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Abstract. Artificial hip joint surgery is one of the most successful methods used to restore the 
functioning of damaged hip bones. But there are obstacles to the use of artificial hip bone, 
which is the amount of friction occurring and wears. To overcome these obstacles, a surface of 
the artificial hip joint is modified by adding dimples in order to minimize the contact pressure 
of solid and to reduce friction and wear. The purpose of this study is to determine a better of 
lubrication performance with the variations of the dimple arrangements under the normal 
walking condition. Simulation results have already exited the point of convergence studies, and 
the obtained results are such as hydrodynamic pressure, contact pressure, and the film 
thickness of the lubricant with the variations of the number and pitch dimples. The results of 
the CSM method under dry condition, it shows that the addition of surface with dimples has a 
positive effect to reduce the contact pressure and indirectly reduce wear. The maximum surface 
contact pressure is 54.84 MPa with dimple and 94.22 MPa without a dimple. The results of the 
FSI method under lubrication condition, it was found that the variation of 7 dimples with a 
dimple pitch of 500 μm has the best lubrication performance. The hydrodynamic pressure is 
0.73 Pa, the contact pressure is 0.42 Pa, and the film thickness of the lubricant is 29.59 μm. 
The increase of film thickness that occurs due to hydrodynamic pressure will cause the fluid 
lift force to withstand the loading of the solid structure. 
 
Keywords: surface texturing, lubrication performance, artificial hip joint, fluid-structure 
interaction, dimple 

1. Introduction 
Total Hip Arthroplasty (THA) is one of joint replacement surgery that successful in the world of 
orthopedic surgery [1]. THA can replace the damage, pain release and fix or improve range of motion 
of hip joint [1,2]. Recently, the most used material for THA is Metal-on-Metal (MoM) and Metal-on-
Polyethylene (MoP) [3]. MoM material was attracting many researchers [4,5] to focus on due to their 
most successful in term of survival rate in an average 74% (28 years) [6]. While MoP prostheses cause 
aseptic loosening that limiting the longevity and, being associated with the release of polyethylene 
wear particles. Whereas there is still the disadvantage of MoM like the local effect of metal particles 
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after revision surgery [2,7]. The increased of Co ions concentrations in patients that have MoM 
prostheses are a concern since increased Co ions levels in blood [8,9], cardiac (myocardiopathy) 
[10,11] and endocrine (aberrant estrogen signaling, altered the production or circulation of sex 
hormones, and altered thyroid metabolism) [8,12] symptoms. 

Most researchers focused on reducing wear debris, improved range of motion and a lower 
dislocation rate with prostheses design and improve quality surface technique [4,13]. MoM prostheses 
can have a larger diameter, increasing joint stability, which is associated with a lower long-term risk of 
dislocation so that the incidence of THA is lower [6]. Prosthetic wear in MoM reported being 60 times 
less than expected with conventional MoP prostheses [5]. Therefore, the larger femoral head is a major 
concern for greater volumetric wear. However, surface texturing was suggested by the previous study 
[5,14,15] to reduce wear, increase film thickness and therefore increase the lifetime of a MoM 
prosthesis.  

Surface texturing is widely used in mechanics to increase the load carrying capacity of various 
kinds of joints in working lubrication condition [16]. Furthermore, it had been proposed to increase the 
tribological performance of hip prostheses. Some improvements can be seen in the literature related to 
different surface textures of hip joints. The previous study reported using a dimpled surface such as 
spherical [17], well-defined honed [18,19], and cylinder shape was shown to improve tribological 
performance is reducing friction and wear, and increasing hydrodynamic pressure lift. However, the 
effect of surface texturing on the tribological performance improvements dependent on a geometrical 
parameter such as shape, diameter, density, depth and pitch of dimples [20]. To improve lubrication 
performance, optimization of geometric surface texture designs has been carried out experimentally 
[17–19,21–23], numerical analysis [17–19,24–28] and computational fluid dynamics [29,30].  

In this study, we modify the contact area on the acetabular liner by adding dimples in order to 
minimize the contact pressure of solids and to reduce friction and wear in the performance of 
lubricating on the artificial hip joint by the Computational Solid Mechanics (CSM) method and the 
Fluid-Structure Interaction (FSI) method using COMSOL Multiphysics 4.3b software.  

The purpose of this study was to obtain the optimum geometry of the dimple in order to improve 
tribological performance, especially from a lubrication using the Fluid-Structure Interaction (FSI) 
method. The research method focused on the numerical analysis of the 2D Finite Element Method 
(FEM) using Computational Solid Mechanic (CSM) which reviewed the solid and solid structure and 
Fluid-Structure Interaction (FSI) simulation method which reviewed the solid and fluid structure. 

