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Abstract  This study describes an investigation of the effect on friction when an acetabular cup surface is 
embedded with micro-pits. The micro-pit is potentially a suitable structure to act as a lubricant reservoir, in order to 
reduce the level of friction present between the surfaces of a hip prosthesis. The experiments were carried out using 
a modified four-ball tribometer. Refined, Bleached and Deodorised (RBD) palm olein and additive-free paraffinic 
mineral oil were selected to provide lubrication. When the palm olein was applied to the acetabular surface, friction 
in the hip implant decreased. Severe damage on the acetabular surface resulted in lubricant-free test conditions. 
Meanwhile, the results of tests on the acetabular cup, with 10 to 40 embedded micro-pits on the surface, indicated 
that friction had decreased. Based on the experiments, surface modification of the acetabular cup with embedded 
micro-pits, could prolong the biomechanics of hip prostheses. 
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1. Introduction 
Joint dislocation after hip replacement is one of the 

risks and a complication of metal-on-metal (MoM) 
resurfacing [1,2,3]. The main problem in the acetabular 
and femoral head is damage caused by friction and wear 
[2,4,5]. In hip implant tribology, a reduction of synovial 
fluid to lubricate the hip prosthesis leads to unsatisfactory 
outcomes, and even failure of the implant [6,7]. 
Undergoing a total hip arthroplasty (THA) operation can 
be traumatic for the patient and, in general, is a very 
expensive intervention [8,9,10,11]. Therefore, optimising 
the surface contact between the femoral head and the 
acetabular cup is likely to extend the lifespan of the hip 
prosthesis, and promote better quality of life for patients 
[12,13,14,15]. Studying the acetabular cup surface can be 
challenging for researchers, and many studies in the past 
have concentrated on investigating the kinematics and 
biomechanics of the hip [16,17]. The main purpose of 
many of those earlier studies was to reduce the high cost 
of hip replacement.  

In this study, acrylonitrile butadiene styrene was used 
to mold an acetabular cup which was embedded with 
micro-pits. Palm olein was selected as the bio-lubricant, 
because it has very good viscosity. During assessment of 
the hip implant prototype, the lubrication characteristics 
between the weight-bearing femoral head and the 
acetabular cup were formulated using the Hamrock and 

Dowson equation [18]. Stribeck analysis was also used to 
evaluate data that resulted from an investigation of the 
modes of friction, and to correlate the significance of 
surface modification to the acetabular cup, the lubricant 
applied, and the frictional torque present in the cup.  

This study has focused on improving the normal 
acetabular cup design, by embedding micro-pits in the 
surface of the cup, to increase the lifespan. An in-depth 
comparison was made of the level of friction on the 
normal cup and if there was any change after surface 
modification with micro-pits. The potential effectiveness 
of the revised design was examined by measuring the 
friction, wear, and the influence of the lubricant. The 
acetabular cup with micro-pits was investigated by 
screening the hip implant, using a modified four-ball 
tribometer. In addition, the suitability of palm olein, which 
does not contain proteins, was identified as a potential bio-
lubricant to reduce friction and hip wear. 

2. Experimental 

2.1. Materials 
A pin on disc tribometer for screening friction and wear 

in metal-on-metal implants was used to screen the hip 
implants. Titanium, which has a density of 4.54 g/cm3, 
was the material selected for the experiments. The 
stationery pin had a diameter of 8 mm and was 30 mm 
long. Abrasive sandpaper, with the grain size of 1000 μm, 
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was used to smooth the disc after the completion of each 
experiment. This was to ensure that no particles or debris 
remained trapped between the disc and pin. The surface 
textures of the pin and disc were evaluated by examining 
their profiles. A new pin was used for each experiment 
and it was cleaned with acetone before the experiment 
began. A four-ball tribometer apparatus had been modified 
into a single ball bearing, to simulate the femoral head as 
the contact point on the curved surface of the acetabular 
cup. These types of screening tests are used to conduct 
accelerated protocols that simulate particularly extreme 
conditions, to predict the performance limits of materials. 

