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Abstract

Finite Element wear predictive modelling is a powerful tool that can replace or support costly and
time-consuming wear tests. Despite the lively research in this field, particularly in applications to hip
replacements, some issues are still open, such as the role of friction in numerical simulations. Indeed, in
most wear models, frictionless contact conditions are assumed and wear routines are independent from f.
However, the effect of friction on contact and wear modelling of metal-on-plastic hip replacements has
never been fully explored in the literature.

In this study we analyse how the friction coefficient affects both the contact features (nominal
contact point trajectory, components of the contact force and contact pressure) and the wear parameters,
(wear volume and linear wear distribution). A case study of a 32 mm implant was simulated under two
different loading and kinematic conditions, considering both vertical and 3D load, and varying the friction
coefficient f within the range 0-0.3, for a given k value. Results show that a frictional contact has longer and
wider trajectories of the nominal contact point, but slightly lower normal force and contact pressure values,
with respect to a frictionless solution. Consequently, contact pressure maps are shifted with respect to the
frictionless case but values remain almost the same changing f. The wear volume slightly decreases with f
whilst wear maps are very sensitive to it. Results suggest that so that for f< 0.1 the frictionless hypothesis
can be adopted achieving accurate results with the advantage of reduced computational costs.
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1 Introduction

Numerical wear models are a powerful tool to predict long-term wear in many mechanical and
biomechanical applications [1,2]. They can replace or support experimental investigations allowing
sensitivity analyses to design parameters at low cost and with shortened times. In the last two decades, the
research in advanced wear modelling of hip replacements (HRs) has been very lively, as demonstrated by
the high number of published papers, e.g. [3-5] just to mention but a few. Many important aspects affecting
the wear process have been pointed out and included in wear models, particularly for the most clinically
used metal-on-plastic (MoP) implants. However, some modelling issues still require further investigations
as the cross shearing phenomenon of UHMWPE [3,6,7] and the creep effect at the early running-in phase
[8,9]. Additionally, more patient-specific daily activities, in addition to walking, should be simulated to
achieve realistic wear predictions [10,11]. Mostly important, model validation should be considered
[12,13].

On the tribological side, an aspect that deserves further attention is the effect of friction in wear models,
that most frequently are based on frictionless contact hypotheses, which can appear as a contradiction.
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Indeed, friction and wear are strictly correlated and dependent on the tribological scenario of the
considered coupling, i.e. macro and micro geometry, loads and kinematics, lubricant properties, etc. During
a single load cycle (e.g. walking cycle), and even more during the service life of an implant, the lubrication
regime can vary affecting both friction and wear [14]. However, such complicated time-varying interplay is
generally simplified in wear models: dry contact conditions are assumed and the wear behaviour is
considered independent from friction so that a non-null constant wear coefficient k (eventually varying on
the contact surface as a function of the cross-shear ratio) is typically combined with a frictionless contact
condition. Despite being not physically reasonable, these assumptions are only an apparent inconsistency
and are accepted in numerical simulations to simplify the analyses and reduce the computational costs.
Indeed, friction and lubrication regime affect the wear model through the coefficient k that is estimated
from experimental tests. While in pin-on-disc cases, k can be easily obtained from the ratio of worn volume
and the product of the normal load times the sliding distance, for hip replacements, a model is required to
calculate k by comparing numerical and experimental wear volumes, the latter affected by the real
lubricated contact conditions. Usually k is estimated as an average value after a rather high number of
cycles.

Only a couple of studies simulate mixed lubricated contact conditions in MoP HRs [11,15], but they do
not discuss the frictional effects. On the other hand, only five [16-21] out of 22 studies considered by the
recent review [4] modelled frictional contact conditions assuming a constant friction coefficient fwithin the
range 0.04-0.083 or f dependent on the contact pressure [3].

The effect of friction on contact and wear parameters has never been fully explored in the literature.
Only two studies [16,22] describes the effect of the friction very marginally, only on wear volume, and even
reporting opposite results. In [16] a volumetric wear decrease of 2% is predicted when f increases from
0.01 to 0.09, whilst [22] reported an increase of 12% of the volumetric wear for f=0.3, compared to the
frictionless case.

