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Abstract

Modular taper junctions are commonly used in total hip arthroplasty to offer a wide range of intraoperative
choices to surgeons. The damage at the taper surfaces can lead to the implant failure either by material removal
(wear) or by cracks nucleation (fatigue). This paper presents a methodology based on the finite element
approach to study both fretting wear and fatigue, taking into account their interaction in the modular taper. The
modified Archard’s law was employed to compute wear depth and the corresponding volume loss while the
fatigue life was predicted using two critical plane fatigue parameters (Smith-Watson-Topper and Fatemi-Socie).
An adaptive meshing technique was implemented to take into account the geometry changes and the material
removal effect on fatigue life. The methodology developed was discussed and validated against available
experimental data from the literature. In this case considered, a transition from a partial slip regime to a large
slip one, which is mainly controlled by the contact slip amplitude, was found to reduce the fatigue life and a
critical slip value was identified. This provides an efficient tool for an in-depth understanding of fretting in taper
Jjunctions and for future design.

Keywords: fretting; wear; fatigue; crack; total hip prosthesis; taper junction.
1. Introduction

Total hip replacement (THR) is recognized as one of the most successful surgical solutions performed to restore
hip biomechanics and resume the patient normal life. According to its morphology, the surgeon chooses the
appropriate prosthesis to replace the damaged hip joint. Prostheses with modular femoral neck offer a wide range
of intraoperative choices to surgeons by varying many parameters such as neck offset, leg length and collum-
caput-diaphysis (CCD) angle. Furthermore, it can be possible to combine different materials and obtain better
biocompatibility [1]. Modular total hip prosthesis (THP) is constituted of a spherical femoral head connected to
the femoral stem using a conical taper junction. Despite its various benefits, the additional contact interface in
head-neck or neck-stem junctions can lead to the potential for failures and high rate of surgery revision [2].

In the literature, numerous retrospective studies and case reports were conducted to identify the causes of failure
associated with modular implants. Fokter et al. [3] reviewed a large number of reports published in the period
2010-2016 on the failure of modular hip prosthesis. The study was based on data provided by the Food and Drug
Administration (FDA, USA), the Australian arthroplasty registry (AOANJRR) and the European arthroplasty
registries. They concluded that the main forms of failure were fretting, subsurface micro-cracks, corrosion and
overload of the neck. In a similar study, Osman et al. [4] revealed that fretting and corrosion within the metal on
metal (MoM) taper junctions contribute to the generation of small metal wear debris. The excessive level of
metal ions causes the formation of adverse local tissue reaction and lymphocytic inflammatory cells leading to
severe complications. Recently, many authors reported the fatigue fracture and failure of the modular component
as a potentially serious failure mode but under-documented in the literature. Goldstein et al. [5] reported the
failure of Large-Diameter Metal-on-Metal THP of a 54-years-old man after ten years of use. The femoral head
was dissociated after the breakage of the femoral neck due to a fatigue injury. Ullmark et al. [6] identified a one-
year mortality rate of 24% in elderly patients after neck fracture. Likewise, Williams et al. [7] demonstrated
nucleation of subsurface fatigue crack on the anterolateral side of the implant’s neck of a failed Ti6Al4V
Profemur Z implant. High fretting marks and corrosion were observed at this region of the neck than on other
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surfaces. These retrospective studies, in their majority, revealed that both of fretting wear and fatigue are the
potential failure cause of modular hip prosthesis.

In-vitro studies were undertaken to analyze fretting mechanisms in taper junctions using representative test
devices as in [8—11]. However, in-vitro tests remain very expensive, limited and require a long lead time. This is
due to the long exposure of the implant to cyclic loading and the difficulty to capture the variation of mechanical
quantities over time. In parallel, computational simulations were developed to further investigate different
aspects of fretting in modular junctions of hip implants. English et al. [12; 13] developed a methodology based
on a 3D-FE model and energy wear approach to study the effect of assembly load on fretting wear in taper
junctions. Similarly, the effect of angular mismatch on the fretting wear process was investigated by
Fallahnezhad et al.[14]. The Archard wear equation was implemented for an adaptive 2D-FE modeling. The
developed model was combined with existing empirical electrochemical equations to simulate the process of
fretting corrosion within CoCr/CoCr interfaces and the induced material loss [15]. Ashkanfar et al. [16] also
studied the effect of varying taper mismatch using an energy-based wear approach. However, most of the studies
available in the literature investigated only the fretting wear behavior without any consideration of interaction
with fatigue, despite its major effect clinically and experimentally proven.

