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Abstract –Third-body wear of orthopedic materials is very important parameter that affects the service life of 

artificial joints. UHMWPE has been the most preferred acetabular cup material for the past four decades. However 

wear is the primary problem waiting for to be solved. The wear debris of UHMWPE causes adverse tissue reactions 

and third-body wear damages which cause implant failure. For enhancement of UHMWPE tribological properties 

new materials such as vitamin E blended UHMWPE (VE-UHMWPE) have been developed for extending the 

implants life. Although many researches have been done about tribological behavior of conventional UHMWPE, 

there are limited numbers of study about third-body wear mechanism of vitamin E blended UHMWPE (VE-

UHMWPE). The objective of this study is to determine the effect of PMMA bone cement as third-body particles on 

wear behavior of conventional UHMWPE and VE-UHMWPE. Pin-on-disc wear tests were applied under 60 N load 

and 3 hours in ultrapure water lubrication conditions. The results were evaluated for determining wear mechanism of 

disc materials.  
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1. Introduction 
 Wear is the primary problem that limits service life of orthopaedic implants. The wear debris 

generated during articulation of joint materials such as UHMWPE, metallic or ceramic counter face could 

cause adverse tissue reactions, aseptic loosening, osteolysis and at the end implant loss [Hu et al., 2001, 

Bergmann et al. 2001, Rocchi et al.2007, Dong et al., 2007]. So, osteolysis and related aseptic loosening 

are significant problem limiting the lifetime of artificial hip and knee joints [Dowd et al., 2000, 

Dumbleton et al., 2002]. Understanding the biotribological characteristics of the biomaterials is crucial 

for development of future implants [Sujet et al. 2009].  

 Because of its excellent biocompatibility, impact load damping properties, chemical stability and low 

friction coefficient UHMWPE has been the most preferred acetabular cup material for the past four 

decades [Bhatt, Goswami, 2008, Xiong, Ge, 2011]. However wear is the most important problem waiting 

for to be solved. The wear debris of UHMWPE causes adverse tissue reactions and third-body wear 

damages which cause implant failure. Research has been done for enhancement of UHMWPE properties 

such as low friction coefficient, third-body wear resistance, generation of small amounts of wear debris, 

and low cellular reactions to wear debris [Minakawa et al., 1998]. These enhancements are important for 

extending the implants life, especially for young and more active patients [Renò,Cannas, 2006]. With the 

modification of the UHMWPE microstructure by radiation-induced cross-linking, and various thermal 

treatments, first generation cross-linked UHMWPEs have been developed.  [Vaidya et al.2011,Tipper et 

al., 2006, Bergstrom, Bischoff, 2010]. Radiation cross-linked UHMWPE has shown higher wear 

resistance than that of conventional UHMWPE but mechanical properties such as ultimate tensile 

strength, yield strength and oxidation resistance have decreased [Dong et al., 2007, Jacabs et al., 2007, 

Bradford et al., 2004, Furmanski et al., 2007, Sagbas, Durakbasa, 2013]. As a result of this delamination 
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problem commonly occurs and it accelerates wear of prosthesis [Micheli et al.,2012]. Also oxidation of 

UHMWPE causes decreasing of abrasive wear resistance of the material [Bracco, Oral, 2011, Blunn et 

al., 2002]. For eliminating these negations second generation cross-linked UHMWPEs have been 

introduced which have been obtained by adding α-tocopherol or vitamin E, as a natural antioxidant, into 

UHMWPE to reduce the problems caused by the post irradiation thermal treatment [Vaidya et al.2011]. In 

previous studies it was reported that the addition of vitamin E increases oxidation and delamination 

resistance of UHMWPE while maintaining the mechanical properties by stabilizing the residual free 

radical with eliminating post-irradiation melting process [Bracco, Oral, 2011, Oral et al., 2006a, Oral 

et al., 2004, Oral et al., 2006b]. 

