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Abstrac t- Previous measurements of frictional temperature rise on the surfaces of artificial joints have shown 
that temperature values could reach high levels that make hazardous effects on surrounding tissue and lubricant 
around the artificial joint. For reduction of this thermal damage, testing parameters and their effects were 
investigated by using Taguchi method and analysis of variance. Vitamin E blended ultra high molecular weight 
polyethylene (VE-UHMWPE) was used for acetabular inserts. These inserts were paired with CoCrMo femoral 
heads. In vitro frictional heating measurements were carried out on a custom made hip joint friction experimental 
set-up. 0.3 mm and 0.5 mm in diameter surface dimples were machined on the inner surface of acetabular cup 
samples. Different static loading, representing different body weights, applied with different walking duration. 
Bovine calf serum was used as lubricant and different amount of bone cement (PMMA) was added in the 
lubricant as third body abrasive particles. Temperature rises were recorded with embedded thermocouples. The 
experimental results demonstrated that the surface dimples were the major parameter on frictional heating, 
followed by applied load, amount of third body particles and time.  

I. Introduction 

Previous measurements of frictional temperature rise on the surfaces of artificial joints have shown that 
temperature values could reach high levels that make hazardous effects on surrounding tissue and lubricant 
around the artificial joint [1,2,3]. In vivo measurement study Bergmann et al. recorded 43.1 oC temperature rise 
on the surface of hip prosthesis after one hour walking [4]. In [3] Lu and McKELLOP measured the temperature 
for UHMWPE acetabular cup as 40.4 oC under 2030 N loading and 6 hours test duration in vitro conditions.  It is 
reported that if temperature rise reaches to 40oC, formation of fibrous tissue may occur around the hip joint and 
this can induce periprosthetic pain and at the end failure of prosthesis [1,5]. For improvement tribological 
properties of conventional UHMWPE radiation-induced cross linking process was applied. The wear resistance 
was increased by cross-linking but oxidation resistance and mechanical properties were decreased because of the 
thermal treatments applied after the cross-linking process [6,7,8,9].   For reducing the problems aroused by the 
post-irradiation thermal treatment, -tocopherol or vitamin E has been added in to the structure of UHMWPE as 
a natural antioxidant [10]. In previous studies it was reported that addition of vitamin E increases oxidation and 
delamination resistance of UHMWPE [11,12,13]. 

Besides materials structural properties, surface properties and lubrication of the sliding surfaces are also very 
important factors for reduction of frictional heating. Surface patterning is an effective method for obtaining 
better lubrication condition [14]. So it would be possible to decrease friction coefficient and temperature rise. Ito 
et al. formed concave dimples on CoCr alloy femoral head and they reported that surface dimples were served 
reduction abrasive wear of UHMWPE insert [15]. In another study Zhang et al. formed micro dimples on 
conventional UHMWPE disc samples and they concluded that wear and friction of UHMWPE decreased with 
surface dimples [14].  

Previous studies focused on effect of surface dimples on wear and friction coefficient of conventional 
UHMWPE. Little literature research is available about frictional heating of VE-UHMWPE, actually there is no 
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temperature rise measurement study about surface patterned VE-UHMWPE acetabular insert except our 
previous study [16].  In our previous studies we studied on frictional heating of 0,5 mm in diameter surface 
dimpled conventional UHMWPE and VE-UHMWPE [16, 17]. In this study we focused on determining effect of 
different dimple diameter on frictional heating. Also third body abrasive particle, loading and walking time 
effects were investigated. 

II. Materials and Methods 

Acetabular inserts were machined from Chirulen 1020 E rods (MediTECH Medical Polymers, Vreden, 
Germany). The inner surface of the samples were machined same as an acetabular insert and in accordance with 
ISO 7206-2:2011 and ISO 21535 [18,19]. To provide uniform construction for heat dissipation, metal backing or 
fixing tools were not used except screw to fix the samples. For this reason the outer surfaces of the samples were 
cylindrical in 40 mm diameter and three screws were used for fixation. Acetabular insert samples were divided 
in three groups. First group stayed as machined. 0.3 mm and 0.5 mm in diameter surface dimples were machined 
on second and third group’s surfaces by five axis computer numerical control milling machine. CAD/CAM 
model of acetabular insert (a), manufactured acetabular insert sample (b), and microscopic image of 0,5 mm in 
diameter surface dimple (c) can be seen in fig.1. 