2. Materials and Method 
2.1. Material and dimensions 

  The main components of the model were assumed homogeneous and linear elastic isotropic. CoCrMo 
material properties derived from the literature [31–33], therefore the modulus of elasticity, Poisson 
ratio, and material density are 210 GPa, 0.3, and 8300 kg/m3 respectively. The dimension of 
acetabular cup (RC) and femoral head radius (RH) was 23.5 mm and 14 mm respectively. Basically, 
the range of movement of the femoral head around the x, y, and z-direction represented the adduction-
abduction, internal-external rotation, and flexion-extension motion, respectively. Figure 1b shows the 
cross-sectional view of YZ direction, including multiple dimpled surfaces. The radial clearance 
between the cup and head was 30 μm. This 2D model was used to analyze the lubrication performance 
of dimpled surfaces as shown in Figure 1c. The model of parallel plates was considered to investigate 
the effects of geometric parameters of dimpled surfaces. The parallel plate length, width, clearance, 
dimple diameter, and dimple depth are denoted by the symbols L, R, Ho, D, and H, respectively.  

2.2.  Modeling 
The design of the model used in Comsol Multiphysics 4.3b is a 2D ball and cup model that has a 
dimple and without dimple in a non-lubricated condition that will be simulated with computational 
solid mechanics (CSM) completion. The dimension of acetabular cup radial clearance (RC) and 
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femoral head radius (HR) was 23.5 mm and 14 mm respectively. Basically, the range of movement of 
the femoral head around the x, y, and z-direction represented the adduction-abduction, internal-
external rotation, and flexion-extension motion, respectively. Figure 1b shows the cross-sectional view 
of YZ direction, including multiple dimpled surfaces. Then, the second model is a sample of the 
artificial hip joint component in the form of two plates representing the femoral head and acetabular 
cup, of which one plate is given dimple with varying amount of dimple and pitch dimple under 
lubrication conditions which will be simulated with the completion of FSI. 

 

Figure 1. (a) Model of hip joint prostheses; (b) cross-section view of YZ direction; and (c) sectional 
view of the dimpled surface. 

2.2.1. Modeling of 2D ball and cup  
The model is made in the form of a quarter circle because the model is assumed to be symmetrical as 
shown in Figure 2a. 

2.2.2. Two plates model variations 
Modeling on these 2D plates can be assumed to represent the sample of the dimple in the ball and cup 
modeling. This modeling is varied into 9 variants that will represent from 3 types of many numbers of 
the dimple and 3 types of pitch dimple. The number of dimples used is 3 dimples, 5 dimples, and 7 
dimples and the pitch of dimples are 100 μm, 300 μm and 500 μm as shown in Figure 3. The elliptical 
dimension geometry is 150 μm diameters and a depth of 37.5 μm that are taken into the shape of the 
dimple because it has a good lubrication performance based on previous research by [35,36]. The 
dimple and without dimple models for these two plates are shown in Figure 2b. 
 

(a) (b) 

 

 

 

 

 

 
(a) 

 

 

 
(b) 

Figure 2a. The 2D Ball and cup model  
(a) without a dimple and (b) with a dimple. 

 
Figure 2b. Modeling of the 2D two plates          
(a) without a dimple and (b) with an elliptic 
dimple. 
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Figure 3. Modeling of the 2D two plates with an elliptic dimple. 

 
2.3. Boundary condition model for simulation 
The boundary condition of the model is shown in Figure 4a. The acetabular cup was fixed constraint 
as shown in Figure 4a as the same as a previous work [34]. The load was given on the upper side of 
the femoral head based on physiological loading condition (normal walking) using dynamic load and 
motion profiles taken which refer to standard ISO 14242-1 as shown in Figure 4b. The gap between 
the two plates is denoted as Ho representing the film thickness of the lubricant with a constant initial 
value of 30 µm. During the FSI simulation procedure, the mesh sensitivity analysis of dimpled surface 
was conducted to determine the optimum mesh size.  

(a)  (b) 

Figure 4. (a) The boundary condition of the FSI model (b) Loading profile on normal gait walking 
condition [24]. 

Lubrication performance of dimpled surfaces was analyzed using computational simulation FSI of 
commercial software Comsol Multiphysics 4.3b, USA. This simulation was solved using time-
dependent condition that has a range of 0 to 1 second with a time step of 0.01 second. The entire 
domain of the model is filled in by a synovial fluid as a lubricant with the no-slip condition on each 
side wall. The lubricant was assumed as Newtonian fluid, incompressible, and isoviscous. The 
lubricant properties such as dynamic viscosity and fluid density are 0.0025 Pa and 1012 kg/m3, 
respectively [32,33]. 
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2.4. Meshing model 
The meshing model applied to the completion of the model, should first be done in convergence 
studies (mesh sensitivity). This convergence study is very important to reduce the time to complete the 
finite element model and it will get an effective mesh of the model. 