Interaction between fretting wear and fatigue was well studied and documented in other engineering applications
[17-21]. In contrast, few studies considered this aspect in the case of modular hip junctions. Baxmann et al. [22]
conducted an experimental investigation using a device similar to taper coupling used in the hip prosthesis.
Fretting wear was observed in the case of high micromotions combined with low contact pressures. Fretting
fatigue was found for low micromotions and high contact pressures. Zhang et al. [23; 24] developed a 2D
axisymmetric model of a 12/14 modular neck taper to study the wear effect on the contact interface and the
consequent fatigue life. The energy-based approach and the Smith—Watson-Topper (SWT) fatigue parameter
were employed to compute wear and fatigue life, respectively. The authors found low values of wear depth and
fatigue life exceeding one hundred million cycles. This was due to the use of a 2D axisymmetric model and the
simplification of the applied load so that only the axial load was considered. According to Bergmann et al. [25],
the loads applied on the hip implant are multidirectional and non-symmetric. The simplification of these loads to
be applicable for simulators and numerical analyses should not be at the expense of realistic in vivo loads.

The main purpose of this study is to improve the comprehension of mechanical behavior within a modular taper
junction subjected to cyclic loading. This investigation is pertinent in that it considers the interaction between
fretting wear and multiaxial fatigue mechanisms and their effects on the service life of a modular THP. The
methodology proposed here is a three-dimensional finite element analysis based on (i) A modified version of the
Archard equation to quantify wear depth and volume loss evolving, (ii) Two multiaxial fatigue criteria coupled
with a linear damage accumulation law implemented to predict the lifetime, and (iii) An adaptive meshing
framework introduced to capture the effect of geometry changes and investigate the interaction between wear
and fatigue. The wear depth, rate, scar and fatigue life are found to be comparable with those available in the
literature. The developed methodology could be employed to identify the fretting regime and the slip amplitude
leading to the failure so that to avoid them in the design of new modular hip prostheses.

2. Methods
2.1. Wear modeling and implementation

The simulation of fretting wear in contact interfaces is based on local modeling of wear. For this purpose, the
modified version of Archard equation (see McColl et al. [26]) is herein employed. For a given point in the
contact area, the local wear depth is described by:

h =k, ps (1)
where h, P and s are the local wear depth, the contact pressure and the relative contact slip, respectively. k,

represents the local wear coefficient, which is assumed to be equal to the volumetric wear coefficient k as
justified in Refs. [26] and [27].
The wear process is applied to the defined contact nodes of the FE model described in section 2.4. Hence, for
each contact node M at the m" increment, the incremental wear depth is provided by:

AR = kplAs!" 2)
The integration of the incremental wear depth is done on small increments of time. For a high number of loading
cycles, the full simulation would require a very high computational time. To overcome this, the cycle jump



technique is employed and the integration is done on a block of AN fretting cycles. The cycle jump factor AN

is determined in such a way that the contact variation remains constant over the AN cycles. Therefore, the wear
depth is calculated as follows:
An" = kANp!As” 3)

Nt /BN M

h,= Y D AR 4

i=1 m=1

h, being the accumulated wear depth for a given contact node 7%, N, , is the applied load cycles, and u is the

total

maximum increment number within one load cycle.

The implementation of the Archard modified wear equation is achieved using the user-defined subroutine
UMESHMOTION provided in ABAQUS software package. This subroutine gives the contact results and
computes the incremental wear depth for each node inside the adaptive domain. Then, the material removal is
done after the end of each converged increment. This can be carried out through the adaptive meshing
framework of ABAQUS, which is based on the Arbitrary Lagrangian-Eulerian (ALE) algorithm. The ALE
meshing is achieved in two steps in a Eulerian analysis. Firstly, the surface nodes within the adaptive domain
move in the local normal direction according to the constraints defined in UMESHMOTION and a mesh
sweeping is done after. Secondly, the material quantities are re-mapped from the old mesh to the new swept
mesh by solving the advection equations using the Lax-Wendroff method [28]. Figure 1 depicts an exaggerated
illustration of the geometry updated after wear.
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Figure 1: Schematic illustration of ALE meshing and damage interpolation

