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Sensitivity Analysis of Wear On Metal-On-Metal Bearing Couples Via Verification of Numeric and Analytic
Methods

Alican Tuncay Alpkaya | Senay Mihcin*

Department of Mechanical Engineering, izmir Institute of Technology, 35433, izmir, Turkiye.

Abstract

Wear mechanism is important since it leads to revisions in Total Hip Replacement (THR) surgeries. Contact pressure plays an important role in
wear mechanisms and needs to be investigated in detail to obtain more accurate wear predictions to understand the wear performance of the
implant in the design stage. This study proposes a methodology for verification of contact pressure and pressure distribution via numeric and
analytic methods to be used in wear calculations. Based on Hertz’s contact theory, the contact pressure and the contact area are calculated in
the analytical method. The results are compared to the numeric method’s results obtained from the finite element method. The linear and vol-
umetric wear rates of bearing couples’ surfaces were estimated by Archard’s wear equation. The effect of design parameters on pressure such
as head radius, cup thickness, material combination of bearing couples, coating film material, and film thickness are investigated in this study
using the proposed methodology. The minimum error between the analytical and numerical results was 0.24% for 28 mm of head diameter,
while the maximum error was 11.79 % for 48- mm of head diameter. The minimum contact pressure values were obtained from 48- mm of head
radius at a half contact angle of 190 (degrees) in FEM and Hertz calculations, respectively. The maximum linear wear rate was calculated at
0.0026 mm/Mc at a 1- mm cup thickness, while minimum linear wear rate was 0.0022 mm/Mc at a 10- mm cup thickness in the numeric method.
The maximum survival cycles of coating materials rate were 31847 cycles for the Stainless-steel coated cup with 500 um of coating thickness,
while the minimum cycles was 2359 cycles for the Ti64 coated cup surface with 100 um of coating thickness. It is concluded that the most im-
portant design parameters are the cup thickness and the material combinations since they have a significant effect on the contact pressure and
the contact area. This study provides a verification methodology for the parametric sensitivity analysis before experimental validations. The
methodology utilized in this study could be utilized by designers while optimizing the design parameters to minimize the wear.

Keywords: Hertz contact theory, Archard’s wear law, linear and volumetric wear rates, finite element analysis, parametric design of hip implants

INTRODUCTION

Total Joint Replacement (TJR) applications started with Sir
John Charney in 1958, using metal-on-polymer implants for
hip joints (1). Polytetrafluoroethylene (PTFE) was chosen as
the acetabular cup material and stainless steel was used as
the femoral head material. However, this bearing combination
produced excessive wear of PTFE, resulting in a lifespan of
two-years (2). This problem led to the research for more
durable bearing combinations so that the first metal-on-metal
(MoM) bearing couple was introduced by Haboush (US),
McKee, and Watson-Farrar (UK) in 1951 (3). Since then, metal-
on-metal (MoM) bearing couple has been in use frequently in
hip implant applications, due to their outstanding mechanical
properties such as higher corrosion resistance, toughness,
strength, ease of machinability, cost-effectiveness, and lower
surface roughness (4,5). Although the volumetric wear rate
of metals in million cycles is higher than that of ceramic
materials, the wear rates of ceramics in long term might
induce osteolysis (6).

According to the results of National Joint Registry (NJR)
(7), 1,091,892 total hip replacements have been performed
in the UK, out of which resulted in 31,410 (2.9%) first revision
surgeries. These first revision surgeries were due to aseptic
loosening, (7,644) adverse soft tissue reaction to debris
(5114), dislocation/subluxation (5,383), pain (4,705), and
infection (4,555). To avoid high levels of debris, reduction of
coefficient of friction was aimed for longer-lasting joints. To
overcome these encountered revision problems, the coating
of the bearing surfaces was considered. Thin film coatings
on bearing surfaces were investigated for the effects of
contact pressure, wear rate, and damage (7). Reinforced
hydroxyapatite (HA) coating was used over titanium alloy for
orthopedic applications using the plasma spraying technigue
(7). The HA-based coating film thickness was approximately
100-125 um demonstrating enhanced mechanical properties
of wear and corrosion resistance, and bioactivity (7). However,
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so far there has been no consensus over the optimum film
thickness parameters.

