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Abstract. This research analyzed the effect of applied surface texturing on bearing component
of the artificial hip joint due to lubrication performance. The main contribution of the paper
was explaining the significant role of adding dimples in artificial hip joint surface bearing who
can probably decrease friction interaction on the acetabular liner and femoral head that impact
on improving wear resistance. This is achieved by analyzing the geometric variation (shape and
diameter) of the dimple to the performance of lubricating metal-on-metal artificial hip joint
bearings under normal walking conditions. The research method focused on numerical analysis
using the Fluid-Structure Interaction (FSI) simulation method which reviewed the solid and
fluid structure. From the simulation results, it can be seen that the variation of ellipse dimple
with a diameter of 80 um has the best lubrication performance, which is indicated by the
largest hydrodynamic fluid pressure of 0.915 Pa, the smallest solid pressure is 0.433 Pa, and
the largest lubricant thickness is 22.672 pm.

Keywords: hip replacement, bearing, surface texturing, lubrication performance, fluid-
structure interaction

Introduction

Metal-on-Metal (MoM) artificial hip joint is one of the most common used in Total Hip Replacement
(THR) surgery because some of its advantages such as high hardness, not easy to wear, not produce
squeaking sound, low dislocation rate and long life tool [1][2]. That was widely used for clinical
applications of young patients with high activity levels for 10-15 years [3][4]. MoM is controversial in
many cases of the hip joint replacement operations due to biological risk to metal wear particles on-the
MoM bearing of cobalt ions, and nanometer-sized chromium is very easy to absorb by body tissue,
which can spread to the organs of the body [5][6][7][8]. Particles and metal ions can spread to the
organs through the blood, potentially causing harmful effects on the immune system, reproduction,
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kidneys and nervous system [9][10]. Reducing friction, wear, and optimum lubrication are important
in the application of artificial hip joints [11][12][13].

Many research of key findings from the previous time has been developed to decrease metal wear
debris on the artificial hip joint with applied various types of surface texturing (dimple) [14][15]. By
creating a dimple on the surface bearing on the artificial hip joint, it can also increase the load-carrying
capacity of the material, long life, wear resistance and tribological performance [16][17][18][19].
Otherwise, it can also decrease friction, direct contact between the bearing surfaces [20][21]. Act as
reservoir lubricant, adding dimple on a surface bearing of the artificial hip joint will optimize the fluid
film thickness [22]. Proven as theoretical and experimental, surface texturing application produces
some positive effect on improving tribological performance on bearing components [23].

The effect of surface texturing on the tribological analysis of the hip joint has been reported in
previous works. Roy ef al. found 22% friction and 53% wear reduction for textured compared to non-
textured surface on Ceramic-on-Ceramic (CoC) artificial hip joint [24]. Chyr et al. from numerical and
experimental results explained that adding dimple reduces friction and increases hydrodynamic
pressure and fluid film thickness [22]. Compare to micro and nano dimple against a
polydimethylsiloxane half-ball on dry and wet condition, on wet condition it was found that using
nano dimple decreases the coefficient of friction (COF) by 93.4% [25]. Galda et al. found that positive
effect of the dimple has more significant at lower load condition in sliding surface experiment [26].
Borjali et al. knowing that adding dimple will reduce wear significantly compared to without dimple
in pin on disk experiment [27]. Zhang et al. were investigated tribological performance by adding
petaloid dimple from experimental work on CoCrMo artificial hip joint to improve tribological
performance. By creating additional hydrodynamic pressure effect and entrapping worn particles into
the dimples, the friction and wear between the underlying surfaces are significantly reduced [28].

However, many previous studies conducted research on the application of textured surfaces,
especially on the components of the artificial hip joint. Research conducted to optimize tribological
performance by using dimples on the bearing surface of artificial components of the hip joint was
rarely done by many researchers. Research to analyze solid to solid through Computational Solid
Mechanic (CSM) and solid to the fluid through Fluid-Structure Interface (FSI) on the artificial hip
joint component whose surface is given dimple also not fully understood. Simulated research using
finite element method with a simplified model in the 2D form by CSM and FSI is still needed to be
further investigated.

In this study, we modify the contact area on the acetabular liner by adding dimple and analyzing
the effect of variations in the dimple geometry on 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. Surfaces textured result in lower wear rates than
non-textured surfaces, due to the reduced surface contact area, reduced friction coefficient, and can
trap lubricating fluid to form a thicker lubricant layer and reduce surface wear [27].

This study aims to analyze the geometry variations (shape and diameter) dimple to the performance
of lubrication on the bearing MoM artificial hip joint in normal running conditions. 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.

Materials and Method

1. Material and dimensions

The dimensions of the bearing hip joint in the form of cup and ball are taken from a previous study
[8], the diameter of the femoral head, the clearance, and the cup thickness is 28 mm, 30 pm and 9.5
mm respectively. The bearing material will be used in CSM simulation and FSI is the metal-on-metal
type, with 210 GPa elasticity modulus, Poisson ratio 0.3, and material density of 8300 kg/m3. The
type of lubricant used in the simulation of this study is synovial fluid characteristic the same as blood
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plasma in the human body, that is dynamic viscosity equal to 0.0025 Pa.s, and density equal to 1012
kg/m3 [3][29].