2.2. Fatigue modeling and implementation

Cyclic loadings applied on hip prosthesis are considered as multiaxial and non-proportional complex stresses.
They involve tensile, compressive and shear stresses leading to different crack initiation modes. For this reason,
two critical plane multiaxial fatigue parameters are used in this study, namely the Smith-Watson-Topper (SWT)
and the Fatemi-Socie (FS). The critical plane criteria have been satisfactorily used by many researchers for the
prediction of crack nucleation life under such fretting problems [19]. In the previous work [29], with another
contact configuration, we have compared the prediction with different fatigue parameters. The SWT fatigue
parameter is based on the combination of the Coffin-Manson’s rule (plastic strain component) and the Basquin’s
rule (elastic strain component). It is given by the following relationship [30]:

g’ : bic
SWT =0, % | é) (2n, )" +ale; (2N, ) )

is the maximum normal stress on the critical plane and Afis the normal strain amplitude in the

where o
same plane. ¢, and b are the fatigue strength coefficient and exponent, while ¢ and . are the fatigue ductility
coefficient and exponent, £is Young’s modulus and N, is the number of cycles to crack initiation. For cracks

that initiate on planes of high shear strain, the FS fatigue parameter is applied and it is done via Eq 6 [30].
-_— Ay Umax —_— T} b ¢
FS-T{HaTy]-E(sz) +y, (2nN,) 6)

where Ay is the amplitude of shear strain in the critical plane, o, is the yield strength, and ¢is a constant. ¢is

the shear modulus, and T and y, are constants.

In this work, the implementation of this approach is performed according to the methodology described in [31]
for both parameters. This methodology is based on the 3D transformation of the stress/strain of each element



integration point and at each increment of the simulated loading cycle. The transformation is done on two circles
of 180° with a step of 5° which results in 1296 planes for each element. This procedure is repeated for each
element at each time increment to find the maximum value of SWT and FS of the entire fretting cycle. The
corresponding numbers of cycles to failure can be numerically determined via Eqs S and 6.

2.3. Combined wear-fatigue model

The material removal results in a change of the contact geometry, thus affecting the stress-strain distribution near
the contact surface from cycle to cycle. To capture this evolution, the fatigue damage corresponding to each
an cycle is calculated for each element. The linear accumulation rule of Miner-Palmgren is used for
accumulating the fatigue damage, as follows [32]:
p="§" AN ™)
N,

i=1
where n, is the corresponding number of cycles to failure, previously predicted using Eqs 5 and 6. When the

total accumulated damage p reaches a critical value, the crack initiation is assumed to occurred at this location.

As up mentioned, the accumulated damage is computed based on the assessment of stress-strain in each element
integration point. However, as a consequence of mesh updating due to the material removal, the damage
accumulation is going to be done in two different integration points from one fretting cycle to another. This gives
an incorrect result of damage, since the integration points are no longer linked to the same material points.
Thereby, the difference between a material point and a mesh integration point has to be considered. This problem
has often been overcome by the use of the material point mesh (MPM) method, initially developed by Madge et
al. [33]. For this method, these authors proposed to define fixed coordinates of MPM nodes independently of the
FE mesh. Then, the damage is linearly interpolated back according to the MPM for the accumulation while
excluding the removed material nodes, as illustrated in Fig 1.

2.4. Finite element model description

The developed 3D model consists of a femoral stem that ends with a Type 1 taper (4°) and a matching taper
adaptor (Fig 2a). The stem is potted in the cement and the assembly of the different parts is done according to
ISO 7206-6:2013. The stem and adaptor are both assigned with properties corresponding to titanium alloy
Ti6Al4V, while the cement is assigned with properties of polymethyl methacrylate (PMMA).

The meshing is carried out in such a way to further refine the contact zones represented by the adaptive domain,
while coarse meshes are used in regions away from the contact zones. All models are meshed with the 8-nodes
linear brick, reduced integration elements (C3D8R). The mesh size of contact elements and the cycle jump factor

(AN ) are determined following a convergence study, which will be discussed in subsection 3.1.

A tied contact is defined between the cement and the femoral stem to ensure a full fixation. The master-slave
algorithm using the finite sliding contact formulation is employed to define the contact interaction between the
taper adaptor (master surface) and the taper (slave surface). In addition, the isotropic penalty formulation is used
to obtain a good contact convergence, and according to experimental tests carried out on specimens of implant

taper made of Ti6Al4V [34], a friction coefficient of 0.29 was applied. The Archard wear coefficient kof
Ti6Al4V was set to 2.75 mm3/N.mm based on the results reported by Madge et al.[33]. Besides, the elastic
behavior properties and fatigue parameters corresponding to Ti6Al4V were taken from [30].