The objective of this study was to investigate, through a sensitivity analysis, how a frictional contact
hypothesis can affect both contact and wear features of a hip replacements, made of a metallic head and a
plastic cup. As far as the contact parameters is concerned, three different aspects were explored, i.e. the
effect of friction on: i) the trajectory of the nominal contact point, ii) the magnitude of the normal contact
force and iii) contact pressure distribution. Additionally, the effect of frictional contact on wear results, i.e.
worn volume and linear wear/wear depth were investigated. The representing of wear depth over the
contact surfaces produced wear maps, that are rarely considered though fundamental for wear model
validation, based on the comparison of numerical and experimental wear distributions. Several FE wear
models of an MoP implant were developed assuming both frictionless and frictional contact conditions. The
friction coefficient f was considered fixed throughout the wear process (i.e. in each simulation) with values
ranging from 0 up to 0.3 while k was kept constant in all models being obtained from experimental tests. All
simulations were run for two different sets of loading and kinematic conditions: standard I1SO 14242-1
Boundary Conditions (BCs), and revised ISO conditions, so to have fixed and mobile load direction with
respect to the cup. That allows a wider comprehension of the effect f on the trajectory of the contact point.
Additionally, the reliability of the frictionless hypothesis is investigated as already done in [23] by these
authors for pin-on-plate test simulations. Such hypothesis is useful to reduce the computational cost of HR
wear models, which is one of their main limitations.

2 Methods

Case study

The developed FE models are based on the case study described in [16], with numerical and
experimental investigations on a 32 mm MoP HRs with 0.46 mm diametrical clearance. Such study was
selected as it describes clearly all simulated data and also reports experimental results for model
validation, rarely found in the literature.



FE wear models

FE models were developed in Ansys Workbench® and some results were processed in Matlab®.

2.1.1 Geometry and materials

The geometry consists in a ball-in-socket joint as shown in Fig. 1. The head is a sphere of diameter
36 mm whilst the cup a hemispherical liner with the internal diameter of 32.46 mm and the thickenss of 15
mm. As it shown in Fig. 1(a), all the surafces were divided in sectors to help the meshing procedure and the
definition of the BCs.

The cup in UHMWPE was modelled as a linear elastic material, with Young’s modulus equal to 500
MPa and the poisson ratio 0.4. A more advance material model for the UHMWPE, implementing a strain
hardening behaviour was adopted in [3,16,24] but not considered in this study to reduce the complexity of
the model and thus to limit the computational costs of the planned sensitivity analysis. Furthermore,
results are expected to be unsensitive to the material model since the friction contact condition does not
affect material models adopted in [3,16,24].

Since the head is in metal and thus, much harder and stiffer than the cup, we assumed its wear
neglegible and modelled it as a rigid body. That allowed to greatly reduce the computational time.

2.1.2 Mesh

The cup was meshed with hexahedral elements of second order, i.e. SOLID186 (Fig. 1(b)). The
contact surfaces were meshed with CONTA174 and TARGE170 elements (see contact details in Sec. 3.2.3)
(Fig. 1(c, d)). In particular, the cup mesh was obtained combining edge sizing method and multizone sweep
method. The face sizing method was used for the head meshing. Correspondent elements were created for
head and cup contact surfaces, with null rotations (Fig. 1(c, d)).

Element edge size was of about 1.25 mm close to the contact region up to 2 mm on the external cup
surface. The mesh size was selected on the basis of a sensitivity analysis, to guarantee a percentage
variation of the maximum contact pressure (in unworn conditions) of about 0.5% when reducing the
element size of 36% (i.e. element edge size of 0.8 mm).

(a) (b) (©) (d)
Fig. 1 (a) Geometry of FE models of 32 mm MoP HR. (b) Mesh of models and mesh detail of the contact surfaces of
cup (c) and head (d).

2.1.3 Contact conditions

The contact between the internal cup surface and head surface was defined as asymmetric in the
behavior settings, since only the cup undergoes wear. Augmented Lagrange formulation and nodal-normal
to target detection method were chosen, with the cup and head as contact and target body, respectively.
The contact was simulated both as frictionless and frictional, with a friction coefficient f fixed in each
simulation. A sensitivity analysis was done considering seven values of f: 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3,
which cover the range of literature data (see §3.1.4).



2.14 Wear modeling

The adopted wear model was based on the Archard wear law, usually written as

V=kLys (1)
where V is worn volume, k is wear coefficient, Ly the load normal to the contact and s, the sliding

distance. In numerical wear models, the Archard law is implemented in local form, to estimate the wear
rate h in each point of the contact surface P, at a given instant ¢, given by

h(P,t) = kp(P,t) v(P,t) (2)
where p is the contact pressure and v the magnitude of the sliding velocity.