2.2. Micro-pits Procedure 
In this study, the acetabular cup had clusters of between 

10 and 40 micro-pits on the surface. During the 
experiment, friction was calculated using a tribometer, 
with the acetabular liner oriented to the femoral head. 
There was a significant decrease in friction because of the 
micro-pits and when using a lubricant. The data obtained 
from the testing, indicated that micro-pits embedded into 
acetabular surfaces, have the potential to reduce wear in 
hip prostheses. 

2.3. Friction and Wear Evaluation 
In order to understand the variations in friction and 

wear, a grooved disc was used. The experiments were 

carried out over a specified time period, and with the same 
amount of lubricant placed on the surface between on pin 
and disc. The lubricant was applied between the surfaces 
by manually dripping it onto the modified disc, which had 
a 10 mm-wide groove with a depth of 5 mm. This 
construction was to prevent the palm olein from escaping 
as the disc rotated, especially at high speed. During the 
experiment, the wear track was adjusted by releasing and 
re-fixing the sliding plate, positioned at 70 mm. 

2.4. Surface Profile 
The surfaces of the pin and disc were measured before 

and after the experiment, by examining roughness profiles 
(Mitutoyo SJ-210). A stylus tip was used to evaluate the 
surface patterning. The surfaces of the discs were 
unidirectional before the experiments, smoothed by using 
abrasive paper to a surface finish of arithmetic roughness 
value Ra, = 0.4±0.1 μm. 

2.5. Lubricants 
The lubricity of the RBD palm olein was compared to 

the performance of the paraffinic mineral oil. The amount 
of each lubricant used was approximately 5 ml, and the 
density and viscosity of the oils were measured using a 
viscometer at temperature levels ranging from 40 to 
100°C. The results are shown in Table 1. 

Table 1. Properties of different types of lubricating oil 

Properties Type of Lubricating Oil Test Method RBD Palm Olein Paraffinic Mineral Oil 
Density, ρ at 25°C (kg/m3) 873 848 ASTM D1298-85 (90) 

Dynamic Viscosity, ν at 40°C, (mPa.s) 38.9 96.5 ASTM D445-94 
Dynamic Viscosity, ν at 100°C, (mPa.s) 5.3 14.1 ASTM D445-94 
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Figure 1. Acetabular cup with (a) no pits (b) 10 pits, and a schematic of micro-pits at (c) point 0 (d) point 3.5 from the centre 
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3. Results and Discussion 

3.1. Micro-pits Evaluation 
The dimensions of the acetabular cup are shown in 

Figure 1. It had a diameter of 25 mm and the curve at the 
centre had a radius of 6.33 mm. Each of the micro-pit 
cavities on the surface had a diameter of 0.4 mm (r = 0.2 
mm). According to Figure 1a and 1b, one micro-pit was 
placed at point 0 at the centre, and nine micro-pits were 
placed at points 3.5 mm surrounding the centre. The 
schematic illustrations in Figure 1c and 1d show the 
positions of the micro-pits. Studies suggest that each 
micro-pit has volumetric properties, which extend the total 
radius of the acetabular surface. By applying equation 1 
(the Hamrock and Dowson equation), the effect of 
modifying the surface of the acetabular can start to be 
evaluated.  
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Where, R is the equivalent radius using the Hamrock 
and Dowson equation (i.e. no micro-pits on the surface), 
and R1 and R2 represent the femoral head and acetabular 
cup respectively. 

In this study, however, there are modifications on the 
acetabular surface, and therefore an increased value of R2, 

may affect the results of equation 1. Mathematically, the 
concept of a surface-volume increase was used to 
determine the total of R in the following equations.  

 Volume𝐴𝐴  = 𝜋𝜋𝑟𝑟2ℎ     (2) 
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Where, A and B are the volume of oil that is trapped in 

the micro-pit. 
The effect of the micro-pit modifications on the normal 

acetabular is therefore calculated based on equation 1. The 
calculated value of the volumetric properties of the micro-
pits is shown in Table 2. Based on these values, the 
assumption is that the sum of the volumes of the micro-pit 
designs can be determined using equations 2 and 3. 
Therefore, the total additional volume of a surface 
embedded with 10 and 40 micro-pits, can be calculated 
using equations 4 and 5, where the equivalents of the 
formulas are 6.37 × 10-4 m3 and 2.56 × 10-3 m3 
respectively. 

