. The
range of coefficients of friction found in literature for FE simulations of the taper
junction is wide spread (0.15 0.55), due to differences in experimental
measurement techniques, material combinations, or surface finish. As no accurate
coefficient of friction was available for the implant system or material couple
studied in this thesis, in chapter 2, experiments were performed to determine the
system specific coefficient of friction. The coefficient of friction at the taper
interface for the implant system used was 0.29, which was used in the remainder
of the thesis.

In chapter 3, a finite element model was developed to match an experimental set
up based on ISO 7206, in which wear patterns seen on retrievals could be
replicated. To accomplish this, a wear score was created based on micromotions
and contact pressures. Unfortunately, the wear score did not correlate well with
the amount of material loss measured in the experiments. The simulated
micromotion patterns, however, showed similar patterns as observed in the
experiments. From this chapter it was concluded that a finite element model
cannot accurately predict taper wear without the implementation of adaptive
meshing to account for the change of geometry due to material loss. However, the
effect of assembly force and several activities of daily living could be assessed.
Higher assembly forces resulted in lower micromotions, which in turn lead to a
decreased wear score. Stumbling with an assembly force of 2 kN resulted in the
highest micromotions. Walking up stairs resulted in slightly higher micromotions
compared to level walking, and standing up resulted in the lowest micromotions.
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Based on the conclusions in chapter 3, the finite element model was further
improved in chapter 4. This was done by implementing adaptive meshing, to
update the geometry over time to account for wear. With adaptive meshing
implemented in the FE model, the wear progression over time could be predicted
more accurately. Matched to experimental volumetric wear measurements a wear
factor of 2.7*10 5 was determined for the finite element model to predict a
volumetric wear of 0.79 mm3 after 10 million simulated cycles. The experimental
wear depth after 10 million cycles was 30.5 ± 17 μm, while the predicted maximum
wear depth was 27 μm. The differences between simulations without adaptive
meshing and using adaptive meshing ranged from 15% to 58% for the average
contact pressure and average micromotion respectively, demonstrating the
importance of adaptive meshing to predict wear.

Manufacturing tolerances, leading to a mismatch at the taper interface, can lead
to differences in taper wear. Using the adaptive meshing model the effect of
manufacturing tolerances was investigated. Using the adaptive meshing, small
contact patches, caused by mismatches, will increase to bigger contact patches as
material is removed. In combination with the manufacturing tolerances, the
assembly force was varied in chapter 5. Although the tolerances, which were based
on ISO 2768 1:1989, were larger than the tolerances found in literature, this
chapter could identify wear trends based on the different manufacturing
tolerances. Optimal results were found when there was no mismatch between the
stem and the adaptor, and a ‘base fit’ mismatch resulted in less wear compared to
a ‘tip fit’ mismatch. Additionally it was found that an increased assembly force
reduced the amount of wear. Increasing the assembly force reduced the
differences in wear between the misfits, showing the importance of using
sufficient force during assembly.

In chapter 6, musculoskeletal modeling was combined with finite element
modeling to apply subject specific loads. Using musculoskeletal modeling, joint
forces were derived for six subjects performing three activities: walking at a
comfortable speed, a chair rise, and stair climbing. The derived joint forces were
then applied to the finite element model, which could then predict the volumetric
wear for these different activities, and subjects. This study showed that the peak
joint force had the largest impact on the volumetric wear. Comfortable walking
had the highest forces and the most volumetric wear, due to these higher forces.
The combination of musculoskeletal modeling with FE analysis, with adaptive
meshing to account for material loss, has the potential to study the effects of
subject specific parameters, such as loading variations due to differences in

8
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anatomy, gait pattern and body weight, but also variations as a result of implant
position and orientation can be included. This may provide more realistic loading
conditions, and therefore could result in more realistic wear predictions.
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De meeste heupprothesen bestaan uit meerdere onderdelen, waaronder de steel,
kop en kom. De kop wordt tijdens de operatie door middel van een conische
(taper) verbinding bevestigd op de steel. Door belastingen op de heup kunnen op
de verbinding (interface) tussen de kop en de steel microbewegingen
plaatsvinden, wat kan resulteren in slijtage. Slijtage in heupprothesen kan leiden
tot ernstige problemen, zoals het loslaten van het implantaat uit het bot, of kan in
zeer zeldzame gevallen leiden tot een breuk van het implantaat.
Het doel van dit project was om een computersimulatie gebaseerd op de eindige
elementen methode te ontwikkelen waarmee slijtage aan de taper interface van
modulaire totale heupprothesen kan worden voorspeld. Met behulp van dit model
kunnen parameters worden geïdentificeerd die bijdragen aan de taperslijtage. De
randvoorwaarden voor deze modellen zijn afkomstig van een experimentele
opstelling die gebruikt is ter validatie. Deze opstelling is gebaseerd op de
internationale norm voor het testen van heupimplantaten (ISO 7206).

De wrijvingscoëfficiënt heeft een grote invloed op de uitkomst van de simulaties.
In de literatuur is een grote spreiding te vinden in wrijvingscoëfficiënten (0.15
0.55), ten gevolge van verschillen in de meetmethode, materiaal combinaties, of
oppervlakte bewerking. Omdat er geen nauwkeurige wrijvingscoëfficiënt
beschikbaar was voor het implantaat en de materiaalcombinatie gebruikt in dit
proefschrift, is in hoofdstuk 2 een experiment opgezet om de wrijvingscoëfficiënt
te bepalen van dit specifieke systeem. De wrijvingscoëfficiënt voor dit systeem bij
de taper interface bedroeg 0.29, welke in de rest van dit proefschrift is gebruikt.