The Archard wear law is implemented automatically in Ansys Workbench through TB, WEAR APDL
command defined in the contact environment. The option ARCH was activated to select the generalized
Archard wear law that is

A E m,n

h = i (3)

where H is the material hardness, and m and n the exponents of the contact pressure and sliding
velocity, respectively. The parameters H, m and n were set equal the unit through the TBDATA command, to

obtain the desired Eq.(2). Finally, the time period during which simulate wear was defined using TBFIELD
command.

An uncalibrated kyc value of 1.066 10-° mm?2/N [16,41] was assumed to run simulations. A unique
calibrated k. was then evaluated by comparing the numerical wear volume Vmum to the experimental one
Vexp obtained for the same tribological conditions at 1 Mc, i.e. for RevISO BCs with f=0.04 and Test 1 of [16],

respectively (Vexp=30 mm3) , according to
Vexp

ke = smame (4)
The estimated k. resulted equal to 8.983 10-1 mm2/N and it was used to scale results of all simulations, by

varying fvalue.

Wear volumes were estimated for one year of walking activity, about 1 Mc (1 Mc=10¢ cycles),
corresponding approximately to the running-in phase [16]. The geometry update is implemented within a
gait cycle although it did cause a variation of the contact pressure. According to the literature [40,42], we
assumed that the modification of the mesh caused by material removal did not affect markedly contact
pressure up to 1Mc. Consequently, results at 1 Mc were obtained simply scaling results obtained for 1 gait
cycle by 10¢.

2.1.5  Kinematic and loading conditions

As typically done in the literature, wear was estimated for walking conditions with time-varying load
and 3D head-cup relative motion. Two sets of boundary conditions, denoted as ISO and RevISO, differing
only for the load direction, were simulated. The BCs were defined in the fixed coordinate frame S={0O, x, y,
z}, with the origin at the centre of the head On and with axes x, y and z corresponding to the flexion-
estension, adduction-abduction and inward-outward rotation axes, respectively. The ISO BCs were defined
according to ISO 14242-1 and were characterized by a vertical and fixed load, i.e. L= L(t)[0 O 1]. The
RevISO BCs were characterized by a load with time-varying direction fixed with respect to the head, i.e.
Ly,=L(t) A(t), with A unit vector of the loading direction, as in [16]. As schematically represented in Fig.
2(a-b), both the load and motion were applied to the head, whilst the external cup surface was built-in. In
particular, the load was applied as a remote force applied to a region of the head surface, whilst the head
motion was implemented through a bushing joint, with 6 DoFs, connecting the head to the ground. The
same load magnitude and rotation angles curves were simulated for the ISO and the RevISO BCs, depicted
in Fig. 2 (c) and (d), respectively. The head motion is defined according to the rotation sequence
flexion/extension->abduction/adduction-> inward/outward rotation, i.e FEx->AAy->10z, defined in the fix
coordinate frame S.



A sensitivity analysis with respect to the sampling frequency of the loading and kinematics curves
was performed providing a convergence value of 50 Hz. The loading and kinematics curves were thus

sampled uniformly every 0.02 s, for a total of 50 load steps per gait cycle.
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Fig. 2 3D Loading and kinematics conditions: (a) ISO BCs with vertical load, (b) RevISO BCs with mobile load,
fixed with respect to the head, and (c) loads and rotation angles curves during a gait cycle.

3 Results and discussion
3.1.1 Effect of friction on contact parameters

As first effect of friction on results, the modification of the trajectory of the nominal contact point P
during the gait cycle was examined. The latter is defined as the intersection point between the load line of
action [ and the cup/head surface, as shown in Fig. 3. As shown in Fig. 4, the presence of friction caused a
wider trajectory of P. both for ISO (Fig. 4(a)) and RevISO BCs Fig. 4(b). Under ISO BCs, for frictionless
contact, P. remained fixed on the cup since the load direction was vertical and the cup built-in. However, in
case of frictional contact, P. drew a circular trajectory on the cup, having a radius which increases with the