Ceramic on ceramic bearing couple contact mechanics of hip
implants has been investigated for the effects of changing
the head diameter, radial clearance, and loading magnitude
(8,9). In another study, the effects of changing the stem
geometries and the neck length on wear estimation of the
bearing surfaces were investigated in MoM(10,11). Similarly,
the contact mechanics of hard-on-hard bearing couples in
THR have been investigated in the literature However, in
these studies, only a small range of parameters was covered
for the investigation of head diameter, clearance, and material
combination of ceramics on ceramics, and coating materials
were chosen as ceramics (8-13). Previously, the researchers
have studied the optimization of design parameters and the
material selection for hip implants (14-16). Although there
are many studies on investigating the effect of changing the
clearance, loading values, and head radius of THR in literature
(8-1317), the parameters of cup thickness for MoM hip
implants, coating material, and its thickness, and also material
combinations of head-on-cup bearing couple thickness have
not been investigated so far in this level. Since computational
methods could be costly, it is very important to provide
a verification method before moving on to the simulator
simulations where experimental validations are compared
against the computational results.

Hertz’s contact theory (18) is chosen as the analytical model
to be utilized for the contact pressure calculations in the
prototypes. This theory is mostly used in calculating the
contactpressure values, especially onspherical contact surface
models. In this study, contact pressure, pressure distribution,
and contact area of all bearing prototypes are calculated by
using both analytical and numerical methods. An analytical
method makes use of the mathematical equations to predict
the contact pressure and its distribution, while the numerical
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method makes use of the Finite Element Modelling (FEM)
technique. The comparison of these two methods and their
errors are calculated by changing the design parameters of
MoM-bearing couples. These results were used for predicting
the linear and volumetric wear rates of bearing surfaces.
Estimating the linear and volumetric wear rates could lead the
way to calculate the lifespan of hip implants. Since the wear
rate has direct effect on overall longevity of hip prosthesis,
to quantify this effect, Archard wear equation is utilized to
calculate the linear and volumetric wear rates based on the
previous empirical relations of the bearing surfaces (19-21).
Then, these results are compared with the literature data to
enhance the reliability of our study. Consequently, this study
provides a broader view for the effects of different design
parameters on contact mechanics and wear rates of MoM hip
implants.

MATERIAL AND METHODS

To understand the effect of parameters on the wear
mechanism, a sensitivity analysis is required. The parameters
chosen for the sensitivity analysis in this study are as follows:
head diameters, cup thicknesses, material combinations,
coating materials, and coating thicknesses. Since the wear
rate has a direct effect on the overall lifespan of the prosthesis,
to quantify these effects, Archard wear equation is utilized
to calculate linear and volumetric wear rates based on the
previous empirical relations of bearing surfaces (22). The
comprehensive investigation of these parameters affecting
the contact pressure and its distribution are head radius,
cup thickness, material combinations, coating material, and
its thickness, respectively. The maximum hip joint contact
force in terms of body weight (BW) % during a gait cycle was
determined as 368+78 %- BW (23). The hip contact force of a
70-kg person is approximately 2500 N. Therefore, the nominal
load of 2500 N is applied at the center of the femoral head,
which is approximately 3.5 times the body weight of a 70-kg
per person in all prototypes (24). This load is selected as the
maximum hip contact force during normal gait cycles (25).
Then, the obtained results were compared to the numeric
method used by the finite element method.

Analytical Methods

The load (P) is calculated by multiplying the contact area
relating to the contact radius (a,) with the contact pressure
(p)inEq. 1.

P =ma,’p m
Equivalent modulus E is replaced by E’ as following Eq. 2
1/E = 1—-vY)/E + (1-v2)/E, @)
In this equation v, is the head material’s Poisson ratio and v,
is the cup material’s Poisson ratio, E, is the elastic moduli of
the head material and E_ is the cup material elastic moduli.
The equivalent ball radii (Req) are related to the head (R,) and
the cup (R ) surfaces. The equivalent ball radius is determined

by Eq. 3:

Req = (R Ry)/c (3
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where, R_is a cup radius, R, is the femoral head radius and ¢
is the radial clearance (Figure 1a). The half contact radius a,
between the head and the cup is calculated by Eq. 4:

1
(1 —v,)Ec+ (1 —v2)Eh 3

a, = (3PReq EE ) 4

At the same material combination, we can simplify Eq. 5:
ay® = (3PRoq(1 —v?)/2E) = 0.75(PR,q/E') 5

The maximum contact pressure in Eq. 1 can be simplified in
terms of contact radius and load in Eq. 6:

Pmax = (3P/27Tah2) (6)

And the formula based on the horizontal distance (x) for
the calculation of the pressure distribution from the contact
center is givenin Eq. 7:

1/2

P = Piae 1= (2)'] @

The horizontal distance (x) and the contact radius (a_h) are
transformed into the polar coordinate system. In the numerical
calculations, x values in the Cartesian coordinate are found
using the probe command in ANSYS/Workbench over the
acetabular cup surface while the contact half-angle and the
angle values are calculated by using the transformation of
the horizontal axis (x) and the contact radius into the polar
coordinate.