In hoofdstuk 3 is een eindige elementen model ontwikkeld waarmee een
experimentele opstelling nagebootst kon worden. Deze opstelling was gebaseerd
op ISO 7206, waarmee de slijtage patronen op de tapers nagebootst konden
worden zoals gevonden op geëxplanteerde implantaten. In dit hoofdstuk is een
slijtagescore gebruikt gebaseerd op microbewegingen en contactdrukken. Helaas
werd geen goede correlatie gevonden tussen de slijtagescore en de gemeten
hoeveelheid slijtage in de experimenten. De patronen van de microbewegingen op
de taper hadden echter grote overeenkomsten met de slijtagepatronen uit de
experimenten. In dit hoofdstuk werd de conclusie getrokken dat met een eindige
elementen model waarin geen geometrische aanpassingen gedaan worden om de
slijtage te simuleren, geen nauwkeurige voorspelling gedaan kunnen worden over
de taperslijtage. In dit hoofdstuk is ook gekeken naar het effect van
assembleerkracht en verschillende activiteiten op de slijtage. Een hogere
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assembleerkracht resulteerde in lagere microbewegingen, wat voor een lagere
slijtage score zorgde. Struikelen met een lage assembleerkracht van 2 kN
resulteerde in de grootste microbewegingen. Traplopen resulteerde in iets hogere
microbewegingen dan normaal lopen en opstaan uit een stoel leverde de minste
microbewegingen.

Gebaseerd op de bevindingen in hoofdstuk 3 werd het eindige elementen model
verbeterd in hoofdstuk 4. Door de geometrie van de taper aan te passen werd
slijtage gesimuleerd. Doordat de geometrie van de taper aangepast werd tijdens de
simulaties kon een nauwkeurigere voorspelling van de slijtage worden gedaan.
Door het gesimuleerde slijtage volume te vergelijken met gemeten slijtagevolumes
van de experimenten, kon een slijtage factor worden vastgesteld op 2.7*10 5

[mm³/N mm]. Met deze slijtage factor kon het eindige elementen model 0.79
mm³ slijtage volume voorspellen na 10 miljoen cycli. De maximale slijtage diepte
op de taper die hierbij voorspeld werd was 27 μm, waarbij de gemeten slijtage
diepte 30.5 ± 17 μm bedroeg. Het verschil tussen simulaties met geometrie updates
en simulaties zonder dat de geometrie tijdens de simulaties wordt ge update
verschilde tussen de 15% voor de gemiddelde contact drukken en 58% voor de
gemiddelde microbewegingen, wat het belang van geometrie updates tijdens de
simulaties aantoont.

Een afwijking tussen de verschillende onderdelen, als gevolg van
onnauwkeurigheden in de productieprocessen, kan tot verschillen in taperslijtage
leiden. De maximaal toelaatbare afwijking van de afmetingen worden aangegeven
met toleranties waarbinnen de afmetingen moeten vallen. In het eindige
elementen model is het effect van deze toleranties op de slijtage worden
onderzocht. Doordat de geometrie ge update wordt om het verwijderen van
materiaal te simuleren, kunnen kleine contact oppervlakken veroorzaakt door de
mismatch veranderen in grotere contact vlakken. Het effect van deze mismatches
gecombineerd met verschillende assembleerkrachten is onderzocht in hoofdstuk
5. De gebruikte toleranties, gebaseerd op de ISO 2768 1:1989 norm, waren groter
dan de afwijkingen die gevonden zijn in de literatuur. Dit neemt echter niet weg
dat deze afwijkingen mogelijk groter zouden kunnen uitvallen. In dit hoofdstuk is
er gekeken naar de trends gebaseerd op verschillende typen mismatch
gecombineerd met verschillende assembleerkrachten. Hieruit werd geconcludeerd
dat de minste slijtage veroorzaakt werd als er geen mismatch was tussen de taper
en de adapter. Een zogenoemde ‘base fit’ resulteerde in minder slijtage dan een
zogenoemde ‘tip fit’. Ook bleek wederom dat een hogere assembleerkracht de
slijtage verminderde. Daarnaast werd bij een hogere assembleerkracht het verschil
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in slijtage voor de verschillende typen mismatches minder, wat aantoont dat het
belangrijk is om voldoende assembleerkracht te gebruiken.

In hoofdstuk 6 is een spier skeletmodel gecombineerd met het eindige elementen
model, om patiënt specifieke belastingen toe te kunnen passen. Met behulp van
spier skeletmodellen zijn gewrichtskrachten berekend voor 6 personen, voor drie
verschillende activiteiten: normaal lopen, opstaan uit een stoel, en de trap op
lopen. De gewrichtskrachten zijn vervolgens toegepast op het eindige elementen
model, waarmee de slijtage voorspeld kon worden voor de verschillende
activiteiten en personen. In deze studie werd geconcludeerd dat de maximale piek
in de gewrichtskracht de grootste invloed had op de slijtage. Normaal lopen
resulteerde in de hoogste piekkrachten, wat zorgde voor de meeste slijtage. De
combinatie van spierskelet modellen met eindige elementen modellen, zoals in
deze studie gebruikt, biedt de mogelijkheid om de effecten van andere patiënt
specifieke parameters, zoals verschillen in belasting door verschillen in anatomie,
looppatroon en lichaamsgewicht, maar ook variaties als gevolg van de positie en
oriëntatie van het implantaat, te onderzoeken. Dit levert realistischere belastingen
op, wat tot betere slijtagevoorspellingen kan leiden.
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