value of f. Under RevISO BCs, since the load direction varied during the gait cycle, P. moved over the cup
surfaces both for the frictionless and frictional contact conditions, even if, in the latter case, the trajectory
travelled by P. was longer and wider. Similarly to the previous case, the higher the f value, the longer the
trajectory of P.. These results are in good agreement with the theory. Indeed, in presence of friction, the
nominal contact point Pc moves in direction opposite to the local sliding velocity, assuming a new position
labelled P! rotated with respect to P of an angle @=atan(f), as represented in Fig. 3 where wre is the
relative angular velocity between the head and the cup. Indeed, in presence of friction a tangential force Lt
arises in the contact and, to guarantee the force equilibrium conditions, the application point of the load
moves to P!, thus reducing its normal component Ly=L to L cos(¢). For the moment equilibrium, a torque
My is necessary to balance the torque generated by the load L. Further details can be found in [43].
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Fig. 4 Effect of friction on the trajectory of the nominal contact point for (a) ISO and (b) RevISO BCs.
Theoretical results for ISO BCs are marked with * symbol for each f/colour.

In case of ISO BCs with fixed P, the wear model predicted circular trajectories centred with respect
to P. and of radius rc sin(¢), in agreement with the theory (Fig. 4(a)). Also the normal load component
predicted by our models was in agreement with the theory. Fig. 5(a) shows the effect of the friction
coefficient on the normal load component, comparing the numerical and theoretical curves, that resulted
overlapped. Consequently, friction caused a normal load reduction of cos(¢), that means about 7% for



f=0.3. Accordingly, also the contact pressure decreased with f; although non-linearly with the load. Fig. 5(b)
shows the curves of the maximum contact pressure pmax during the gait cycle by varying f: the effect of the

friction is not relevant since a maximum percentage variation of -3% was predicted between the
frictionless and the frictional (f=0.3) cases.
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Fig. 5 Effect of friction on the magnitude of the normal load component (a) and on the maximum contact
pressure (b). The curves are zoomed in correspondence of the first load peak to highlight the differences (at the top-
left of the main figure). Theoretical results for the normal load component are marked with * symbol.

The displacement of nominal contact point, combined to a reduction of normal load component,
affected the contact pressure maps. The evolution of the contact pressure during the gait cycle in case of
frictionless conditions is represented at the top of Fig. 6 for the RevISO BCs. Results for ISO BCs are not
reported since less significant and in agreement with those of RevISO BCs. The pressure map was always
symmetric with respect to the loading direction, i.e. the P, and thus moved on the cup surface during
walking. The maximum contact pressure located at P. and contact area increased with the load, reaching
the maximum value at the two load peaks of 10.5 MPa and 574 mm?, respectively. In case of frictional
contact, the pressure maps were almost the same of the frictionless case, although located in a different
position, i.e. centered at Pcf, as shown at the bottom of Fig. 6 for the case f=0.3. Nevertheless, the contact
pressure distribution always remained circular and symmetric with respect to Pcf .
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Fig. 6 Evolution of maps of the contact pressure during a gait cycle, for RevISO BCs. Comparison of the
frictionless (top) and frictional cases (bottom). The pressure maps on first row are reported on the same scale whilst
those ones on the second and third row are plotted each one on its own full-scale.

3.1.2 Effect of friction on wear parameters

In case of frictional contact, the reduction of the normal load is combined to an increase of the sliding
distance related to the longer trajectory of the nominal contact point. Their combined effect is a reduction
of the wear volume V compared to the frictionless case (given the assumption of the same value of k. in



frictionless and frictional cases) from 28.8 to 26.9 mm3 and from 30.08 to 28.23 mm3 for the ISO and the
RevISO BCs, respectively. As depicted in Fig. 7, similar results were obtained for the ISO and RevISO BCs:
the percentage variation of VV with f was non linear, with a maximum value of about -6.5% for f=0.3. The
effect of the friction on wear volume is in good agreement with the literature: [16] reported a -2% change
of the wear volume for f=0.09, compared to the frictionless case, versus -1% of the present study.

The wider trajectory of P,:f in comparison with P, explains the wider worn area in the frictional case.
Consequently, having a lower wear volume and a wider worn area, the linear wear for frictional cases
resulted much lower (0.123 vs 0.096 mm for ISO BCs, and 0.115 vs 0.089 mm for RevISO BCs). The
percentage variation of the maximum wear depth hmax with fvalue is plotted in Fig. 7: the trend was non-
linear as for V, but the variation was higher, up to -21.4% for f=0.3. Again, almost overlapped curves of
percentage variation of hmax were obtained for ISO and RevISO BCs.

0%
-5% -\\
-10%

-15%

Percentage Variation (%)

-20%
-25%
0 0.1 0.2 0.3
f
— V5o Pmaxiso  —® Vgeviso Pmax Reviso

Fig. 7 Effect of the friction on wear volume V and maximum wear depth hmax, at the first load peak.