                                     a)                                    b)                                                            c) 

Figure 1. a) 3D CAD model of the acetabular cup with surface dimples and thermocouple holes, b) 
Manufactured acetabular insert, c) Microscopic image of 0,5 mm in diameter dimple.   

The acetabular cup samples were paired with CoCrMo commercially available femoral heads. The prostheses 
were in 28 mm diameter. Surface roughness of acetabular cups was measured by Taylor Hobson Form Talysurf 
Intra. The average surface roughness of vitamin E blended UHMWPE (VE-UHMWPE) was 0.647 m.  This 
value is suitable for the reference of ISO 7206-2:2011 [18].  Mechanical and thermal properties of VE-
UHMWPE and CoCrMo can be seen in table 1. 

Table 1. Mechanical and thermal properties of VE-UHMWPE and CoCrMo 
Variable Unit VE-UHMWPE CoCrMo 

Average Average 
Density Kg/m3 937 8270 
Young’s Modulus MPa 683 200 
Poisson’s Ratio - 0.46 0.3 
Thermal Conductivity W/(m*K) 0.4 12.1 

Frictional measurements of the joints were carried out on a custom made hip joint friction simulator. For 
eliminating experimental inaccuracies the prosthesis were inverted with respect to anatomical position as in 
previous studies [2,3,20]. The experimental setup and configuration of acetabular insert and femoral head sample 
can be seen in figure 2. Temperature rise in acetabular and femoral component was measured with embedded 
thermocouples as shown in fig.2. Temperature measurements were taken from seven points in acetabular insert, 
and one point in femoral head. In this study only temperature rise of the central contact points of insert and head 
were evaluated with design of experiment. 3 mm diameter holes were drilled in to backside of the cups to 0.5 
mm from the surface.  

A standard Taguchi experimental plan with notation L9 (34) was chosen. The experimental results were 
transformed in to signal-to-noise (S/N) ratio as a quality characteristic to measure the deviation from desired 
values. In the analysis of S/N ratio there are three types of quality characteristic such as the-lower-the-better,  
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the-higher-the-better and the-nominal-the–better [21]. In present study the-lower-the-better quality characteristic 
was chosen due to investigating the frictional heating of artificial joint materials. 

                                (a)                                                   (b)
Figure 2. (a) Experimental setup (b) Configuration of acetabular cup, femoral head and femoral neck. 

Control factors and their levels listed in table 2. 750 N, 1000N and 1500 N static loads were applied for 
representing different body weights. In flexion-extension plane, a simple harmonic oscillatory motion between 
±24o is applied to the acetabular component. The period of motion was 1 Hz and the tests were run up to 1, 2 and 
3 hours for simulating different walking durations. 5 ml, 25% Bovine Calf (Sigma-Aldrich) serum was used as 
lubricant. To avoid bacterial contamination 0.3% sodium azide and 5 mM EDTA was added in to the lubricant. 
The viscosity of the lubricant measured with NDJ-1 Rotary Viscometer as 0.002 Pa.s  

Table 2. Control factors and their levels 
Level Factors  

Surface Load (N) PMMA (mg) Time (h) 
1     unpatterned 750 0 1 
2 0.3 mm patterned 1000 25 2 
3 0.5 mm patterned 1500 50 3 

Factor code               A B C D 

III. Results and Discussion 

Taguchi's experimental layout and measured frictional temperature rises were presented in table 3. Each 
experiment was repeated three times for each condition. Temperature values were recorded for each cyle. The data 
logger program gives the temperature values with two digits after the decimal point and the results were not rounded 
up or down, they presented as recorded form. Also the signal-to-noise (S/N) ratios, calculated for the-lower-the-
better quality characteristic, can be seen in table3.

Table 3. Experimental layout and results with calculated S/N ratios 

                         Figure 3. Average temperature rise of VE-UHMWPE      
                                                                          acetabular cups for each experiment condition. 
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As can be seen from table 3 and fig. 3 frictional temperature rise increased by increasing applied load, amount of 
PMMA and sliding time. By increasing static load contact points between the sliding surfaces were increased. So 
the lubricant couldn’t reach the contact area and the surface could not be cooled enough. Therefore frictional 
heating of the surfaces were increased. Adding of PMMA caused to increase in friction coefficient and 
temperature rise between the surfaces. PMMA particles scratched the surface of both acetabular insert and 
femoral head and caused third body abrasive wear [APMAS]. So temperature rise increased while the surface 
quality decreased.  