To assemble the taper adaptor on the taper, a 4 kN load is applied [35] while the exterior cement potting nodes
are fully fixed in translation. Then, a sinusoidal load equivalent to walking forces is applied with a maximum of
4 kN and a minimum of 400 N. A kinematic coupling was created between the outside surface of the adaptor and
the reference node of the force vector. The applied load, boundary conditions and constraints are illustrated in
Fig 2a. The load was oriented according to the standard ISO 7206-6:2013, which requires an angle of 9° in the
sagittal plane and 10° in the coronal plane (Fig 2b). The CCD angle was fixed at 135°. The global
implementation steps of the developed methodology are gathered in Fig 3.
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Figure 2: Illustration of (a) 3D FE model and boundary conditions (b) 3D orientations
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Figure 3: Flowchart of the main steps of the developed methodology

3. Results

3.1. Computational time optimization

The developed methodology is based on a 3D- FE simulation, which requires a high computational time. The
high number of cyclic loadings analyzed in this study increases drastically the total computing time for the full
simulation. The mesh size of the contact zone and the cycle jump factor (, v ) were identified in similar studies
as the most influencing parameters on computational time [36; 37]. In this section, the optimization of the two
main parameters is performed to reduce the computational time. To obtain more correct convergence results, two
wear scar profiles are considered in this analysis. The first is the circular profile of the bottom contact edge,
while the second is the median profile towards the proximal contact edge of the taper (Fig 4). In addition, the



relative error between two subsequent simulation results is calculated to analyze the convergence using Eq 8
(see [38]) :

_ | ~ B
€ = ¢—m::( (8)

where ¢! is the maximum variable output in the i simulation and ¢*! correspond to the (i+1)™ simulation.

max

It should be pointed that for all simulations of the convergence study, the total number of cyclic loading is fixed
at 2 million. This was performed based on a computational time estimation.

Proximal
contact edge

Median profile

Circular profile
-90°

Distal contact
edge

Figure 4: Profiles and contact edges location on the taper

3.1.1. Effect of mesh size

The mesh size in the contact zone is the most important parameter affecting the total computational time of the
simulation. In this optimization analysis, the cycle jump factor is fixed to 10,000 and the mesh size range is 0.05
to 0.5 mm. Figure 5 shows the mesh size effect on the dimension and the shape of the wear scar profile. For the
coarse mesh, a relatively small wear scar is produced, either on the circular or median profile. It can be seen that,
as the mesh size decreases, the wear scar profile widens in both profiles and becomes more similar and uniform
in cases of a refined mesh. The relative error in wear depth decreases and reaches a maximum of 3.5% between
cases

of 0.25 and 0.1 mm mesh size. Based on these results, a mesh size less than 0.25 mm is sufficient for the
convergence of a fretting wear simulation. Nevertheless, this mesh size is found to give a poor discretization for
computing of fatigue parameters SWT and FS. Figure 6 shows an obvious difference in shape and amplitude of
both fatigue parameters according to the mesh size. However, the use of a more refined mesh (0.1 and 0.05 mm)
has stabilized the convergence and reduced the relative error to 2% for SWT and 2.3% for FS computing. On the
other hand, the total computational time is found to be reduced four times using a mesh size of 0.1 mm compared
to a mesh of 0.05 mm. Based on this analysis; a 0.1 mm mesh size is selected.
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Figure 5. Effect of mesh size on the wear depth predicted along (a) circular profile and (b) median profile
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Figure 6. Effect of mesh size on: (a) SWT parameter (b) FS parameter

3.1.2. Effect of cycle jump factor

The second parameter studied here is the cyclic jump factor which is based on the determination of the
maximum wear increment using Eq 3. According to McColl et al. [26], the use of a larger value of 5 y reduces
the computational time but can significantly affect the stability of the results. Recall that, for this analysis, the
mesh size was set to 0.1 mm and the range of cycle jump factor was 5,000 to 50,000 cycles.