(a) (b)

x
Angular Coordinate (z-) © Acetabular

Cup Contact 2

Femoral Head

Figure 1Schematic illustrations of (a) half angle of contact mechanics,
(b) uncoated and (c) coated prototypes of the ball-in-socket model.

Numerical Methods

The Finite Element Model (FEM) prototypes are performed
as a static model under a constant load of 2500N varying
the effect of some parameters such as cup thickness,
femoral head radius, material combinations, coating film
material combinations and thickness. To understand the
effects of contact pressure and pressure distribution on the
wear rates in MoM-bearing couples, the sensitivity analysis
was performed. Therefore, two different prototypes were
modeled and named as coated and uncoated prototypes. The
femoral head had a diameter of 36 mm while the clearance
between the femoral head and acetabular cup was 50 um.
The acetabular cup thickness was kept constant at 5 mm
to minimize the additional effects on contact pressure (8).
Additionally, coated prototypes had three different coating
thicknesses such as 100, 250, and 500 um. These prototypes
were meshed with Solid186 (26), a quadratic element
type with 20 nodes per unit element (27), and each node
having 3 different degrees of freedom in ANSYS Inc. 2021
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R2 (Canonsburg, PA, USA). The mesh convergence test was
performed to determine the number of elements that affect
the results of the system analysis the least. For this purpose,
the investigated value (contact pressure) was controlled
by increasing the number of elements. The prototype with
1-mm mesh size had 42978 elements, 160180 nodes, and 1856
contact elements while the prototype with 2-mm mesh size
had 7881 elements, 26890 nodes and 594 contact elements.
The detailed mesh convergence tests are shown in Figure 2.
The contact pressure was checked by changing the number
of contact elements, and the mesh sensitivity analysis was
completed when the variation between the previous pressure
and the next value was less than 2% (26). Therefore, the
optimum mesh size for the two prototypes was selected as 1
mm shown in Figure 2.

60 ¢
i —
I_._C' Press 0.9 mm 0.8 mm
m
55
= .2mm
[-™
a Mesh Size | Percentage
4 50 (mm) Diff. (%) |
2 2.0 14.32
A~ 1.8 5.61
Qo 16 3.54
45 1.4 6.08
1.2 6.55
1.0 0.85
0.9 0.34
40 2mm 0.8 -
0 10 20 30 40 50 60 70 80

Number of elements (104)

Figure 2 The mesh convergence test result of 36 mm femoral head
with 5 mm liner thickness

In uncoated prototypes, Figure 3b, the acetabular cup and
femoral head were positioned at 45° on the flexion/extension
(FE) axis to mimic the neutral position of the acetabular cup
with respect to the pelvic bone. In coated prototypes, (Figure
1b) the coating film inserted between the acetabular cup and
femoral head was positioned on the flexion/extension (FE)
axis to mimic the neutral position of the acetabular cup with
respect to the pelvic bone Figure 3b (20,26). The acetabular
cup with coating film was rotated 45° on the flexion/extension
(FE) axis to mimic the neutral position of the acetabular cup
with respect to the pelvic bone Figure 3b. In the coated and
the uncoated prototypes, acetabular cups were fixed on the
outer surface allowing no rotation and translation movement
(Figure 3a), while the femoral head was free to move and
rotate in each direction (28-30). The load was applied at the
bottom side of the femoral head as shown in Figure 3a. The
hard-on-hard bearing materials of hip implant materials of
the model are available in

Table 1. The prototype simulations were performed under a
constant load of 2500N. The acetabular cup and femoral head
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were positioned at 45° on the flexion/extension (FE) axis to
mimic the neutral position of the acetabular cup with respect
to the pelvic bone shown in Figure 4.

Table 1 Mechanical properties of hip implant bearing materials.

Elastic Modulus (GPa) Poisson Ratio

Stainless Steel (SS) (31 196 0.30
Ti-6Al-4V (32) 10 0.30

CoCr (26) 220 0.29
Ti12Mo6Zr2Fe (TMZF) (33) 79.5 0.33

()

Force K

Figure 3 (a) The loading and boundary conditions and (b) total hip
replacement of bearing couples

Computational And Analytical Wear

Archard wear equation (22) was used to predict the wear
rates of all bearing components in THR. The linear wear depth
(W) could be described as in Eq. 8

WL = KxPxS (8)

It was assumed that linear wear depth (#)) is accumulated in
proportion to the contact pressure (P) and the wear sliding
distance (S). K is the dimensionless wear coefficient factor
obtained from in vitro studies listed in Table 2 [14]. Similarly,
the volumetric wear (W) is predicted by multiplying the
linear wear depth (W) with the contact area (4, ) (Eq. 9).