Surface patterning reduced frictional temperature rise of the surfaces. In our previous study we reported that 0,5 
mm in diameter surface dimples reduced the frictional heating of conventional UHMWPE and VE-UHMWPE 
acetabular insert and CoCrMo femoral head. As can be seen in fig.3 the minimum temperature rises were 
recorded for 0,3 mm in diameter patterned samples for VE-UHMWPE acetabular insert like as conventional 
UHMWPE [17]. The highest temperature values were recorded for unpatterned samples. Surface dimples acted 
as reservoir for lubricant and stored it in. So the dimples provided extra lubricant source and enhanced the 
lubrication condition for sliding surfaces. Also PMMA particles were captured inside the dimples so third body 
abrasive effects of the particles were decreased. In unpatterned insert surfaces PMMA particles scratched the 
surface and embedded in it (fig.4) [14].  

Figure 4. Inner surface of unpatterned (a), patterned VE-UHMWPE insert (b) 

It is clear from the main effects plots for S/N ratios in fig.5, the optimal process parameters for minimum 
temperature rise as A2B1C1D1 for the-lower-the-better quality characteristic. That means the minimum 
temperature value would be recorded while the surface dimple diameter was 0,3 mm, the applied load was 750 
N, the amount of PMMA was 0 mg and the walking time was 1 hour. For verifying the obtained parameter 
values, confirmation tests were conducted by using these parameters. The predicted temperature rise value by 
Taguchi model was 2,64 oC. After three experiments the average measured temperature rise value was 3,98 oC. 
Both these values were lower than the values in experimental design. So it can be concluded that the defined 
parameters are optimal parameters for temperature rise measurements. 

Figure 5. Main effects plot for S/N ratios for VE-UHMWPE 

99



12th IMEKO TC10 Workshop on Technical Diagnostics 
New Perspectives in Measurements, Tools and Techniques for Industrial Applications 
June 6-7, 2013, Florence, Italy 

By applying analysis of variance the statistically significance of parameters were determined. For 95% 
confidence level, the degree of freedom for factors was 2 and for error was 18. So the F value read from the table 
for each factor was; Ftable 0.05 (2, 18) = 3,55. The calculated  F values for design parameters and contribution of 
each parameter to the results can be seen in table 4. The calculated  F value for surface factor was 4563,41, for 
load was 2260,20, for PMMA was 421,79 and for time was 844,80. Because the calculated F values were higher 
than Ftable, all of the factors have significant effect on the frictional heating of VE-UHMWPE acetabular insert.  

Table 4. Analysis of variance table 
Factors Sum of squares  (SS) Variance (V) F value Contribution ratio (%) 

Surface 110.975 55.488 4563.41 56.3436 
Load(N) 54.965 27.482 2260.20 27.9065 
PMMA (mg) 10.257 5.129 421.79 5.20763 
Time (h) 20.544 10.272 844.80 10.4305 
Error 0.219 0.012  0.11119 

Total 196.961 

Temperature rise of CoCrMo femoral heads were higher than VE-UHMWPE acetabular inserts. Thermal 
conductivity of CoCrMo is 12,1 W/m.K and of VE-UHMWPE is 0,4 W/m.K (table 1). So huge portion of the 
frictional heat conducted inside the femoral head.  
In our previous study we reported frictional heating behavior of conventional UHMWPE according the 
Tagucgi’s experimental design [17]. Temperature values for conventional UHMWPE were a bit higher than VE-
UHMWPE in same experiment conditions. For comparison of acetabular insert materials frictional heating 
behaviors the experiments are going on with highly cross-linked UHMWPE and vitamin E blended highly cross-
linked UHMWPE.       

VI. Conclusions 

Frictional temperature rise on the surfaces of artificial joints could reach high levels that make hazardous effects 
on surrounding tissue and lubricant around the artificial joint. So it is important to define frictional temperature 
rise of artificial joint materials and take some precautions for reduction of heating. In this study acetabular insert 
samples, manufactured with surface dimple were tested according to Taguchi experimental design and optimal 
testing parameters were investigated. It can be concluded that; 

• The surface dimples served to reduce frictional heating by providing better lubrication. 
• With better lubrication friction coefficient was decreased.  
• Frictional temperature rises were increased by increasing applied static load,  
• Addition of PMMA raised the frictional temperature rise and scratched the surface of the acetabular 

insert. 
• Taguchi experimental design and analysis of variance results showed that, surface patterning, loading, 

amount of PMMA and test duration parameters have significant effect on the frictional heating of 
UHMWPE acetabular insert. 
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