 Literature works about retrieved prosthesis show that third-body wear is a very important parameter 

affecting the service life of artificial joints [Bragdon et al, 2003]. By scratching the metal femoral head 

and femoral component of total hip and knee prosthesis third body particles promote the wear rate of 

UHMWPE acetabular cup and tibial component. PMMA bone cement particles are believed to be the 

main cause of third-body particles [Wang, Essner, 2001].  Besides, bone particles, metal beads or fibers 

from porous coatings and hydroxyapatite coatings, corrosion products from the metal tapers and metal 

fragments from other fixation devices may be the source of third body particles. [Hirakawa et al., 2004, 

Kim et al, 2005, Mackay et al, 2000, Willie et al., 2000, Que, Topoleski, 2000]  

Although many researches have been done about tribological behavior of conventional UHMWPE, there 

are limited numbers of study about third-body wear mechanism of vitamin E blended UHMWPE              

(VE-UHMWPE). The objective of this study is to determine the effect of PMMA bone cement as third-

body particles on wear behavior of conventional UHMWPE and VE-UHMWPE in ultrapure water 

lubrication conditions and comparing the results in terms of disc materials.  

 

2. Materials and Methods 
 UHMWPE and VE-UHMWPE disc samples were machined from Chirulen 1020 and Chirulen 1020 

E rods (MediTECH Medical Polymers, Vreden, Germany) in 40 mm diameter and 5 mm thickness in 

accordance with ASTM G99-05. CoCrMo pin samples were used as counter face. Mechanical properties 

of UHMWPE, VE-UHMWPE and CoCrMo materials can be seen in table 1. Surface roughness of the 

samples was measured by Taylor Hobson Form Talysurf Intra. Average surface roughness of UHMWPE 

samples was 0.678 µm, of VE-UHMWPE was 0.653 µm. Pin-on-disc tribotester was used for wear tests 

and friction coefficient measurements. 60 N static load was applied with the frequency of motion 1 Hz 

and the tests were run up to 3 h. The tests were conducted in ultrapure water lubrication conditions. 

  
Table. 1. Mechanical properties of UHMWPE, VE-UHMWPE and CoCrMo 

 

Variable Unit UHMWPE    VE-UHMWPE CoCrMo 

  Average Average Average 

Density Kg/m
3 

936 937 8270 

Young’s       Modulus MPa 660 683 200 

Poisson’s     Ratio - 0.46 0.46 0.3 

 
 The disk samples were cleaned in an ultrasonic bath, at 30

o 
C, 15 min. in ultrapure water than 30 min. 

in ethyl alcohol at the end 15 min. ultrapure water respectively.   

 CoCrMo pin samples were manufactured in 5 mm diameter and 12 mm length. The tips of the pins 

were rounded in 5 mm diameter for obtaining higher contact pressure and homogeneous distribution of 

this pressure. Tip surface of the pins were polished by using 800,1000,1200 and 2000 grid sand papers. 

The average surface roughness of the samples were about 0,5 μm. The pins were cleaned in an ultrasonic 

bath, 15 min. in ultrapure water than 30 min. in acetone at the end 15 min. ultrapure water respectively. 

Drawing of manufactured pin samples can be seen in fig. 1.   
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Fig. 1. Drawing of CoCrMo pin samples 

 

 The diameters of the PMMA bone cement particles were measured by a particle size analyzer 

Malvern Nano ZS10 Zeta Sizer Nano Series (Malvern Instruments). The diameter of the PMMA particles 

changes between 264.3 nm and 412.5 nm and the average size of the diameters was about 339 nm. The 

morphological image of the PMMA particles, taken by Leica DCM 3D microscope, can be seen in Fig. 2. 

As can be seen in this figure, the particles have smooth spherical shape. These particles were mixed with 

ultrapure water by using magnetic stirrer for preparing the wear test lubricant and the concentration of  

the solution was 10 g/l. Ultrapure water without PMMA particles was used for control. 

 

 
Fig. 2. Microscope image of the PMMA particles used as third-body abrasive particle in wear tests 

 

 Wear track profile area was measured by Dektak 6 M Stylus Profiler for determining wear amount of 

the disc surfaces (fig. 3 and fig.4). After wear tests the worn surfaces were analyzed by Keyence VHX 

Digital Microscope. 

 By using cross-sectional area of wear track and its radius the wear volume was calculated. Then by 

using Eq. (1) wear factor (k) of each disc sample was determined. 