W, = W, x A, 9

In this study, linear and volumetric wear rates of bearing
surfaces have been analyzed using analytical and numeric
methods. Hip joint contact force (HJCF) and sliding distance
(S) of normal gait cycles were obtained from a multibody
simulation. The multibody simulations were performed using
AnyBody Modeling System, and HJCF was calculated by
using inverse dynamic and muscle recruitment optimization
algorithms (23). The maximum sliding distance for one gait
cycle was determined as a 7.77 mm in the literature (23).
Also, it is assumed that an average human gait reaches to one
million cycle in a year (11). Therefore, the linear and volumetric
wear rates were calculated under this assumption (11,26,27).
The coefficients of friction values are listed in Table 2.

In this study, linear and volumetric wear rates of bearing
surfaces have been analyzed using analytical and numeric
methods. Hip joint contact force (HJCF) and sliding distance
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(S) of normal gait cycles were obtained from a multibody
simulation. The multibody simulations were performed using
AnyBody Modeling System, and HJCF was calculated by
using inverse dynamic and muscle recruitment optimization
algorithms (23). The maximum sliding distance for one gait
cycle was determined as a 7.77 mm in the literature (23).
Also, it is assumed that an average human gait reaches to one
million cycle in a year (11). Therefore, the linear and volumetric
wear rates were calculated under this assumption (11,26,27).
The coefficients of friction values are listed in Table 2.

Table 2 The Archard wear factor and coefficient of friction properties
of hip implant bearing materials.

Archard Wear Factor (K)

(mm*/Nmm) CoF

CoCr/CoCr (26) 5x1012 0.20
CoCt/SS (34) 4.5x108 0.15
CoCr/Ti-6Al-4V (35) 1.03 x107 0.58
CoCr/TMZF (35) 1.03x10® 0.58

RESULTS AND DISCUSSION

The contact pressure values were estimated as 59.418 MPa by
the numeric method using FEMand it was calculated as 54.905
MPa using Hertz theory as an analytical method as shown in
mathematical equations (Figure 4a). The percentage error
formulation is used to compare the numerical and analytical
results. The percentage error formulation is as follows:

Percentage error (%) =

Numerical result(FEM)—Analytical result(Hertz Theory)

x 100 10)

Analytical result(Hertz Theory)

The minimum error using Eq. 10 between the analytical and
the numerical calculation was 0.24% for 28 mm of the head
diameter, while the maximum error was 11.79 % for 48-mm of

head diameter as shown in Figure 4b. The effects of changing
head radius, cup thickness, material combination, and coating
thickness are provided in the following part in detail.

Head Radius Effects

The femoral head radius, from 28 to 48-mm, was investigated
under 2500 N, whilst the clearance value of 0.05-mm and
cup thickness of 5-mm were kept constant to investigate
the effect of change of radius on contact pressure and total
deformation on the cup bearing surface. The numerical
maximum contact pressure value was obtained from the 28-
mm head radius at a half contact angle of 150° and also its
contact area and linear wear were calculated as 53.61mm? and
0.00294mm/Mc respectively, while the analytical maximum
result was calculated at a half contact angle of 100° and its
contact area and linear wear were, 48.89 mm? and 0.00298
mm/Mc, respectively. The minimum contact pressure values
were obtained from 48-mm of head radius at a half contact
angle of 190° (contact area of 92.52 mm?and volumetric wear
of 0.1571 mm?3/Mc and 150 (contact area of 100.25 mm? and
0.1454 mm3/Mc) in FEM and Hertz calculations, respectively.
Additionally, the numerical and analytical results are shown in
Figure 5 and are listed in Table 3.