2.4.1 Meshing sensitivity model of ball and cup 
The meshing model of the 2D ball and the cup as shown in Figure 5a and the meshing models in the 
numerical simulation shown in Figure 5b. Based on the analysis of mesh sensitivity, the result of the 
2D ball and the cup meshing, the model is divided into 5 mesh types. Identification of meshing 
sensitivity is intended to predict the parameters of a contact between acetabular cup and femoral head. 
The contact pressure is selected as a parameter to identify the best meshing. Figure 6 shows the 
selected meshing at 94.216 MPa contact pressure with a total of 5784 elements. 

 

Figure 5a. Example of meshing on the 2D 
modeling ball in the socket. 

 

Figure 5b. Detail meshing of 2D models in 
numerical simulation. 

2.4.2. Meshing sensitivity of two plates model 
Based on the analysis of mesh sensitivity, the results of the 2D meshing, the model can be divided into 
7 mesh types. The identification of meshing sensitivity is thought to predict the parameters of the 
lubrication occurring on two plates representing the lubrication between acetabular cup and femoral 
head. The velocity of the fluid is used as a parameter to identify the best meshing as it has a stable 
value for analysis. The velocity value of the analysis had to be independent of element numbers, where 
the hydrodynamic pressure directly dependent on the velocity. Figure 7 shows the selected meshing at 
the fluid velocity of 7.18x10-5 m/s with the number of 360442 elements. 

 
 
 
 
 

Figure 6. The relationship between contact 
pressure and the number of elements. 

Figure 7. The relationship between fluid velocity 
and the number of elements. 
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3. Results and discussion 
  The result of ball and cup modeling using CSM is the contact pressure. Based on Figure 8, we can see 

the value of contact pressure to the coordinate angle where the contact pressure between surfaces 
without dimple with the Hertz theory approach almost the same. This is evidence that by the 
maximum value of surface contact pressure without dimple is 94.216 MPa, while the upper limit value 
of the contact pressure of the Hertz theory is 89.6 MPa. As for the result of contact pressure on the 
surface with a dimple, the maximum contact pressure is only 54.84 MPa. The smaller contact pressure 
with the addition of dimple becomes the foundation for the next research stage of the FSI method 
under lubrication conditions. 

From Figure 9, it can be seen that the hydrodynamic pressure on the surface of the dimple is greater 
than without a dimple. This is indicated by the value of the hydrodynamic pressure at the loading time 
of 0.12 seconds for the dimple surface is 0.702 Pa and the surface without dimple is 0.657 Pa. Greater 
hydrodynamic pressures provide a positive effect to improve the lubrication performance because 
increased in hydrodynamic pressure also affects the increase in lubricating film thickness film. The 
greater the hydrodynamic pressure of the fluid on the surface is in accordance with the research done 
by [29,36]. 

 

 

Figure 8. Comparison of contact pressure of 
ball and cup in dry contact condition. 

 

Figure 9. Comparison of hydrodynamic pressure 
ratio on the surface of the dimple and without a 
dimple. 

Based on the graph of Figure 10, it can be seen that contact pressure on the dimple surface is 
smaller than the surface without a dimple. This is indicated by the value of contact pressure at loading 
time of 0.12 seconds for the surface with a dimple is 0.407 Pa and the surface without dimple is 0.459 
Pa. Smaller contact pressures can cause a positive outcome to improve lubrication performance. This 
is because the hydrodynamic pressure can provide a greater hydrodynamic lift force on a smaller 
contact pressure surface so as to increase the lubricant film thickness. 

Based on the graph in Figure 11, it can be seen that the thickness of the lubricant layer of the 
surface on dimple is slightly greater than the surface without a dimple. This is indicated by the film 
thickness value on load condition ends at 1 second for the surface of the dimple is 22.692μm and the 
surface without dimple is 22.496μm. The lubricant film thickness film is one of the lubricating 
performance parameters, where the thicker the layer of the lubricant has the ability to withstand the 
given load. 
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Figure 10. Comparison of solid pressure on 
surface dimple and without a dimple. 

 

Figure 11. Comparison of film thickness 
lubricant on surface dimple and without a 
dimple. 

It can be concluded that the dimple surface has a large hydrodynamic pressure and a small contact 
pressure, and the minimum lubricant thickness is of 22.692 μm. On the surface without dimple has a 
value inversely proportional to the dimpled surface, the smaller the hydrodynamic pressure the greater 
contact pressure, where the minimum film thickness is 22.496 μm., Thus it is an indication of good 
lubrication performance of the surface with a dimple.  

