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RESUMEN.  
 
La distribución del esfuerzo en cavidades de 
texturizado en una superficie de UHMWPE se 
estudió  utilizando el método de elementos finitos 
en un contacto no conforme entre una bola de 
acero y una superficie plana texturizada de 
UHMWPE. Se analizaron diferentes arreglos de 
cavidades en dos y tres dimensiones  tomando en 
cuenta la no linealidad de la curva esfuerzo-
deformación del polímero. El análisis numérico 
fue estático con una carga normal de 17 N. La 
simulación de la superficie texturizada muestra 
un efecto negativo al aumentar el esfuerzo von 
Mises y la presión de contacto debido a la 
reducción del área de contacto efectiva. 
Rellenando las cavidades con un líquido 
incompresible se reduce el esfuerzo y la presión 
por el aumento del área de contacto.  De la 
simulación se obtuvieron el diámetro y 
distribución de cavidades que evitan la 
concentración de esfuerzo con un esfuerzo de 
diseño máximo de 13.5 MPa.  
  
ABSTRACT.  
 
The effect of texturing cavities on the stress 
distribution of an UHMWPE surface was studied 
using the finite element method on a non-
conforming contact between a steel ball and a 
flat UHMWPE textured surface. Two and three-
dimensional analyses were conducted for 
different texture patterns taking into account the 
non-linear behavior of the stress-strain curve of 
the polymer. The numerical analysis was purely 
static using a normal load of 17 N for the 
analyses. The simulation shows a deleterious 
effect in von Mises stress and contact pressure on 
a textured surface, due to the reduction of the 
effective contact area. Filling the texture cavities 
with an incompressible liquid reduces the stress 

level and contact pressure, enlarging the contact 
area. From the simulation both diameter and 
distribution of cavities that hinder stress 
concentration with a maximum design stress of 
13.5 MPa were determined. 
 
NOMENCLATURE 
 

UHMWPE Ultra high molecular 
weight   polyethylene 

N Newton 
MPa Megapascal   
GPa Gigapascal 
mm millimeters 
D Diameter of cavity 
S Separation of cavities 
MISO Multilinear isotropic 
ASTM American Society for 

Testing and Materials 
 
1. INTRODUCTION 
 
Wear is the most common cause of obsolesce in 
goods and assets; particularly those with moving, 
rubbing parts, such as machinery and equipment, 
as well as human joints and their replacements. 
Ultra high molecular weight polyethylene 
(UHMWPE) has been used as bearing material in 
total joint replacements since the 1960’s due to 
its intrinsic biocompatibility and resistance to 
wear and impact. Lately, however, this material 
has found its way into a number of different 
tribological applications [1-4]. 
 
Still, its high hydrophobicity is a major drawback 
to use it as a bearing material for biotribological 
applications due to the fact that the dry contact 
between metal and polymer counterparts 
contributes to accelerate wear [5-8]. In this 
context, surface texturing has been considered as 
a feasible way to improve upon the performance 
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of metal/polymer tribo-systems by favoring 
lubrication regimes other than critical boundary 
lubrication. 
Several approaches have been taken to improve 
wear and oxidation resistance as well as 
wettability of UHMWPE surfaces in mechanical 
applications, including the polymeric inserts in 
joint replacements [9–12]. 
 
Surface texturing – a pattern of cavities 
fabricated on a surface, with certain shape, size 
and distribution – has found important 
tribological applications for mechanical 
conforming elements such as mechanical seals, 
bushings and cylinder liners. The effect of the 
cavities of a textured surface expands the range 
of hydrodynamic lubrication regime observed in 
a Stribeck curve [13-20]. Depending on depth, 
diameter and distribution of cavities, the textured 
surface works as a lubricant reservoir that builds 
up a load-carrying hydrodynamic pressure that 
separates the surfaces of the counterparts, 
reducing the friction coefficient [21]. 
 
Most of the applications reported for surface 
texturing do not involve UHMWPE, although 
surface modification of UHMWPE by 
nanoimprint lithography (NIL) has been reported 
[22], without dealing with the effects caused by 
texturing on the structural parameters of the 
polymer. 
 