2. Loading to bearing artificial hip joint

As the standard daily activities conducted after THR surgery, problems and limits of this research
taken normal movement patterns, then used as a reference the imposition on the normal movement
patterns. In most transient lubrication simulation at normal conditions only vertical load and
movement review flexion-extension. A variation of the load is obtained based on the standard ISO
14242-1, as shown in Figure 1.
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Figure 1. Vertical loading (Wy) and angular velocity flexion-extension (Wx), for BW = 750 N.
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3. Modeling

The model resolution used in COMSOL Multiphysics 4.3b in the form of a 2D model of the ball in the
socket that has a dimple and without dimple in conditions without lubrication by using the method in
Computational Solid Mechanics (CSM), and modeled sample in the form of two pieces of plate 1 mm
x 0.1 mm which one of its plate was given a dimple with a variation of diameter size and a
predetermined shape by using the method of Fluid-Structure Interaction (FSI).

3.1. Modeling of the 2D ball in the socket without lubricant

The design of the 2D ball in the socket is created based on the data obtained from the reference [8].
The model is made in the form of one-fourth of the circle because the model assumed wheelbase
symmetrical. This modeling uses the settlement method in Computational Solid Mechanics (CSM), so
there is only the domain of the solid. The 2D modeling of the ball in the socket without a dimple is
created in the software Multiphysics 4.3 b shown in Figure 2. The design of the 2D ball in the socket
for a surface with dimple have the same dimensions with the design of the ball in the socket without
the dimple. Modeling with a dimple made on the software Multiphysics 4.3 b shown in Figure 3.

Figure 2. Model of the 2D ball in the socket Figure 3. Model of the 2D ball in the socket
without a dimple with a dimple
3.2. Modeling of the 2D two plates with lubricant
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In this model, the 2D design in two parallel plates with an area of 1 mm x 0.1 mm, then inserted into
the lubricants in the form of synovial fluid with dimensions of 1.5 mm x 0.7 mm, as shown in Figure
4.

[
I

Figure 4. A sample of two plates without the given lubricant dimple.

The next modeling was done by designing two plates of which one of the plates was dimple with a
depth of 50um and variations in the shape of Ellipse, Rectangle, and Triangle dimple as in Figure 5
with dimple diameter 80pum, 100pum, and 120um. This dimple shape variation is taken from the side
view of a 3D sample.
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Figure 5. Sample two plates with variations of the dimple (a) Ellipse, (b) Rectangle, (¢) Triangle.

3.3. Boundary conditions

3.3.1. The 2D model of the boundary condition of the ball in the socket without lubricant

The outer portion of the cup is fixed, the elastic linear material, the surface between the cup and the
ball is given a contact pair. A coefficient of friction on the contact pair is assumed to be 0.1, this
contact is useful for obtaining contact pressure between ball and cup. Given a fixed load of 3000 N
which is the maximum load on the hip bone joint when walking normally. For modeling, without a
dimple, the theory of Hertz is applied.

3.3.2. The boundary conditions model of the 2D two plates with lubricant

Modeling the 2D two plates with dimples and without dimple on the FSI method has the same
boundary condition. The plates at the bottom are variations of shape and diameter dimple as in Figure
5, and then in fixation. Both plates are inserted into the lubricant given the wall and the lubricant is
given a force volume. Then the top plate is loaded with body load with the value as in Figure 1.

4. Meshing the model

Process simulation of meshing is done as shown in Figure 6. This study was conducted in the two-
meshing process, namely on the 2D modeling ball in the socket and modeling of the 2D two plates
with lubricant. In the process of meshing convergence, the study needs to be done in order to
determine the appropriate type of meshing.
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5. Mesh Sensitivity Study

A mesh sensitivity study was conducted by running a preliminary tribological analysis of the hip joint.
This study was conducted on the convergence on modeling of the 2D, meshing ball in the socket
without lubricant, and modeling of the 2D two plates with lubricant. The mesh convergence study
aims to determine the optimum number of elements that will be used later in numerical simulation.

5.1. Convergence Study for modeling the 2D ball in the socket without lubricant

Sensitivity analysis of mesh on this modeling uses parameters contact pressure that occurs in the area
of contact between the ball in the socket as shown in Figure 7. Type of meshing used, namely the fine
meshing has 5784 elements.