 𝑉𝑉10pits = 𝑉𝑉a1 + 𝑉𝑉c9  (4) 

  𝑉𝑉40pits = 𝑉𝑉b8 + 𝑉𝑉c16 +  𝑉𝑉d16   (5) 
Where, V10pits and V40pits represent the total volume for 

10 micro-pits and 40 micro-pits, respectively.  

Table 2. Calculations of micro-pit volumetrics 
Pit at point (mm) R1 (m) H1 (m) Volume A, VA (m3) R2 (m) H2 (m) Volume B, VB (m3) Total volume, VA+VB (m3) 

0 0.02 0.050 6.28 × 10-5 0 0 0 6.28× 10-5 
2 0.02 0.044 5.48 × 10-5 0.02 0.014 8.48× 10-6 6.33× 10-5 

3.5 0.02 0.037 4.65 × 10-5 0.02 0.027 1.70× 10-5 6.35× 10-5 
5 0.02 0.025 3.14 × 10-5 0.02 0.053 3.35× 10-5 6.49 × 10-5 

Table 3. Properties of micro-pits tested at 40 rev/min 

Parameter Micro-pits 
0 10 12 24 40 

Equivalent radius, R (m) 13.4 2.69×10-1 2.40×10-1 1.71×10-1 1.41×10-1 
Lubricant viscosity, η (Pa.s) 3.79×10-2 3.79×10-2 3.79×10-2 3.79×10-2 3.79×10-2 
Young’s modulus, E’ (Pa) 2.30×109 2.30×109 2.30×109 2.30×109 2.30×109 

Load, L (N) 400 400 400 400 400 
Entraining velocity, u (m.s-1) 70.2 1.41 5.91×10-1 1.01 7.17×10-1 

Film thickness, hmin (µm) 7.24×10-4 2.83×10-6 2.41×10-6 1.49×10-6 1.13×10-6 
Ratio, λ >3 >3 >3 >3 >1 

Sommerfeld number, S 50.5 1.50×10-2 1.21×10-2 6.17×10-3 4.19×10-3 
Coefficient of sliding friction, (uk) 1.77×10-3 8.01×10-5 1.61×10-5 1.63×10-5 2.69×10-5 

3.2. Study of the Prototype of Acetabular Cup 
 

]]
Femoral head

Prototype ABS Acetabular

Acetabular holder

 

Figure 2. Modification of four-ball tribotester for hip screening 

Many earlier researches were developed primarily to 
simulate or predict the future effectiveness of a particular 
methodology. In the current context, hip screening can be 
used to conduct accelerated protocols that are able to 

replicate or simulate effects, particularly in extreme 
conditions, and to establish the performance limits of 
experimental materials used. The modified four-ball tester 
to screen hip state-of-the-art hip joint simulations is 
described in Figure 2. However, the work piece in the 
current study was a hip prosthesis prototype prepared in 
ABS, with different amounts of micro-pits on the 
acetabular surface, and the combination of material, 
surface designs and lubricant were subjected to testing by 
the modified tribometer.  

The results of the tests carried out on the prototype with 
the number of embedded micro-pits ranging from 0 to 40 
pits are shown in Table 3. The minimum parameters of 
lubricant film thickness (hmin) were calculated based on 
the Hamrock and Dowson equation (R), which is 
expressed in equation 6. 
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Where, η is the viscosity of the palm oil at 40 °C, u is 
the entraining velocity, E’ is the effective elastic modulus 
of ABS, R is the equivalent radius of the ball--on-plane 
model, and L is the load. 

In addition, the Sommerfeld number was also 
determined using equation 7, to define the properties of 
the lubricant. 
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 (7) 
Where, S is the Sommerfeld number or bearing 

characteristic, r is the shaft radius, c is the radical 
clearance, µ is the viscosity of the lubricant, N is the speed 
of the rotating shaft, and P is the load per unit of projected 
bearing area. 