On the hand, lubrication not only plays an 
important role in the reduction of friction, but 
also on the magnitude and position of the 
maximum shear stress below a contacting 
surface. This may lead to failure due to fatigue 
when the contact is non-conforming since 
subsurface cracks initiate and propagate 
underneath the contact surface, leading to 
material delamination or spalling. Wear by 
fatigue is determined by the magnitude and 
position of the maximum shear stress, according 
to the von Mises failure criterion, which in turn 
is altered by the frictional force [23]. The 
maximum shear stress shifts towards the surface 
as the coefficient of friction increases [24]. 
 
This work presents a numerical analysis, based 
on finite element (ANSYS™), of the effects of 
texture features on the magnitude and position of 
the von Mises stress when a loaded steel ball is 
pressed against an UHMWPE flat disk patterned 
with empty cavities (dry condition), and cavities 
filled with a non-compressible fluid (wet 
condition). Based on stress level and cavity 

coverage criteria, two-dimensional and three-
dimensional simulations of a static loaded ball 
pressed against a textured UHMWPE disk were 
used to determine the cavity arrangement for a 
texture pattern that could be tested in a 
commercial ball-on-disk tribometer. In contrast 
with similar analyses where the steel-on-
UHMWPE contact assumes linear behavior of 
the polymer and Hertz contact theory is applied 
[25–31], for the present work, the mechanical 
properties of UHMWPE were taken from actual 
experimental tensile tests, providing data of the 
polymer non-linear behavior [32]. The applied 
load was calculated from the maximum contact 
pressure values reported for a knee joint 
replacement during walking cycle [33–35]. 
 
2. BOUNDARY CONDITIONS OF THE 
FINITE ELEMENT MODEL 
 
The boundary conditions for the finite element 
model were taken after the experimental set up of 
a commercial MTM2 ball-on-disk tribometer 
from PCS Instruments, shown schematically in 
Figure 1.  
 

 
Figure 1.  Schematic representation of the tribometer set up. 

 
The UHMWPE disk is fixed at the center, i.e. 
there is movement restriction of the ball in the 
horizontal direction, u(x) = 0; a normal load of 
17 N was applied on the ball; both surfaces were 
deemed flexible with a surface-to-surface contact 
without initial penetration.  
 
The model was allowed to exhibit both 
compression and flexion conditions due to the 
fixed supports of the disk (stiffness penalty at the 
contact = 0.1). To prevent sliding at the contact 
area due to compression of the contact elements 
by deformation of the material, a contact 
algorithm with the augmented Lagrange method 
was used. The applied force was uniformly 
distributed along the horizontal centerline of the 
ball. For UHMWPE, the Poisson ratio taken was 
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0.46. For the stainless steel ball, the elasticity 
modulus and Poisson ratio were set at 210 GPa 
and 0.29, respectively. In order to accurately 
define the geometry of cavities and ball, the 
volumes outside the contact area were coarse 
meshed, while those inside were fine meshed, 
providing a smoother contour of the stress 
distribution. Figure 2 shows the computer model 
thus generated. 
 

 
Figure 2.  Model representation of the experimental set up. 

 
3. NUMERICAL ANALYSIS 
 
3.1 Two-dimensional analysis 
 
The texture pattern consists of a number of n 
cylindrical cavities of diameter and depth D, 
separated a distance S, Figure 3. Cavity diameter 
and separation were varied to determine the 
patterns with the largest number of cavities under 
the contact area. Table 1 summarizes the texture 
patterns analyzed. In all cases, the depth of the 
cavities was the same as the diameter. Standard 
drill bit sizes were used for this simulation. 
 

 
Figure 3. Geometry of the texture pattern for the two-

dimensional analysis. 

 
Table 1. Two-dimensional pattern of cavities. 

Number 
of 

cavities n 

 
Cavity diameter (D) 

 
0.397 mm 0.794 

mm 
1.919 
mm 

1   ● 
2  ●  
3 ● ●  
4 ●   

The two-dimensional models of the ball and disk 
were discretized with an isoparametric element 
for structural solids consisting of 8 nodes with 
two degrees of freedom. This model has 77308 
nodes and 26041 elements. 
 