Figure 7 reveals the strong influence of A 5 on both profiles of the wear scar and the corresponding predicted
wear depth. When the factor is too large (o » = 50,000), the wear scar is narrower and deeper with additional
peaks at the circular profile. While, for a small value of A 5y (less than 20,000), the cycle jump factor has
practically no effect, either on the wear scar shape or on the predicted wear depth. A relative error in depth less
than 2% was obtained between cases of 5 y =10,000 anda y =5,000 cycles. In addition, the computational
time required for 5 y =10,000 is half as long as for o y =5,000. Thereby, a cyclic jump factor of 10,000 is
retained.
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Figure 7. Cycle jump factor’s effect on the wear depth predicted along (a) circular profile and (b) median profile
3.2. Methodology validation

Because of the complexity and the high cost of experimental tests on modular hip prostheses, very few
experiments were reported in the literature. To compare the results and validate the proposed methodology, the
FE model described in section 2.4 was developed so that it is similar to the experimental setup used by Bitter et
al. [8], [35]. These authors carried out three accelerated fretting tests of 10 million sinusoidal cyclic loading on
Type 1 Zimmer Biomet taper. Both of FE model and experimental test were set up according to the ISO 7206-
6:2013 standard, which specifies the test conditions for investigating of THP neck region.



This sub-section presents a comparison between the results of the computational methodology developed in this
study, and the experimental results available in the literature [8], [35]. Figure 8a shows a noticeable similarity
between the FE simulated wear scar and that produced experimentally. The wear marks are mainly observed in
the middle of the contact edge of the inferior side with a gradual decrease towards the median region of the taper.
Furthermore, conservative prediction of wear depth is obtained by the FE-simulation compared to the measured
experimental values, as presented in Fig 8b. The experimentally measured wear depth is found to be 30.5+17.3
um while the maximum FE-predicted wear depth is 20.88 um. For the average wear volume, the experimental
tests resulted in 0.79+0.52 mm® while the FE-simulation predicted a maximum of 1.28475 mm?. The possible
cause of the difference between experimental and simulation results may be that the experiment fretting tests
were conducted in a chemical environment. Despite this and taking into account the spread in experimental
results, the FE-predictions are satisfactory and could investigate the evolution of different variables in the
contact zone.

(b)

s

Figure 8. Comparison of FE simulation and experimental results:

(a) FE wear scar (left) vs. experimental wear scar (right) [8]. (b) FE predicted wear depth (left) vs. experimental
surface profile: yellow represents the unworn area and the blue the worn surface (right) [35]

3.3. Evolution of fretting wear variables

This section provides the evolution of contact variables over 10 million cyclic loadings obtained by the FE
simulation. The cyclic loading applied corresponds to a high peak walking loads of a subject with a bodyweight
of 1kN [39; 40]. This is equivalent to about 10 years of operation of moderately intense walking [13].

Figure 9 presents the variation in maximum contact pressure, contact slip, and total wear depth over the taper.
Both of inferior and superior sides of the taper are visualized at the different number of cycles.

From Fig 9a, it can be seen that the maximum contact pressure is concentrated at the proximal edge of the
superior side while keeping an increasing pace over time. On the inferior side, the contact pressure peak is
located at the distal, but its position changes towards the middle, after about one million cycles.

For the relative contact slip, the highest values are located above the distal edge of the inferior side and no-slip is
induced in the proximal edge of the superior side (Fig 9b). This location of the highest contact variables at the
two diagonally opposite contact edges is the result of the rocking motion due to the subjected bending load on
the hip neck. As the wear is the product of contact pressure and contact slip, the maximum wear depth is found
to be mainly concentrated at the distal edge of the taper inferior side (Fig 9¢) with a maximum of 20.88 pum. On
the superior side, a slight amount of wear depth was predicted with a maximum of 2.92 pm and located in the
borders of the main wear scar. For the fretting interaction analysis, only the results of the inferior side are
considered, as this region is the most critical.
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Figure 9. Variation of contact variables on the taper

Figures 10a and 10b shows the evolution of linear wear depth along the circular and the median profile at a
different number of cycles. It can be observed that a little wear scar occurs initially at the middle of the distal




edge. The material removal at this area releases contact between master and slave elements and results in a
significant decreasing of the contact pressure, from 95 MPa at 1E+05 cycles to 48 MPa at 1E+06 cycles (Figs
10c and 10d). In return, the concomitant relative contact slip remains almost unchanged around 4 to 5 um before
1E+05 cycles, then increases rapidly to reach a maximum of 12.13 pm at 1E+07 cycles (Fig 11). As a
consequence of contact variables evolving, the wear scar becomes wider with time and broadens towards the
median region of the taper, from 0.25 of the normalized median profile at 1E+05 cycles to 0.9 at 1E+07 cycles
(Fig 10b). The maximum predicted wear depth in the taper is found to be 20.88 um. Furthermore, the total
volume of material removed due to wear is 1.28475 mm?®, which is equivalent to a rate of 0.128475 mm?/million

load cycles.
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Figure 11. Evolution of the maximum slip amplitude vs the number of cycles