 

SN

V
k

.
  (1) 

 

 k; wear factor (mm
3
/N.m), V; wear volume (mm

3
), N; applied load (N), S; friction distance (m)  [Ma 

et al., 2009, Pylios, Shepherd, 2008].  

 

3. Results and Discussion 
 Friction coefficient of the pin-on-disc wear tests can be seen in fig.5. Wear factor k for UHMWPE 

was 3,28x10
-5

 mm
3
/N.m, for UHMWPE samples with PMMA third-body particles k became 4,90x10

-5
 

mm
3
/N.m. For VE-UHMWPE disc samples without PMMA particles the wear factor was 3,00x10

-5
 

mm
3
/N.m and for VE-UHMWPE with PMMA particles k was 3,35x10

-5
 mm

3
/N.m. Friction coefficient 

and wear factor of UHMWPE disc samples were higher than VE-UHMWPE samples' value in just 
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ultrapure water lubrication condition without third-body abrasive particles. Likely, while PMMA abrasive 

particles were added in lubricant, friction coefficient and wear factor of two material groups were 

increased. 

 

  
Fig. 3. Image of the wear track of UHMWPE with (a)  and with out (b) PMMA third-body abrasive particles 

 

                
           a              b 

Fig. 4. Wear track profile of UHMWPE with (a)  and with out (b) PMMA third-body abrasive particles 

 

 

Fig. 5. Friction coefficient of disc samples with and without PMMA abrasive particles 

 

 Three possible interacting mechanisms of PMMA particles with acetabular cup and femoral head 

sliding surfaces after being trapped at the interface were explained in a previous study [Wang, Essner, 

2001]. First, particles may embed in polyethylene surface which cause to reduce the contact between the 

head and the cup. In second mechanism PMMA particles may adhere to the femoral head under pressure 



 

363-5 

and lastly some particles may roll freely between the surfaces. In pin-on-disc configuration the embedded 

particles may cause pitting, the free particles that roll between surfaces may cause scratches on the 

UHMWPE disc surface as can be seen in fig. 6.  

 

  
  a b 

Fig. 6. 3D image of UHMWPE (a) and VE-UHMWPE (b) disc sample with PMMA particles [Sagbas, 2013]. 

 

 Friction coefficient and wear factor of the VE-UHMWPE samples were lower than conventional 

UHMWPE. [Sakoda et al., 2006] studied with knee simulator for determining wear behavior of 

conventional UHMWPE and VE- UHMWPE knee prosthesis. They reported that wear of VE-UHMWPE 

was 30% lower than of conventional UHMWPE. Vitamin E increased the oxidation resistance UHMWPE 

and decreased lamination and formation of surface cracks. So friction coefficient and wear factor of VE 

blended UHMWPE decreased. Similarly the third-body wear amounts of VE-UHMWPE samples were 

lower than conventional UHMWPE. As can be seen in fig.6 amount of embedded PMMA third-body 

particles on conventional UHMWPE disc surface were more than on surface of VE-UHMWPE. It can be 

thought that vitamin E may increase the surface properties of UHMWPE.   

 

            
  a b 

Fig. 7. Microscopic images of pin surface after wear tests with PMMA (a) and without PMMA particles (b). 

 

 Microscopic images of pin surface after wear tests can be seen in fig.7. Scratches were visible on pin 

surface which tested in PMMA third-body lubrication condition. There were fewer scratches on without 

PMMA testing condition pin surface.    

 

4. Conclusion  
 Although new materials have been developed for enhancement of UHMWPE tribological properties, 

wear is the primary factor that affecting the service life of implant. The wear debris of UHMWPE causes 

adverse tissue reactions and third-body wear damages which cause implant failure. For determining third-

body wear mechanism of second generation UHMWPE, pin-on-disc wear tests were done. The results 

show that wear factor and friction coefficient of VE-UHMWPE was smaller than conventional 
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UHMWPE. PMMA particles used as third-body abrasive material increased the wear rate of both material 

groups. Surface properties of VE-UHMWPE were better than conventional UHMWPE. The amount of 

embedded PMMA third-body particles on conventional UHMWPE disc surface were more than on 

surface of VE-UHMWPE. It can be thought that vitamin E may increase the surface properties of 

UHMWPE.   
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