Both the two- and three-dimensional models 
were treated with multilinear isotropic (MISO) 
behavior from stress-strain data experimentally 
obtained from tensile tests of UHMWPE in an 
Instron1011 testing machine, at crosshead speed 
of 5 mm/min using a type I specimen for a 
tensile test of plastics, following the ASTM 
D638 2003 standard, shown in Figure 4. 
 

 
Figure 4.  True stress vs. true strain curve of UHMWPE [32]. 

 
Due to the elastoplastic behavior exhibited by 
UHMWPE, multilinear elastic behavior was used 
for the simulation. Only the patterns fulfilling the 
criteria of least von Mises stress magnitude and 
maximum number of covered cavities under the 
contact area were used for the three-dimensional 
analysis.  
 
3.2 Three-dimensional analysis 
 

To perform the three-dimensional simulation, 
both disk and ball were discretized with an 
isoparametric element for structural solids of 20 
nodes with three degrees of freedom. This 
discretized model has 227807 nodes and 
1471273 elements. These elements accept the 
material nonlinear behavior and endure large 
deflections and deformations. Figure 5 shows the 
pattern for this analysis. The vertical axis of the 
ball was placed at the center of the square pattern 
of cavities. 
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Figure 5.  Top view and rendering of the texture pattern for 

the three-dimensional analysis. 

 
 
4. RESULTS 
 
4.1 Stress distribution for the two-dimensional 
pattern 
 
According to the stress level and cavity coverage 
criteria, the patterns chosen to be analyzed in 
three dimensions would be the ones with the 
largest number of cavities completely covered by 
the contact area under loaded conditions (17 N). 
Figure 6 shows how the disk deflection leads to 
configurations in which only one and two 
cavities would be completely covered under the 
contact area. The stress distribution seen in this 
figure correspond to cavity patterns with D = 
0.397mm, and D = 0.794 mm. Following the 
coverage criterion, the pattern in Figure 6b with 
D = 0.397 mm and separations D and D/2 were 
chosen for the three-dimensional analysis. 
 

 
Figure  6.  Contact behavior under 17 N load for D = 0.397 
mm, 3 cavities (a), 4 cavities (b) and for D = 0.794 mm, 2 

cavities (c) and 3 cavities (d). 

 
The stress distribution analysis illustrated in 
Figure 6, show that the magnitude of the von 
Mises stress was larger at the contact area than 
below the surface in all cases. Therefore, ulterior 
analyses ignored the subsurface stress 
distribution and focused on the contact area. 

The numerical analyses carried out are 
summarized in Figure 7, showing the 
dependence of the magnitude of the von Mises 
stress on the force applied at the contact surface; 
this force varied from 0 to 17 N. As shown in 
Figure 7, the von Mises stress increases with 
cavity diameter; however, because its value is 
less than the yield stress for UHMWPE, there is 
no plastic deformation in any of the cases. In this 
figure, the pattern with 3 cavities and diameter 
0.794 mm has the lowest stress magnitude at 17 
N because the load is supported by the flat 
surface between the cavities and not by their 
edges, as seen in Figure 6a and Figure 6c. On the 
other hand, the stress level increases because the 
load is supported by the edges of at least one 
cavity. 
 

 
Figure 7.   The von Mises stress as a function of load, at the 

contact area for all cavity configurations. 

 
Reducing the cavity separation by half increases 
the stress level at the contact area as illustrated in 
Figure 8, showing two cavities completely 
covered by the ball. For other cavity diameters 
and arrangements, only one cavity was 
completely covered at the contact area. 
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Figure 8.  Stress level and covered cavities for the distance 

between cavities D/2. 

 
The magnitude of von Mises stress at the contact 
area as a function of cavity diameter is shown in 
Figure 9, summarizing the numerical results for 
all three cavity diameters used in this study. For 
D = 0.397 mm, the von Mises stress is 14 MPa 
for S = D, and 16.5 MPa for S= D/2.  
 

 
Figure 9.  Stress distribution at the contact area as a function 

of cavity diameter. 