Figure 12a shows the evolution of tribological mechanisms "Stick" and "Slip" in the contact area vs. the number
of loading cycles. During the first phase (<10° cycles), the stick phenomenon is stable and represents 54%. On
the other hand, the slip phenomenon represents 13% with a slight evolution (<5 pm). During this period, fatigue
loading is dominant without leading to crack initiation because the maximum stress level represents 30% of the
yielding stress (Fig 12b). This also means that the material behavior is still elastic and no plastic deformation is
occurring. In the second phase (10° — 2.10° cycles), the proportion of stick drops to the detriment of the slip
increase to reach 35% for each contact condition. During this phase, a slight increase in the stress (0,,) is

observed. This, is certainly due to the stress concentration at the interface between the stick and slip zones. After

2.10° cycles, the slip continues to increase up to 12.13 pm, while the stick drops sharply. This indicates that wear
becomes predominant over fatigue.
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3.4. Evolution of fatigue parameters

From the results showing the distribution and the evolution of slip amplitude, three main fretting regions can be
identified. A region I where the slip amplitude of their elements varies considerably along cyclic loadings, from
about 4 um to 12.13 um. This region is mainly located from the distal contact edge to the median area of the
inferior side (within the wear scar area). A second region (II) where the slip amplitude of their elements is almost
unchanged around 3 pm over time. Such a region is, in particular, situated at the borders of the wear scar. A
region III where the contact conditions are non-existent and no wear is induced. This region is located at the
distal edge of the superior side of the taper. Figure 13 shows the evolution of the maximum values of fatigue
parameters SWT and FS in regions I, II and III. The highest values of both fatigue parameters are found in the
first fretting region. In the first few thousand cycles, the value of SWT parameter increases in a faster way and
reaches its maximum (0.7256 MPa) around 1E+05 cycles. Then, it remains constant until up to 1E+06 cycles,
and beyond, it starts to decrease progressively to reach a value of 0.53 MPa at the simulation end. At the same
time, the SWT parameter takes an upward trend in the second fretting region and remains almost constant in the
third fretting region. The lowest predicted fatigue life (corresponding to the highest SWT value) is found to be
1.45E+07 cycles. On the other hand, in the first region, the parameter FS increases up to 0.0036 MPa at 1E+05
cycles and then decreases to reach negligible values near the simulation end. However, for the other regions, FS
values are insignificant. The lowest predicted fatigue life (corresponding to the highest FS value) is found to be
higher than 3.7E+07 cycles, which is three times greater than the SWT fatigue life. Based on these results, two
conclusions may be drawn for the taper investigation. First, the variation over time of fatigue parameters is more
significant in the region where wear is predominant. Second, the parameter SWT is more pertinent than the FS
parameter; therefore, the stresses-strains induced by the applied forces are mainly tensile-based.



08 @ : 0.0040 —

Region |
Region Il
Region Ill

0.0035

0.0030

0.0025 -

0.0020

SWT,., (MPa)
Snax (MPa)

w
ol i 0.0015

0.0010 -
03 .

0.0005

02 F

. . 0.0000 . .
1E+04 1E+05 1E+06 1E+07 1E+04 1E+05 1E+06 1E+07

Number of cycles (Cycle) Number of cycles (Cycle)