Cup Thickness Effects

The effect of cup thickness is investigated in ten prototypes
under a constant loading of 2500 N. All prototypes had
the same head diameter of 36 mm with a 50 um
clearance. The cup thicknesses varied from 1to 10 mm. The
maximum contact pressure was determined as 67.127 MPa
with 2 mm thickness, while the minimum contact pressure
was obtained as 56.264 MPa with 10 mm thickness in
the numerical analysis. In analytical results, the contact
pressure was affected by changing the cup thickness. So,
the percentage error was obtained as 21.6% with a cup
thickness of 2-mm prototype, while the error in the
prototype with a 10- mm thickness was only 1.9%. The
prototypes with 10 mm of cup thickness produced similar
contact pressure numerically and analytically. Additionally,
pressures calculated analytically

(a) 70 ool v bewaa by by s bvaa vy (b) BDJ|||||JJ|||||L\1||||
E E —&— Numerical results (Fem)
60 59.418 MPa r —— Analytical results (Hertz)
- ] iy S (. =
= ] r o 1 3
g 1 c £ g0 C
2 40 - @ ] -
[} 4 - [ - o
g e ] .
o 30 3 Coo -
B 1 - 8 50 H Radius (mm) | Error (%) -
£ 50 - = 0.24 g
8 ] L 8 32 6.68
1 C 40 - 36 8.23
105 , - 1 40 9.33
1., — = Numerical results (FEM) N\ r ] a4 5.41 r
17 Analytical results (Hertz) \\ o B 48 11.79 3
0 TT TTT I TTTT T TTTT T TTTT T TTTT TTT '!Tl_!'l T 30 T T T l T T T | T T T I T T T | T T T
20 -5 10 -5 0 5 10 15 20 28 32 36 40 44 48

Angular co-ordinate from the center of contact (degree)

Femoral head radius (mm)

Figure 4 Comparison of numerical and analytical contact pressure of (@) 36 mm head radius, and (b) head radius varying from 28 mm to 48

mm.
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(@) |=—a=28mm =18 MM —_— W
—& 32 mm ——d0 mm —— 48 mm
70 _
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= E
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F
£ a0 :
& i
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o 20 -
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Figure 5 The effect of head radius changes on contact pressure analytical results (Hertz), and (b) numerical results (FEM) (under

with 0.05 mm clearance and 5 mm cup thickness)

Contact Pressure (MPa)
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[ -
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2500 N

Table 3 Comparison between numerical and analytical results of the femoral head effect,

(mm) (mPa) (mPa) (%) (um/Mc) (um/Mc) (%) (mm?/Mc m) (mm*/Mc m) (%)
28 75.73 76.71 1.27 294 2,98 1.27 015771 014571 8.24
32 68.51 64.22 6.68 2.66 2.49 6.68 0.15097 0.14574 3.59
36 59.42 54.88 8.23 2.31 213 8.23 0.15666 0.14576 7.48
40 5216 4771 9.33 2.03 1.85 9.33 0.15753 0.14575 8.08
44 44.72 42.03 6.41 1.74 1.63 6.41 0.14720 0.14578 0.97
48 40.45 37.43 8.06 157 1.45 8.06 0.14539 0.14578 0.27

were kept constant, while contact pressures calculated
by numeric methods were changed with the varying cup
thicknesses (Figure 6a). The pressure distribution with
respect to the predicted contact half-angle is shown in Figure
6b. The maximum linear wear rate was calculated at 0.0026
mm/Mc at a 1- mm cup thickness, while the minimum linear
wear rate was 0.0022 mm/Mc at a 10- mm cup thickness in
numeric methods. The difference between the maximum and
minimum linear wear rates was 18.7 %. Also, the maximum
and the minimum errors between numerical and analytical
methods were 21% and 1.9%, respectively. Similarly,
the maximum volumetric wear rate was calculated as
0.17618 mm3/year at a 1 mm cup thickness, while the
minimum linear wear rate was 0.0014834 mm3/Mc at a 10
mm cup thickness. The maximum and minimum error of
volumetric wear rates between numerical and analytical
methods were 20.2% and 1.19%, respectively. The detailed
information on the contact pressure and wear rates
varying cup thicknesses are listed in Table 4.

The Effects Of Material Combination In Bearing
Couples

CoCr material was mostly used in THR applications due
to superior mechanical properties and excellent wear
performances (36,37). So, all metal-bearing materials mostly

Hittite Journal of Science and Engineering « Volume 11

used in THR applications were analyzed numerically and
analytically in this study. The selected materials were SS, Ti64,
and TMZF. Therefore, the effects of material combination with
respect to CoCr material were investigated under constant
loading of 2500 N. All prototypes had the same head diameter
of 36 mm with and 50 um clearance. The cup thickness was
kept constant at 5 mm to minimize the effect of cup thickness.
These analyzes are examined in two groups by changing the
head and cup materials.