 
For the three-dimensional analysis the cavity 
configuration was chosen according to the 
following conditions:  

1. the load must be applied on the bulk of 

the UHMWPE, rather than on the voids;  

2. the contact area must cover the largest 

possible number of cavities. 

Therefore the smallest diameter of cavity was 
selected for the three-dimensional analysis, with 
separations D and D/2.  
 
4.2 Three-dimensional analysis with empty 
cavities 

The three-dimensional analysis of the von Mises 
stress was carried out only for the cavity 
configuration illustrated in Figure 5 for S = D 
and S = D/2 (D = 0.397 mm). Figure 10 shows 
the stress level at the surface, as a function of the 
applied load. As mentioned before, the von 
Mises stress is higher for the smaller separation.   
 

 
Figure 10.  The von Mises stress at the contact surface for the 
square pattern shown in Fig. 5 for the two separations. 

 
In three-dimensional analyses, just like it was 
done for the two-dimensional analysis, the load 
was applied symmetrically with respect to the 
cavities. Still, as shown in Figure 11, under dry 
conditions the 17 N load is not enough to cover 
the square pattern of cavities for S = D (Fig. 
11a), while for S = D/2 the four cavities are 
almost completely covered (Figure 11b).  
 

 
Figure 11.  Three dimensional stress analysis in MPa for dry 
conditions. S = D. Cavity diameter D = 0.397 mm (a), for S 

= D/2 (b). 

 
4.3 Stress distribution for the three-
dimensional pattern with filled cavities 
 
Figure 12 shows the stress distribution obtained 
for the pattern with S = D/2. In this case, the 
cavities were filled with a non-compressible 
liquid. To model the contact between the 
different contacting elements – ball, UHMWPE 
disk, liquid and cavities – ANSYS® parameters 
were set to standard behavior of contact surface. 
In this case, filling the cavities with an 
incompressible liquid increases the contact area, 
resulting in a reduction of the von Mises stress 
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and contact pressure. In contrast with the dry 
case, under wet conditions the cavities are 
completely covered, as observed in Figure 12. 
These results are summarized in Table 2.  
 

 
Figure 12.  Three dimensional stress analysis in MPa for S = 
D/2 with wet conditions. Cavity diameter D = 0.397 mm. 

 
Table 2 shows a comparison of stress level 
between pristine and textured UHMWPE 
surfaces under dry and wet conditions for S = 
D/2. Under dry conditions the textured surface 
with empty cavities shows the highest von Mises 
stress. Contact pressure decrease when the 
cavities are filled with liquid. The maximum 
design stress was 13.5 MPa. 
 

Table 2.Comparison between pristine and 
textured UHMWPE surfaces for S = D/2. 

 

Pristine 

 
Textured 

 
Dry Wet 

Force (N) 17 17 17 
Contact 

pressure (MPa) 
19 31 28 

von Mises 
stress (MPa) 

4.2 17.9 13.5 

 
 
5. CONCLUSIONS 
 
Experience has demonstrated the usefulness of 
surface texturing in many tribological 
applications. Still, to the best of the authors’ 
knowledge, the structural effects on the textured 
material have not been explored.  The present 
work focused on the static structural analysis of a 
textured UHMWPE surface, patterned with a 
series of cavities of standard drill bit size 
diameter to facilitate ulterior fabrication. The 
non-linear behavior of the polymer was 
incorporated in the model via its elastic behavior 
known from a real tensile test, and the contact 
area was analyzed under dry and wet conditions. 
 
The existence of cavities in the UHMWPE 
surface has deleterious effects on both contact 

pressure and von Mises stress, with respect to the 
pristine surface. Contact pressure is increased as 
a consequence of the reduction in effective 
contact area due to the voids of the cavities. The 
remaining material acts as a stress concentrator. 
 
Under wet conditions, however, a reduction in 
the values of contact pressure and von Mises 
stress is observed, when comparing to the dry 
condition, due to the larger contact area. This 
supporting effect largely overcomes the 
drawback of texturing on the mechanical 
properties of the bearing material by enhancing 
its wettability, which finally makes texturing a 
plausible solution for many tribological 
problems. 
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