The effect of friction on wear maps is presented in Fig. 8 and Fig. 9 for the ISO and RevISO BCs,
respectively. The wear maps obtained for fvalues of 0, 0.1, 0.2 and 0.3 are compared, represented both on
full scale (central column) and on the same scale (column on the right). To facilitate the maps
comprehension, also the trajectories of P. and P, are reported.

Starting from the 1SO BCs case, in frictionless conditions, the map of the contact pressure was centred
on the cup pole (P. ) during the whole gait cycle, thus the wear map resulted circular and symmetric with
respect to the cup pole. As the friction coefficient increased from 0.1 to 0.3, Pf covered circles with
increasing radii and, accordingly, the worn area increased as well, resulting stretched in the lateral
direction (negative x axis). That can be explained considering that P! occupies positions in the central-
lateral region during the high-load stance phase of the gait cycle, whilst it moved to the medial region in the
swing phase. The comparison of wear maps for different f values when reported on the same scale clearly
showed that the higher the friction coefficient the lower hmax. These results were confirmed by wear
predictions for the RevISO BCs (see Fig. 9). In this case, in frictionless conditions the wear map is slightly
stretched in medio-lateral direction, accordingly to the shape of the P, trajectory. The wear map is even
more stretched in the same direction for high friction values, because, as for the ISO BCs, Pf covered the

lateral-central region during the stance phase. For both sets of BCs, wear maps for f=0.05 were not reported
since very similar to the frictionless results.
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Fig. 8 Effect of the friction on wear maps for the ISO BCs. Wear maps are reported at full scale (central
column) and on the same scale (right column). For a better comprehension, also the trajectories of the nominal
contact point are plotted in the left column.
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contact point are plotted in the left column.

3.1.3 Effect of friction on computational costs

The effect of friction on the simulation time is described by the histogram in Fig. 10. According to the
literature [23], the simulation of a frictional contact caused longer computational times. For both the
simulated BCs, the computational time was minimum for frictionless case and increased almost linearly
with f: when passing from f=0 to f=0.3 it was more than threefold. To note that the simulation of ISO and
RevISO BCs required similar computational costs, but higher in case of RevISO because of the time-varying
loading direction.
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Fig. 10 Effect of the friction on the computational costs of simulations.

3.1.4  Discussion on model simplifications

The proposed models were based on some simplifying hypotheses discussed below.

a) Hypothesis on the friction coefficient

First of all, a constant friction coefficient was simulated, within the range 0-0.3 in agreement with the
literature. As reviewed in [25], wear models of MoP HR typically assume a frictionless contact, i.e. f=0. More
rarely, e.g. [16-21], a non-null constant value of fis considered with values in the range 0.04-0.08. Such
values are in agreement with those estimated through hip joint simulator [26-28]. We note that the
hypothesis of constant fis an important simplification since the friction coefficient fis markedly affected by
the tribological conditions of the contact, from the load to the lubrication regime, and thus can vary locally
and in time, i.e. f{Pt). Only in the recent wear model on MoP HRs presented in [1], f was assumed
dependent on the contact pressure, i.e. f{p), with a relationship obtained from multidirectional pin-on-disc
tests of metal-on-UHMWPE [29]. According to the latter, the friction coefficient was higher at lower contact
pressure assuming values up to 0.3. Estimations of the friction coefficient from in-vivo measurements are
described in [14,30] for ceramic-on-plastic HRs: the friction coefficient varied during the walking cycle in
the range 0.01-0.125, with an average value lower than 0.05 and high values (0.125) for low loads.

Therefore, we assumed a constant f (within in each analysis) for two main considerations: firstly, the
only law f{p) available in the literature was estimated for pin-on-disc couplings [29], much different from
HRs tribological pairs; secondly, according to in-vivo measurements, f was very low and mainly constant
within a gait cycle with peak values for a limited interval, at the transition between the stance and the
swing load phase (<15% of the cycle).

b) The role of the friction coefficient in the Archard wear law
In the Archard wear law (Eqq.(1-2)), traditionally, the friction does not appear explicitly, though it
affects all terms: k, p and v. Accordingly, it can be rewritten as

h(f, P, t) = k(f) p(f, P,t) v(f, P, 1) )
where f, as mentioned above, can vary locally and in time, i.e. f{P,t).