The maximum contact pressure was calculated as 57.65
MPa using the numerical and 52.87 MPa using the analytical
methods for CoCr-on-SS, while contact pressures were 43.10
MPa in the numerical and 36.46 MPa in the analytical methods
for CoCr-on-TMZF bearing couple. The maximum linear wear
rates were obtained as 45.602 mm/year in the numerical and
33.613 mm/Mc in the analytical methods for CoCr-on-Ti64,
the minimum linear wear rates were 20157 mm/year in the
numerical and 18.486 mm/Mc in the analytical methods for
CoCr-on-SS. The maximum and minimum errors of linear
wear rates between the numerical and analytical methods
were 35.67 % and 9.04%, respectively. Similarly, the maximum
volumetric wear rates were 3094.76 mm?/Mc in the numerical
and 2297.07 mm3/Mc in the analytical methods for CoCr-on-
Ti64, the minimum volumetric wear rates were as 1367.98
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Figure 6 Contact pressure vs (a) half contact angle, and (b) cup thickness.

mm?3/Mc in the numerical and 1263.31 mm3/Mc in the analytical
methods for CoCr-on-SS. The maximum and minimum errors
of volumetric wear rates between the numerical and the
analytical methods were 34.73 % and 8.29%, respectively. The
detailed information on the contact pressure and wear rates
of varying material combinations are listed in Table 5.

Coating Film Material Combinations And Thickness

The effects of the coating material and optimum coating
thickness were examined using the prototypes which had
a femoral head diameter of 36 mm, clearance of 0.05 mm,
under the loading of 2500 N. Using three different coating
materials, SS, Ti6AI4V, and TMZF, respectively CoCr acetabular
cup surfaces were coated by varying coating thicknesses of
100 um, 250 um, and 500 um. In total, 9 prototypes were

Table 4 The effect of cup thicknesses on contact pressures

designed. After running the simulations with nine prototypes
using finite element method (FEM), the contact areas were
68.33 mm? for CoCr/CoCr, 70.94 mm? for CoCr/SS, 89.29 mm?
for CoCr/Ti64 and 102.84 mm? for CoCr/TMZF for all coating
thicknesses, respectively. The highest contact pressure on
cup surfaces with SS coating material was 53.6 MPa with a
coating thickness of 100 um as listed in Table 6, while the
minimum contact pressure on cup surfaces with TMZF
coating material was 39.6 MPa with a coating thickness of
500 um. The maximum number of cycles required to remove
for each coating material on cup surfaces are given in Table 6.
The maximum survival cycles of coating material is obtained
approximately as 32000 cycles at the SS coated cup with 500
um coating thickness. However, the minimum survival cycles
of coating material is obtained as 2532 cycles at the TMZF

Cup Thick er;:'?s.. Cf\:fe- s. Error Numerical Linear wear L’?::a“”tx: al r Error L.w. Numerical Vol. wear ;:\Ir;?-h‘(;iec::'l E,Tv’_r
(mm) (MPa) (MPa) (%) (um/Mc) (mm/Mc) (%) (mm*/Mc) (mm*/Mc) (%)
1 66.823 21.023 2.60 21.023 0.17618 20.18
2 67127 21574 2.61 21574 0.17698 20.73
3 62.714 13.581 244 13.581 0.16535 12.79
4 61.124 10.702 2.37 10.702 0.16116 9.93
5 59.521 7.799 2.31 7.799 0.15693 7.05
54.88 215 0.14659
6 58.159 5.332 2.26 5.332 0.15334 4.60
7 57.375 3.912 2.23 3.912 0.15127 319
8 56.939 3122 2.21 3122 0.15012 2.41
9 56.355 2.065 219 2.065 0.14858 1.36
10 56.264 1.900 219 1.900 0.14834 119
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Table 5 The effects of the material combinations on contact pressures (analytical (Hertz), and (b) numerical results (FEM))

. Num. Ana. Num. Ana. Num. Ana.
Bearing Couple C.P. C.P. Lw Lw Error L.w. V. Vi, Error V.w.
pum pm
Head Cup (MPa) (MPa) 7 7 (%) (mm?/Mc) (mm?/Mc) (%)
Mc Mc
X1000 X1000
CoCr SS 57.65 52.87 20.157 18.486 9.041 1367.98 1263.31 8.29
CoCr Ti64 4792 42.00 38.351 33.613 14.095 2602.68 2297.07 13.30
CoCr TMZF 4310 36.46 34.493 29179 18.212 2340.89 1994.08 17.39
SS CoCr 59.42 52.87 20.776 18.486 12.389 1409.98 1263.31 .61
Ti64 CoCr 56.98 42.00 45.602 33.613 35.667 3094.76 2297.07 34.73
TMZF CoCr 44.37 36.46 35.510 29179 21.695 2409.87 1994.08 20.85

coated cup with 100 um coating thickness.
The main purpose of this study is to analyze the parameters
affecting the contact pressure on metal-on-metal (MoM)

Table 6 Contact pressure and linear and volumetric wear rates of
three coating materials varying with different coating thickness.

