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S u m m a r y 
The longevity of total hip arthroplasties is significantly reduced by the wear of joint surfaces. Wear is the 
result of the product between contact pressure and sliding distance that is generated by the patient’s daily 
activity. While the sliding distance can be calculated using the variation of angles describing the hip 
kinematics, determining the pressure distribution prove to be difficult especially because the Hertz 
contact hypotheses are not valid in the case of ball-in-socket joints. With the aid of finite element method 
it was possible to study the behavior of hip joint prostheses having different radial clearances under 
similar loads. It is emphasized the influence of radial clearance on the contact area, maximum contact 
pressure and pressure distribution. 

Keywords: hip prosthesis, wear, FEM model, contact pressure, UHMWPE. 
 
 

1. INTRODUCTION 
 

The importance of studying the wear behavior 
of artificial joint prostheses does not need to be 
emphasized. Since the first successful attempts to 
replace diseased joints with joint prostheses, many 
scientists struggled to find ways of prolonging their 
life. As it is well known, the wear of UHMWPE 
and the resulting debris are the primary cause of 
long time implant failure. 

As numerous papers show, the clearance 
between the two articulating surfaces plays an 
important role in the friction and wear processes 
taking place in the prosthesis. Of particular interest 
is the contact pressure distribution on the joint 
surface, as it indicates the regions of most elevated 
stress and gives its magnitude. 

The finite element method (FEM) has become 
the method of choice to analyze the mechanical 
behavior of objects characterized by a complicated 
shape and which are subjected to complex loading. 
As such, it is widely used in the study of contact 
between solids. 

 

2. MATERIALS AND METHODS 
 

The work was divided into three steps. First, a 
FE model of the cup/head assembly was ran to 
simulate the behavior under a variable load. The 
second step was the calculation of the sliding 
distance for a series of points evenly distributed on 
the femoral head. Finally, the third step consisted in 
the calculation of the wear depth for each of the 
points considered at the second step using the 
Archard’s wear law. After obtaining the wear depth 
for a fairly large number of points, the total 
volumetric wear can then be calculated. 

 FE model of a total hip prosthesis was 
constructed using a commercial available FEM 
package (ANSYS 6.1, SAS IP Inc., USA). The FE 
model consists of a perfectly rigid femoral head 
articulating into an UHMWPE acetabular cup. In 
order to investigate the influence of the clearance 
on the wear of total hip joint prostheses, ten 
different cases were studied. For all cases the outer 
and inner diameter of the cup were 60mm and 
22mm respectively. Only the clearance between the 
femoral and acetabular component was different 
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from one case to another. The ten cases and their 
corresponding clearances are listed in Table 1. 

The acetabular cup was modeled with one of 
the most accurate 3-D finite element, which is the 
20-node brick (hexahedral) element. 

Direct generation of brick elements in a 
hemispherical volume proved to be impossible. One 
solution to this problem would have been to use 
tetrahedral or modified hexahedral elements (15 
node wedges) at the polar region. 

Table 1 

Case 
no. 

Absolute radial 
clearance [mm] 

Relative clearance 

1 0 0 % 
2 0.005 0.045 % 
3 0.01 0.09 % 
4 0.02 0.18 % 
5 0.05 0.45 % 
6 0.1 0.9 % 
7 0.2 1.8 % 
8 0.3 2.7 % 
9 0.4 3.6 % 

10 0.5 4.5 % 
 

The mixing of elements (tetrahedral or wedges 
and hexahedral) is often the cause of irregular stress 
concentrations that can greatly affect the results. In 
this circumstance, the volume of the acetabular cup 
was divided into five volumes, each with six sides. 

1

 
Figure 1 FEM model of the acetabular cup based 

on 20-node brick elements. 

This meshing was inspired by the design used 
in [1,2,3]. The difference consists in the use of 
higher order elements (20 node) instead of lower 
order (8 node) hexahedrons as in other designs. 

The mesh was formed of 914 hexahedral 
elements and 228 8-node quadrilateral contact 
elements (ANSYS CONTA174). The femoral head 
was represented by a rigid sphere defined as a 
single element (ANSYS TARGE169). 

 

2.1 Material properties 
 

The UHMWPE was considered to have an 
elasto-plastic behavior. It is assumed that the 
material deforms linearly elastic until a certain 
point (yield point). After this point, the material 
exhibits nonlinear rate-independent plasticity. 
Classical rate-independent plasticity theory 
incorporates a flow rule in which the equivalent 
stress is based on the von Mises yield criterion. 

When characterizing the mechanical behavior 
of UHMWPE at large deformations, it is necessary 
to adopt a description of the stress-strain curve in 
terms of true stress and true strain. In Figure 2 is 
illustrated the nonlinear material behavior of 
UHMWPE, in terms of true stress and true strain 
and in Table 2 are listed the main mechanical 
properties of UHMWPE GUR 4150. The curve was 
adopted from Kurtz [4]. 

Figure 2 The true stress vs. true strain behavior of 
UHMWPE 4150 adopted from [4] (the points 

represent tabular data input in the FEM program). 