Figurel3. Evolution in different fretting zones of: (a) SWTmax and (b) FSuax

3.5. Effect of fretting wear on the fretting fatigue

Figure 14 depicts the evolution of the accumulated fatigue damage within the first region. The maximum fatigue
damage obtained until the end of the simulation is 0.3. This indicates that the distal contact edge of the inferior
side presents the most likely site for fatigue crack initiation, although no crack initiation is predicted to appear
before 1E+07 cycles. This site is also corresponding to the most worn area in the taper. Furthermore, it can be
seen that a significant damage accumulation is observed up to 2E+06 cycles followed by a moderate increase
until the end. This reveals that an interaction has occurred along cyclic loading and the fatigue damage
accumulation has been affected by the fretting wear regime in this zone. Figure 15 shows the impact of
increasing slip amplitude on the predicted number of cycles to crack initiation. The predicted life is reduced to
the minimum (1.7E+07 cycles) under a slip amplitude less than slip 5.75 pm, which corresponds with the stick-
slip regime behavior favorable to crack initiation. Once the slip amplitude exceeds this value, the fatigue life
increases sharply to almost 7E+07 cycles. This, means that the slip amplitude increasing has led to delay or
remove the fatigue crack initiation and therefore enhance the fatigue life. For a better illustration of the dominant
damage mechanisms, the concept of “fretting map” was employed to determine the fretting regimes and
transition between them. The fretting map is a diagram representing the significant regimes in two variables,
with boundaries showing values that correspond to the transition from one regime to another [41]. Figure 16 is
an example of a fretting map reproducing the variation of the volumetric wear rate and fatigue damage rate with
changes to the slip amplitude. As can be seen, low slip amplitudes (4.73 ~5.75 um) are associated with the
partial slip regime (stick-slip) where high fatigue damage rates and low volumetric wear rates are recorded. The
high slip amplitudes (5.75 ~ 12.13 ym) are associated with the gross slip regime where high volumetric wear
rates and low fatigue damage rates are obviously shown. The transition from the partial slip to the gross slip
regime is produced at a slip amplitude in the vicinity of 5.75 pm. This value is considered as critical for the taper
junction as it is experiencing the lowest fatigue life.



0.30 8E+07 -
)
o
025} | & TE+07
g =
& S
£ B 6E+07
8020 - B
3 5 5E+07
S g
S 015} H 5
E 2 4gs07-
Q Q
< L i s
0.10 3 3E+07
k]
0.05 - n 2 op+074
g
=4
0.00 il R 1E+07 T T T T T T T T 1
1E+04 1E+05 1E+06 1E+07 4 5 6 7 8 9 10 11 12 13
Number of cycles (Cycle) Slip amplitude (um)
Figure 14. Evolution of the accumulated damage Figure 15. Variation of the number of cycles to crack

initiation versus slip amplitude evolution

Partial slip ! Gross slip -
i | 7TE-04
140 : |
130 1 | 6E-04
) |
o —_
F120f _ 3
= | Ky
3110 ; 5E-04 =
> |
= | <
=0 | 4E-04
90 ! _
! Critical slip amplitude | .
o P | 3E-04
T T T T T T T 1
4 5 6 7 8 9 10 11 12 13
Slip amplitude (um)

Figure 16. Variation of wear volume rate and fatigue damage rate vs. the slip amplitude

4. Discussion

Fretting wear and fatigue findings obtained using the developed methodology are in agreement with the fretting
map concept [41] and experiments conducted on Ti6Al4V specimen (cylinder on-plane) [42][32]. In the
literature, the relative contact slip amplitude at the taper junction is considered as a key parameter in the wear
process. It was measured under different biomechanical conditions using experimental and computational
methods. An average value of the slip amplitude (micro-motion) was found to vary from 3 um to around 40 pm
under different assembly loads and the corresponding volumetric wear rate was from 0.128 mm?/year to 0.423
mm?/year [13]. The material combination and corrosion conditions could vary the slip amplitude from 3 pm to
18 pum [10]. In this study, the slip amplitude is found to vary from 4 pm to 12.13 pm and the average volumetric
wear rate is around 0.13 mm?/year.

On the other hand, fatigue tests performed on seven standards (12/14) taper junction revealed that the cracks
nucleate in the smallest neck cross-section just below the head [43]. The fatigue failure was found to produce
after an average of one million cycles at a maximum load of 6.5 kN. These findings are in full agreement with
the obtained results of our performed simulation. The high values of the number of cycles to failure that have
been predicted by the simulation can be explained by the fact that only the walking forces (4 kN) were taken into
consideration. However, these forces can reach a value of 11kN in case of an obese or very active patient under
frequent stumbling [40].