Coating SS Ti6e4
Thickness

TMZF SS Ti64 TMZF

Contact Pressure Max cycles to remove

coating material

(um) (MPa) (cycles)

100 53.6 53.0 49.3 5348 2359 2532
250 48.2 471 39.6 14793 6631 7886
500 44.8 435 39.5 31847 14368 15823

implants using analytical and numerical methods as a part
of the verification process for the contact pressure values.
Moreover, to compare the effects of the parameters on contact
pressure, the contact radius and the contact area values were
calculated using Hertz contact theory analytically, while these
results were also obtained using the numerical output of finite
element method (FEM) numerically Additionally, the effects of
different design parameters such as head diameters, bearing
material combinations, coating materials and their thickness
on contact pressure were analyzed. And these results were
used in the calculation of linear and volumetric wear rates of
MoM bearing couples.

The contact pressure of ceramic-on-ceramic bearing
components (9) had an error of 30% between the analytical
and numerical solutions, while the metal-on-polyethylene
bearing couple model (38) had an error of 27.5%. In our
study, the percentage error was calculated as 4.9% under
the same loading and boundary conditions and also the
same geometrical dimensions in the literature (9,38). A
similar situation was encountered in calculations of half
contact angle; for example, while the error is about 26.7% in
the clearance calculations, this is about 25% in head radius
calculations. Although Hertz contact theory is frequently
used in the design of hip implants for understanding contact
mechanics [10]-[121,[19]-[23], the effects of cup or coating
thickness on the contact pressure and predicting wear
estimation have not been studied. Hertz contact theory is
only based on the inferences of contacting surfaces (22,40).
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Similarly, there are many studies on the effect of head size
using numerical and experimental methods in the literature
(38,41-44). These studies conclude that the contact pressure
increases with the decreasing head size and the volumetric
wear increases with the decrease of the head size based on
the Hertz contact theory. Keeping the head size constant with
a thicker liner and the coating material corresponds to a lower
peak contact stress and larger contact area. Increases in the
contact area result in higher wear rates of bearing couples
(41-44).

Our results are also in line with these results as demonstrated
in the results section. When the MoM bearing components
have a larger diameter, the volumetric wear rates of bearing
surfaces are reduced (43,44). For the 36 mm head size model
under 2500 N, the contact pressure and the contact area
are 54.52 MPa and 76.25 mm"2 respectively, in the numeric
model and 54.9 MPa and 7716 mm"2 in the analytic model,
respectively. Inthe literature, for 39 mm femoral head size, the
contact pressure was calculated as 40 MPa with a contacting
area of 74 mm*2(44). When the head size increases, the
errors between the numeric and the analytic results increase.
One of the most important reasons for these errors is that the
prototypes with higher head sizes have a higher number of
contact elements and higher moments of inertia. Therefore,
the contact elements under the same loading conditions
results in more fluctuations and penetration at the contact
surfaces. However, these situations are not valid in analytical
studies. Because Hertz contact theory, as analytical study,
only considers the contact surfaces as a 2-dimensional
geometry, while the numerical studies are performed in
3-dimensional geometry including the inertia, mass, moment,
variables etc. (22,41).

In our study, the effects of cup thickness ranging from 1to 10
mm were analyzed numerically and analytically. The pressure
on the cup bearing surface decreased exponentially by
increasing the cup thickness and continued up to 9 mm of the
cup thickness. At 10 mm of the cup thickness parameter value,
the cup thicknesses parameter had no effect on the output,
and the difference between the numerical results and the
analytical results decreased from 21.02 to 1.9 percent. In Hertz
contact theory, the contact pressure is kept constant while
changing the cup thickness, since this theory only focuses
on the effect of contacting the bearing surface. However, this
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assumption cannot be valid for the numerical results, since in
the numeric approach the mass and volume parameters are
included using FEM.

The linear wear rates of CoCr-on-CoCr bearing couples were
obtained at 2.5 um/Mc (26). In another study in the literature,
the predicted total linear wear was calculated as 1.28 um/Mc
and the maximum Hertzian contact radius as 3.94 mm, while
the CoCr head diameter is 27.899 mm with a 79 um clearance
under applied loading of 2085 N (45). Another study shows
that the linear wear rates ranged from 2.9 to 12.8 um/Mc,
with the femoral head radius of 14 mm (46). These results
are consistent with our study. In our study, the linear wear
was obtained as 2.98 um/Mc in analytical methods and 2.98
um/Mc in numerical methods, while the maximum contact
radius was calculated as 3.945 mm in analytical methods and
estimated as 4.13 mm in numeric methods.