The effect of quantity and pitch dimple of hydrodynamic pressure, it takes in 3 fixed variables of 
the dimple pitch 100 μm, 300 μm, and 500 μm and with the dimple number of 3 dimples, 5 dimples, 
and 7 dimples. 

 

Figure 12. Comparison of hydrodynamic 
pressure between number and pitch of dimples. 

Figure 13. Comparison of contact pressure 
between number and pitch of dimples. 

Based on the graph in Figure 12, showed that the effect of the increasing number of dimples will 
generate a pressure greater fluid hydrodynamics. Good lubrication performance is evidenced by large 
hydrodynamic pressures which have been investigated by [31,38]. The variation of 7 dimples has the 
greatest hydrodynamic pressure among other variations. This suggests that a variation of 7 dimples has 
the most effective potential to improve the performance of lubrication. 

While the effect of dimple pitch of the hydrodynamic pressure is indicated in Figure 12. It can be 
determined that the increasing of dimple pitch of 100 μm, 300 μm, and 500 μm will result in the 
increasing of the hydrodynamic pressure. Good lubrication performance is demonstrated by large 
hydrodynamic pressures, this has been investigated by [31,38]. The 500 μm pitch variation has the 
greatest hydrodynamic pressure among other variations. This makes the 500 μm variation of the 
dimple pitch has the most effective lubrication performance.   
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The effect of the number and pitch of the dimples on the contact pressure with the number of 
dimples of 3 dimples, 5 dimples, and 7 dimples and 3 fixed variables of dimple pitch 100 μm, 300 μm, 
and 500 μm. 

The effect of the number and pitch dimple against the contact pressure is indicated in Figure 13. It 
can be seen that the more the number of dimples the greater the contact pressure. Good lubrication 
performance is indicated by pressure on small contact pressure, this has been investigated by [38,39]. 
Although the contact pressure is greater than the increasing number of the dimple, the contact pressure 
does not exceed the hydrodynamic pressure of the fluid. The 3 dimples variation has the smallest 
contact pressure, while the 7 dimples variation has the greatest contact pressure. 

The effect of a pitch dimple on the contact pressure is shown in Figure 13. It can be seen that the 
bigger the dimple pitch, the smaller the contact pressure that occurs. Good lubrication performance is 
presented by low contact pressure, this has been investigated by [39,40]. Pressure on low solid results 
in differences with larger hydrodynamic pressures, so the hydrodynamic pressure has the ability to 
increase the film thickness of the lubricant. The 500 μm of dimple pitch variation has the lowest 
contact pressure among other variations. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Comparison of film thickness between the variation of number and pitch dimple.  

Based on the graph of the effect of the number and pitch of dimples on the film thickness is shown 
in Figure 14. It can be concluded that the greater the pitch of dimples will increase the film thickness 
of the lubricant. The increase in film thickness has a value that is directly proportional to the increased 
of hydrodynamic pressure and decreased the contact pressure. The 500 μm pitch variation shows the 
highest lubricant film thickness, as it has been made by [17,33,41] which tells that the lubricant 
performance indicator is good by increasing film lubricating thickness. 

Comparison of the number and a pitch dimple on the film thickness of the lubricant is shown in 
Figure 14. It can be concluded that an increase in the thickness of the lubricating film is caused by a 
larger number of the dimple. Improved the film thickness has a value that is directly proportional to 
the increased of hydrodynamic pressure. A large number of dimples mean that the number of the 
dimples will act as a reservoir of lubricants. The variation of 7 dimples has the highest lubricant film 
thickness among other variations. 

4. Conclusions 
From the results and discussion of computer simulation which have been done can be drawn some 
conclusions as follows: 
1. In the simulation method of CSM, under the dry condition, the addition of surface with dimples has 

a positive effect to reduce the contact pressure and indirectly reduce wear. This is evidence that the 
maximum surface contact pressure is 54.84 MPa with dimple and 94.22 MPa without a dimple. 

2. In the simulation method of FSI, under the lubrication condition on the surface with and without 
dimple indicates that the hydrodynamic pressure is large and the contact pressure of solid is small, 
respectively. This will improve the lubricant film thickness, which is the lubrication performance 
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parameter. This is evidence that the hydrodynamic pressure on the surface of the dimple is 0.70 Pa, 
the contact pressure is 0.41 Pa, and the film thickness is 22.70 μm. 

3. In the FSI method, under the lubrication condition, the variation of 7 dimples and 500 μm of 
dimple pitch is the best lubrication performance. The hydrodynamic pressure is 0.73 Pa, the contact 
pressure is 0.42 Pa, and the film thickness is 29.59 μm. The increase of film thickness that occurs 
due to hydrodynamic pressure will cause the fluid lift force to withstand the loading of the solid 
structure. 
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