In the present study, the FE prediction of different contact variables and fatigue parameters is based on a 3D
model replicating the multidirectional and asymmetrical aspect of the hip implant loads. The induced contact
variables and stress distributions are highlighted to be non-symmetrical (Fig 9). This results in the localization of
both wear scar and crack site in the inferior side of the taper junction, especially around the distal contact edge.
In a similar computational investigation, Zhang et al. [23] simulated 5.5 million moderately intense walking in a
2D axisymmetric model of a CoCr/Ti-alloy head-neck taper junction. A maximum wear depth of 1.07 ym was
found to be produced at the root of the taper. A very high fatigue life, exceeding 100 million cycles, was
predicted based on calculated values of SWT. In another study, Zhang et al. [24] employed the same 2D
axisymmetric while including repetitive undulations on a single contact segment. Accordingly, the linear wear
depth was estimated to reach a maximum of 7.56 um i.e. seven times greater than those obtained in the first
investigation. The fatigue life was predicted to be 89 million cycles while considering the wear effect. The
authors concluded that the effect of the surface undulations on the fatigue life is negligible. The use of a 2D
axisymmetric model simplifies the hip implant loading and leads to inconsistencies when compared to available
experimental results. This reinforces the argument that 3D models should be used for the simulation of
mechanical behavior in THP [25].

The computational methodology developed in this paper has been shown to produce satisfactory results whether
for fatigue or wear. Moreover, it has revealed that wear and fatigue mechanisms interact at the surface of the
taper depending on the slip amplitude. This is in full agreement with the literature, where the effect of the slip
amplitude was found to be critical for both fretting wear and fatigue [19], [32; 33]. Herein, the wear volume is
shown to be increased at high slip amplitudes and to be minimal during the partial slip regime. Designers'
concern to reduce wear by reducing slip amplitude in the taper junction should not be at the expense of fretting
fatigue failure risks. In this study, the fatigue life is found to be significantly decreased at a critical slip
amplitude. The change from this critical value is also shown to considerably affect the fatigue life. Furthermore,
the variation of the fatigue damage rate is revealed to be abrupt compared to the volumetric wear rate which is
typically more progressive and gradual (see Fig 16). This makes the fatigue failure even more dangerous for the
taper junction. For these reasons, a compromise between wear and fatigue must be established to minimize
prosthesis failure and improve their longevity. The presented methodology may be used in future work in
combination with more advanced optimization techniques to minimize both fatigue damage and volumetric
wear. On this basis, the optimal design leading to operating the prosthesis in an appropriate range of slip
amplitude can be also determined. The FE prediction of contact variables over a high number of loading cycle
permits to identify the critical value of the slip amplitude in which the fatigue life is minimum. For the
operational conditions of the hip implant considered in this study, a critical value of 5.75 um is determined.

Although the developed methodology was able to model both fretting wear, fatigue and interaction between
them, there are possible shortcomings and limitations. In the literature, it is recognized that fretting wear,
corrosion and their interactions play an important role in predicting the life cycle of THR. However, in the
present study, the estimation of wear was performed based solely on the mechanical fretting wear according to
the Archard law. This was adopted as the fretting wear is considered as the primary mechanism causing surface
damage, and should precede chemical alteration [12]. In fact, it is important to keep in mind that the taper
junction is continuously subjected to mechanically assisted corrosion which may accelerate the degradation even
in the absence of the load [15]. Hence, it is evident that further developments are required to enhance the
prediction quality by considering the effect of fretting corrosion. On the other hand, the effect of the material
removal on the mechanical behavior and resulting fatigue life was considered by employing the adaptive
meshing technique. However, cyclic fatigue hardening may also affect the stress/strain distribution and leads to
the shortening of the fatigue life. In the actual investigation, very low-stress values were revealed to be induced
at the taper junction, and no plastic deformation was produced (see Fig 12b). Accordingly, the effect of cyclic
hardening was not considered in this study.

5. Conclusion

This study deals with a combined 3D FE-based methodology to understand and predict fretting fatigue and wear
behavior in a taper junction of a modular hip prosthesis. A computational time optimization and a validation
against available experimental data have been carried out. The performed simulation has allowed investigating
the contact variables evolution, the wear-induce fatigue parameters, and consequently more understanding of the
fretting mechanisms. The effect of fretting wear on the fatigue life and crack initiation site has been commented.
Based on our findings, the main conclusions are:



During the operating life of a prosthesis, the taper junction is going through a partial slip regime where
the risks of failure by fatigue damage are very high. This phase is followed by a transition to a gross slip
regime where a high wear rate is recorded.

Fretting regime transition is mainly controlled by the contact slip amplitude, and consequently the
contact pressure and stress concentration.

The determination of the critical slip amplitude, in which the fatigue life is minimum, is important to
operate the prostheses in a safety zone. This is an essential key which contributes to the development of
novel taper designs.

Finally, the use of the developed methodology to study the influence of different design parameters,
clinical aspects and tribological concerns on the fretting behavior in taper junctions will be a logical
sequel to this work.
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