The calculation of the equivalent radius is based on the 
modification of R by the Hamrock and Dowson equation. 
The different R value may affect the Sommerfeld number, 
and the coefficient of friction in each experiment. Figure 3 
shows the frictional torque is gradually reduced as more 
embedded micro-pits are present.  
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Figure 3. Frictional torque at different micro-pit densities 

3.3. Investigation on the lubrication regimes 
(Stribeck curves) 

For each experiment, a Stribeck curve was plotted to 
examine the performance and investigate the lubrication 
regimes when palm oil was used as the lubricant. To be 
able to construct the Stribeck curves, the modified four-
ball tribometer was used to examine each acetabular cup 
sample embedded with 10 and 40 micro-pits. The 
tribology of the hip implant models were tested with a 40 
newton load factor, using the palm oil lubricant. The 
frictional torque was evaluated and the Stribeck analysis 
enabled a representation of the lubrication regimes to be 
developed for each experiment. It was observed that 
implants with a smaller ball radius had lower friction, 
boundary, and mixed lubrication regimes. However, 
implants with a larger ball radius, showed only boundary 
lubrication.  

Although both the Stribeck curves shown in Figure 4 
are similar, there is a difference in the range shape for the 
experiment, showing at mixed lubrication the lubricant is 

too thin and the gradient from boundary to mixed 
lubrication is too pronounced. When the Sommerfeld 
number was low, the coefficient of friction was observed 
at 0.00177. The curve demonstrates the sensitivity of the 
Sommerfeld number factor, which is representative of the 
mixed lubrication regime, and is affected by the way in 
which the lubricant behaves. In the other words, the 
experiments on acetabular cups with embedded micro-pits, 
showed a significant decrease in friction. However, there 
may be a threat of dislocation when a larger number of 
micro-pits are added. This raises the importance of the 
density of embedded micro-pits, and the need to re-
evaluate the parameters, in order to negate potential 
loosening of the hip implant, even though a low level of 
friction is achieved.. Furthermore, the friction between the 
femoral head and the acetabular cup may be reduced by 
using other potential lubricants [6,7,19]. However, surface 
modification of the acetabular cup with micro-pitting, 
does play a role in reducing friction. 
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Figure 4. Stribeck curve of results (a) theoretical (b) experimental 

Much research has explored the effectiveness of 
lubricant films, which have been characterised by film 
thickness, which is dependent on the viscosity of the 
lubricant, the velocity of surface contact, the load across 
the interface, and the surface roughness [20,21,22,23]. The 
relevance of the findings reinforces how surface 
modification with micro-pits can alleviate problems 
associated with friction in various biomedical applications. 

3.4. Analysis of the Lambda Ratio, λ 
A theoretical analysis of the mode of lubrication can be 

carried out by calculating the lambda ratio (λ) of the 
lubricating film thickness in hip prostheses to the 
composite surface roughness of the femoral head and 
acetabular cup. A value of λ > 3 indicates that full fluid-
film lubrication has probably been established in the joint, 
and the fluid-film thickness is greater than the asperity 
heights on the articular surface. The mixed lubrication 
regime indicated a lambda ratio between one and three, 
and the boundary lubrication ratio was λ ≤ 1. In general, 
as the lambda ratio increases, wear decreases in MoM 
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joints, and the joints are operating under boundary and full 
fluid-film lubrication, which have the highest and lowest 
wear rates respectively. The lubrication between the 
bearing surfaces of hip implants containing embedded 
micro-pits and the effect on friction generated during 
articulation, is normally illustrated by a Stribeck curve, 
which in conjunction with this study has been described in 
Figure 4. 

4. Conclusions 
In this study, the innovative approach of forming 

micro-pits on the surface of the acetabular cup, and 
applying palm olein as the lubricant, were subjected to 
detailed investigation. The results of the analysis of the 
surface-modified acetabular cup showed that friction 
torque was reduced, which is a positive indication for 
prolonging the lifespan of hip prostheses. An extremely 
low level of friction was achieved, when the surface of the 
acetabular contained micro-pits. The modification of the 
acetabular demonstrates that it is important to consider the 
risk of increasing hip dislocation in THR recipients. 
Experiments were carried out to evaluate performance 
when there were no pits, and the use of 10 and 40 micro-
pits. The results have been described comprehensively, 
and the significance of the results warrants further study. 
They could develop more understanding of the relevance 
of micro-pit volumes and densities, and lead to improved 
acetabular cup designs. 
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