The materials mostly used in THR application against CoCr
material are also analyzed in numerical and analytical
methods. These materials are SS, Ti6Al4V, and TMZF,
respectively. The maximum contact pressure was 59.42 MPa
for CoCr-CoCr bearing couple, while the minimum contact
pressure value was 43.10 MPa for CoCr-TMZF bearing couple.
It produced the same results about contact pressures and
contact areas analytically whether the bearing pairs were
made of CoCr (head)-SS (cup) or SS (head)-CoCr(cup).
However, it produced different pressure and contact areas in
numeric methods when the bearing couples changed. When
the head material of CoCr and cup material of SS is selected,
the contact pressure, the linear wear, and the volumetric
wear rates were 57.65 MPa, 20157 um/Mc, 1367.98 mm~3/Mc,
respectively. The errors of linear and volumetric wear rates
between the numeric and the analytic methods were 9.041%
and 8.29%, respectively. When the head material of SS and
cup material of CoCr was selected, the contact pressure,
linear wear, and volumetric wear rates were 59.42 MPa, 20776
um/Mc, 1409.98 mm*3/Mc, respectively. The errors of linear
and volumetric wear rates between numeric and analytic
methods were increased from 9.04 to 12.4% and from 8.29 to
11.61%, respectively. These differences were observed to have
depended on the material combination of the bearing couple.
Unfortunately, these results could not be compared to the
data in the literature. Because there has not been any other
study providing a comparison of changing bearing couples.

The effects of coating material and coating thickness on
contact pressure, and linear and volumetric wear rates were
also analyzed in our study. Three different coating thicknesses
were modelled with three different coating materials. The
coating thickness was chosen as 100um, 250um ve 500
um, and the coating materials are SS, Ti6Al4V, and TMZF
respectively. The maximum contact pressure was obtained
as 53.6 MPa when coated with 100 um coating thickness
of SS, while the minimum contact pressure was obtained
as 39.6 MPa with 500 um coating thickness of TMZF. The
coating thickness directly affected the contact pressure, the
linear wear, and the volumetric wear rates. Also, the coating
thickness of 500 um for all the bearing couples had the
lowest contact pressure and the linear and volumetric wear
rates. It was observed that the metallic coating materials used
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in this study were insufficient considering higher wear rates
for hip implants application. Our results are compared and
considered to be consistent with the literature (47,48).

The analytical data is consistent with numerical data under
the same loading and boundary conditions. To understand
the effect of contact pressure on linear and volumetric
wear depth, we calculated the wear rates over one million
cycles. This study focuses on the primary results of contact
pressure and then uses this information to compare the
primary effects of contact pressure on wear rates. In our
study, analytic and numeric models assumed smooth bearing
surface and constant friction coefficients. Since Hertz contact
theory is only valid on a non-adhesive and elastic contact
on smooth surfaces (13,40). However, the bearing surfaces
can form a rough surface and worn geometry depending
on the wear depth (26,27). Also, the coefficient of friction
in reality, is known to be changing and not constant (37).
These problems will be addressed in future studies. Despite
these limitations, this study provides useful information for
implant designers while optimizing their products as they
lead to low contact pressures. This study could open a new
window into understanding the initial effects of geometrical
parameters and material combination on lifespan of different
THR implants while analyzing any other futuristic properties.

CONCLUSION

In this study, we demonstrated contact mechanics and
wear rates of bearing couples using numeric and analytic
methods. The effect of head size, cup thickness, material
combination of bearing couple, coating material, and film
thickness on contact pressure distribution and wear rates
were investigated in detail. The cup thickness was observed
to have a significant effect on the contact pressure, linear
and volumetric wear rates of bearing couples. When the cup
thickness was selected as 10 mm, the contact pressure and
wear rates decreased by 16% approximately. Additionally, the
error betweenthe numeric and analytic results decreased from
21.02 to 1.9% for the contact pressure and from 20.18 to 1.19%
for the volumetric wear rates. Similarly, optimum selection of
the material combination of bearing couples decreased the
contact pressure by 27%. Although the material combination
had no positive effect on the wear rates of bearing surfaces,
it could be minimizing the stress shielding effects of the bone
underneath the hip implants. It is concluded when the film
thickness increases from 100 to 500 um, 18-20% decrease
in the contact pressure and linear and volumetric wear rates
were observed for all the coating materials, The methodology
and the results used in this study, could be useful for implant
designers during design optimization studies.
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