Table 2 

Mechanical properties for UHMWPE GUR 4150
Young modulus 600 MPa 

Yield stress 19 MPa 
Poisson coefficient 0.46 

 
The contact between the two bodies was 

considered as a contact between a rigid and a 
deformable body and the sliding between them was 
assumed to follow the Coulomb’s law. The friction 
coefficient between the two surfaces was taken 
µ=0.12. 
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2.2 Loading 

The force components and the acetabular cup 
orientation were defined relative to a Cartesian 
coordinate system fixed to the pelvis and having the 
origin in the cup center of symmetry and the three 
axes (x, y, z) pointing towards anterior, superior 
and lateral directions, respectively. The acetabular 
cup was considered to have an inclined position at 
30° in the coronal plane (yOz) relative to the 
horizontal plane. 

The cup was fixed on its entire outer surface 
and the rigid femoral ball was pressed against the 
cup following a pattern that simulates the 
physiologic conditions. In Figure 3 is shown the 
load pattern. The load pattern was adopted from 
Bergmann [5] and simplified in order to obtain a  
manageable number of load steps necessary for the 
FEM input file. A number of five load steps were 
considered and the three forces vary linearly from 
one load step to the next. 
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Figure 3 Load variation during the gait cycle. Fx 
acts along the walking direction, Fy on vertical 

direction and Fz on medio-lateral direction. Dotted 
lines represent the simplified force variations. 

2.3 Calculation of the sliding distance 
 

Sliding distance plays an important role in the 
wear rate. Developing a wear model that takes into 
consideration the entire gait cycle and couples the 
polyethylene contact stresses and sliding distances 
represents a powerful tool to asses the long time 
behavior of joint prostheses. 

In order to find the corresponding sliding 
distances for the points situated on the bearing 
surface of the cup, two coordinate systems, one for 
the head and one for the cup, were defined with the 
origins in the rotation center of the prosthesis. One 
component (femoral head) was maintained fixed 

while the other (acetabular cup) rotated around the 
first following a simplified motion, which appro-
ximates the walking motion. The motion wave-
forms where adapted from Saikko [6] and are 
shown in Figure 4. 

The numerical computations were performed 
using MATLAB (MathWorks, Inc., Natick, MA, 
USA). The Euler sequence used in this study was 
FE→IER→AA. 

An arbitrary point M fixed on the cup surface 
was rotated from its initial position M0(xo, yo, zo) to 
consecutive new positions M1, M2, … until it 
reached again its initial position M0. The number of 
discrete positions was 10. The coordinates (xi, yi, zi) 
for a point Mi on the slide track were obtained by 
multiplying the vector describing the initial position 
r0=[xo, yo, zo] with the three rotation matrices Rx, 
Ry, Rz:  

( ) ( ) ( ) 0rRRRr iziyixi ⋅⋅⋅= γβα   (1) 
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The angles α, β, γ represent the waveforms of 
FE, AA and IER respectively. 

The points M, for which the corresponding 
sliding distances were calculated, were the centers 
of the contact elements lined on the cup bearing 
surface. 
 
2.4 Wear Calculation 

For wear calculation, the Archard’s equation 
was considered as in [1,3,7]. The amount of wear 
removed from the UHMWPE cup is assessed by the 
equation:  

Sp
H

KV N ⋅⋅⋅=
1    (2) 

where: V is the linear wear volume, H is the 
hardness of the material, pN is the normal contact 
force and K is a proportionality constant. The wear 
volume correlates with material properties, load and 
motion. Because the load and motion are variable 
throughout the joint surface, Archard’s wear law 
must be modified into an incremental form. So, the 
equation (2) becomes: 
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dS
dAH

KdV N ⋅
σ

⋅=    (3) 

where σN is the normal contact stress, dA is the 
infinitesimal contact area and dS the infinitesimal 
sliding distance. 

 
Figure 4 Gait waveforms from Saikko [6] (a) and 
adopted for this study (b); FE=flexion-extension, 
AA=abduction-adduction; IER=internal external 

rotation 

Eliminating the infinitesimal contact area from 
the equation (3) and replacing K/H with kw, we get: 

dSkdh Nw ⋅σ⋅=    (4) 

where dh is the infinitesimal wear depth and kw is 
the wear coefficient (in units of mm3/(Nm)). 

To get the wear depth at a certain point after 
one cycle of motion, we must integrate equation (4) 
over the sliding distance at that point: 

∫ ⋅σ⋅=
Si

Niwi dSkh    (5) 

 
Integrating again over the entire surface of the 

cup, the total wear volume per cycle of motion can 
be calculated: 

∫ ∫ ⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⋅σ⋅=

Atot S
Nw dAdSkV           (6) 

The most difficult to obtain is the parameter 
kw (wear coefficient). It can be obtained 
experimentally on wear testers such as pin-on-disk 
or other configurations. Papers concerned with the 
wear in total hip prostheses reported values in the 
range 0.8÷2⋅10-9 mm3/N⋅mm [3,7-9]. For this study 
it was adopted a wear coefficient kw=1.0656⋅10-9 
mm3/N⋅mm as in [7]. 
 