As far as the model implementation is concerned, the dependence of p and v on f is automatically
captured by simulating frictional contact conditions, whilst the law k(f) should be explicitly introduced in
the model. In fact, as already mentioned, in FE programs f and k are considered as independent input.
However, in the literature, the relationship k(f) has never been investigated for HRs so an experimental law
of k variation during a single wear cycle is not available. Indeed, the estimation of k(f) is quite hard for 3D



complex contact problems such as in hip replacements, where f varies continuously, as previously
discussed, while k is estimated over a given number of wear cycles. Therefore, typically only one value of k
is provided for a coupling, or, in the best scenario, two distinct values are estimated for the running-in and
the steady state phases [31]. This explains why all wear models in the literature, even the most recent one
[1], are based on wear coefficient constant with respect to f.

Consequently, in our study we just considered the effect of f on p and v, and used for k always the
same value, estimated with the experimental wear volume, that suffices to our aim, i.e. to understand if
frictional contact must be simulated to achieve accurate results or it can be avoided thus reducing
extremely computational costs.

c) Therole of the friction in the cross-shear based wear laws

Another fundamental aspect to be discussed is the use of the Archard wear law for the UHMWPE. The
literature reports several advanced wear laws for UHMWPE surfaces in multi-directional sliding against
harder counter faces, i.e. considering the cross-shearing phenomenon [25]. Such wear laws can be grouped
in two parts: wear laws not explicitly dependent on friction [3,6,32-36] and wear laws based on traction
forces and thus explicitly dependent on f[37-39]. The formers are based on a wear coefficient dependent
on the cross-shear ratio, given by the ratio of frictional work performed in direction normal to principal
molecular orientation and the total one, during a wear cycle (e.g. a gait). Since, in the wear law
implementation, the friction coefficient is considered constant during the wear cycle, it is simplified and
disappears in the wear coefficient function. Consequently, the effect of friction adopting such wear laws is
expected to be the same of the Archard wear laws. Additionally, considering the higher computational costs
of CS-based wear laws, they were not considered in the present study. These wear laws were explored by
the present authors in previous works on wear modelling of MoP HRs [40,7] and are used in recent studies,
such as [32]. On the other hand, the wear laws based on the traction forces, might lead to a different effect
of the friction coefficient on wear predictions, with respect to the Archard wear law. The implementation of
such complicated wear models goes beyond the aim of the present study, however they will be considered
in future investigations.

d) The geometry changes due to creep and wear/ creep modeling

Another aspect that deserves attention regards the creep of the plastic cup that was not considered
in the present study. Consequently, the only geometry modification modeled was caused by the material
removal due to wear damage. Although some literature studies describe the creep to be important at the
beginning of the wear process [3,16], it is not modelled in most of wear models on MoP HRs [25]. Moreover,
it is expected to change only qualitatively the wear results, without modifying the overall effect of friction
on wear output, since it is not affected by the contact frictional /frictionless formulation. Indeed, creep just
causes a more conformal contact [3,4,16]. Simulating 1 Mc and neglecting creep allowed to reduce the
computational cost of each simulation and carry out a sensitivity analysis with respect to f values, for two
different sets of BCs. In future studies, the present model will be improved by simulating up to 5 Mc, i.e. 5
years of implant life, in presence of creep.

4 Conclusions

The present study investigates the effect of frictional contact conditions on contact features and wear
evolution. Results pointed out that, although the effect of friction on the contact pressure is negligible, it can
affect the wear volume and mostly wear maps, causing a reduction of ¥V and hmax for the considered loading
and kinematic conditions. Significant changes in wear predictions were observed for f values higher than
0.1 thus suggesting that, for these cases, the contact must be simulated as frictional. The modification of the
wear maps with the friction coefficient is a critical point that deserves attention: the wear map is
fundamental for model validation [13,42], based on the comparison of numerical and experimental wear
maps. Thus, an accurate wear map prediction is essential and must be addressed including frictional



contact simulation for cases with high friction coefficient. On the other hand, frictionless conditions can be
assumed when f<0.1: accurate results are achieved with the advantage of reduced computational costs
compared with the frictional cases.

The proposed models are based on some simplifying hypotheses that allowed to reduce
computational costs and thus to perform a sensitivity analysis with respect to f values. However, future
investigations will be devoted to improve the model considering longer implant lifetime and geometry
modification caused by both wear and creep. The effect of friction will be also explored for wear laws
different from the Archard one, considering cross-shearing and friction tractions.
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