3. RESULTS 

 
In Figure 5 is shown the distribution of contact 

pressure for case no. 1. The maximum is located at 
a certain angle relative to the pole and varies in the 
range 10.9÷11.7 MPa, increasing with the increase 
of clearance. 

At the first look one can say that from the 
point of view of maximum contact pressure, the 
smaller the clearance, the smaller the contact 
pressure and hence, the smaller the wear of the 
acetabular cup. This is true only until a certain 
clearance below which the maximum pressure 
migrates towards the rim of the cup and increases 
exponentially with the decrease of clearance. This 
means that both extremes (very small or very large 
clearance) lead to dangerously high values of the 
contact pressure. 

After FE simulations were performed for the 
ten cases, the contact pressure distributions were 
introduced as input data in a computer code which 
integrated them in equation (6). The results are 
listed in Table 3 and plotted in Figure 9. 

 

 
Figure 5 Evolution of the contact pressure 

distribution on the acetabular cup surface during a 
gait cycle. 
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Figure 6 Pressure distribution plotted over the 

projected contact area for 0.01mm clearance (up) 
and for 0.5mm clearance (down). 
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Figure 7 Variation of the maximum contact 

pressure with radial clearance. 

 
Figure 8 Slide tracks for several points on the 

bearing surface of the cup. 

The slide tracks resulted from the simplified 
waveforms were similar with the slide tracks obtai-
ned by Saikko and Calonius [6,10]. Figure 8 shows 
the slide tracks for several points distributed on the 
femoral head surface. The tracks were mainly ovals 
except for the equatorial regions where “eight” sha-
ped or straight tracks were obtained. 

Table 3 

Case no. Relative 
clearance [%] 

Wear volume after 106 cycles 
[mm3] 

1 0 % 20.62 
2 0.045 % 20.59 
3 0.09 % 20.53 
4 0.18 % 20.477 
5 0.45 % 20.26 
6 0.9 % 19.96 
7 1.8 % 19.47 
8 2.7 % 18.99 
9 3.6 % 18.65 

10 4.5 % 18.36 
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Figure 9 Variation of wear volume with the radial 

clearance. 

4. DISCUSSION 
 

The obtained wear rates are similar with those 
reported by other authors (Table 4). It can be seen 
that the increasing of prosthesis clearance induces a 
slight decrease of the wear rate (Fig. 9). As the 
clearance between the two bearing surfaces 
becomes larger, the effective contact area decreases 
(e.g. the contact is not established over the entire 
cup inner surface). In the same time, the load is 
distributed over a smaller area and naturally, the 
maximum pressure is higher. The pressure rising 
should lead to an increase of the wear rate but, the 
wear rate is also proportional to the contact area 
and therefore the wear rate is not influenced by this 
variation of the contact pressure and contact area. It 
is the sliding distance that plays the important role 
in the wear rate because it is not the same for every 
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point on the bearing surface. In this case, the 
distribution of the sliding distances is the factor that 
determines if the wear rate increases or decreases 
with the clearance. 

Even if the wear rate would be lower, the large 
clearances are not desirable because the penetration 
is higher and the maximum equivalent stress is also 
higher. So, the risk of plastic deformations and 
"boring" of the head into the cup is very high for 
large clearances. With the increase of the clearance, 
a "pocket" of maximum equivalent stress nucleates 
in the substrate. This may lead to delamination 
(often met at knee prostheses) which can greatly 
shorten the prosthesis life. 

The obtained wear rates may be lower in 
comparison with many retrieval studies. One reason 

may be the relative lower loading forces used in the 
present work (peak load 1700N). Also, the present 
study did not take into account the creep of 
polyethylene. Many clinical wear data incorporates 
also the creep without separating it from the real 
wear volume. Teoh [1] reported an increase of wear 
when the clearance was too big or too small. He 
found an optimum around 0.1 mm clearance for the 
32 mm prosthesis. 

Unlike the reported results of Teoh, in this 
study an optimum clearance may be stated only if 
considering additional factors beside the wear 
volume such as the penetration of the head into the 
cup and the maximum equivalent stress. 

Table 4 

Author 
 

Method Materials Wear rate 
[mm3/106cycles] 

Wear coefficient 
[mm3/N⋅m] 

Head diam. 
[mm] 

V. Saikko [11] Hip simulator CoCrMo/PE 1.4÷61 2.7×10-8 ÷1.2×10-6 32 
S.H. Teoh [1] FE model metal/PE 53.68÷122.27 1.066×10-6 32 
Maxian [7] FE model metal/PE 13 

16 
18 

10.656×10-7 22 
28 
32 

J.S. Wu [3] FE model metal/PE 42 
52 

58.4 

0.8×10-6 22 
28 
32 

K. Brummit [12] Hip simulator stainless 
steel/PE 

8÷25 - 22.25 

J. Lancaster [13] Pin-on-plate different 
mat./PE 

- 6.1÷16.5 (×10-9) - 

I.C. Clarke [14] Hip simulator alumina/PE 23.2 
31.9 
32.8 

- 22.25 
26 
28 
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