Contact Pressure vs The numbers of elements
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Figure 7. The Convergence study of the model 2D ball in the socket without lubricant

5.2. Convergence Study for modeling of the 2D two plates with lubricant

Sensitivity analysis of mesh on this modeling uses the parameters of the speed of fluid that occurs in
the area of contact between two plates. Type of meshing used, namely the meshing of the finer points
that have 28192 elements, as shown in Figure 8.
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Figure 8. The Convergence study of the model 2D ball in the socket with lubricant

Results and Discussion

1. Modeling of the 2D ball in the socket

Based on Figure 9, it can be seen the value of contact pressure against angle coordinates where the
contact pressure between the surfaces without dimple with the theory of Hertz is approaching the same
value. This is evidenced by the maximum value of the pressure contact surface without dimple with
the simulation of the CSM of 94.216 MPa, while the maximum value of the contact pressure of the
theory of Hertz is equal to 89.6 MPa. Contact pressure obtained from the theory of Hertz is also
assumed without a dimple, therefore the results of the simulation of the CSM and the results of
calculations of the theory of Hertz are approaching the same value.
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Figure 9. Comparison of contact pressure between Hertzian theory and CSM
with dimple and without a dimple

The results of the simulation of the 2D ball in the socket with the addition of the surface of the
dimple, seen that the contact pressure decreases where the maximum value of the pressure of the
contacts only amounted to 54.84 MPa. This shows that the contact pressure becomes smaller with the
addition of the dimple so that it can reduce the wear and tear. The addition of the dimple is the basis
for further research using the methods of FSI to analyze the influence of the dimple that is lubricated.

2. Modeling of the 2D two plates

Hydrodynamic Pressure

The relationship of variations in the shape and diameter of the dimple against the pressure of the
hydrodynamics on the maximum load can be seen in Figure 10.

0,92
s 0,91

0,9
0,89
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B0pm 100pm 120pm

Hydrodynamic
Pressure (Pa)
g

Diameter {um)

B Withoutdimple WEllipse = Rectangle M Triangle

Figure 10. Effect of the geometries of the dimple on the hydrodynamic pressure of artificial hip joint

From Figure 10 it is seen that the hydrodynamic pressure of the plate with a dimple is greater than
that of the plate without dimple for all diameters and the ellipse-shaped dimple has the greatest
hydrodynamic pressure compared to the other forms. Therefore, the hydrodynamic pressure of hip
joint, decreased as the dimples diameter increased, which indicated that the presence of the dimple
diameter significantly enhances the hydrodynamic pressure of the artificial hip joint. From the
simulation results, surface texturing can increase the hydrodynamic pressure by providing numerous
converging gaps in the path of fluid flow and enhancing the elastohydrodynamic lubricant (EHL) film
formation in a heavily-loaded contact such as artificial hip joint. Dimples act as reservoirs to
simultaneously increase and entrap wear debris [30].
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Solid Pressure
The relationship of variations in the shape and diameter of the dimple against the solid pressure on the
maximum load can be seen in Figure 11.
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Figure 11. Effect of the geometries of the dimple on the solid pressure of artificial hip joint

It is seen from Figure 11 that the solid pressure to the plate with a rectangle and triangle-shaped
dimple and without dimple have more or less the same value of 0.55 Pa and are greater than that of the
plate with the ellipse-shaped dimple of the order of 0.43 Pa for all diameters. The larger the dimple
diameter, the smaller the solid pressure.

Lubrication Film Thickness

The film thickness of lubrication contact of the artificial hip joint is one of the most important aspect
to reduce contact area and effort to minimize friction already taken form pair of the component that
increases its wear resistance. Surface texturing known may trap lubricant film and increase its
thickness make lubricant improved tribological performance [31]. The relationship of variations in the
shape and diameter of the dimple against the lubrication film thickness on the maximum load can be

seen in Figure 12.
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Figure 12. Effect of the geometries of the dimple on lubrication film thickness of artificial hip joint

It is seen from Figure 12 that the lubrication film thickness of the plate with a dimple is greater
than that of the plate without dimple for all diameters and the ellipse-shaped dimple has the greatest
lubricant film thickness compared to the other forms. The larger the dimple diameter, the smaller the
lubrication film thickness.
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Conclusions

This paper presents a study of dimples variation for the improvement of hydrodynamic lubrication
performance of the artificial hip joint. Using an FSI modeling approach implemented via the finite
element method, a parametric study was performed to investigate the effect of various dimple
geometries on the hydrodynamic pressure and lubricant film thickness, followed by a search for
optimum design of the new texture shape. The following are the key conclusions drawn from the
study.

1. In the 2D ball in socket modeling with Computational Solid Mechanics (CSM) simulation
method in the condition without lubrication, it can be concluded that the addition of dimple can
reduce the pressure of contact so as to reduce wear. It is proved that the maximum contact
pressure on the surface of the dimple is 54.84 MPa compared with the surface without dimple of
94,22 MPa.

2. From the variation of the shape of the dimple in the form of an ellipse, rectangle, and triangle
for the dimple diameter of 80 um, the plates of the ellipse-shaped have the best film thickness
among other dimple forms, which is 22.67 pm.

3. In the 2D modeling of two lubricated plates using the Fluid-Structure Interaction (FSI)
simulation method, the ellipse-shaped dumple with 80 pm diameter is the most optimum
geometry compared to the plate with other geometries in this study, since the ellipse plate of 80
um diameter has hydrodynamic pressure the largest of 0.915 Pa and a small solid pressure of
0.433 Pa so as to increase the thickness of the lubricant film of 22.67 pm which is an important
parameter in the performance of lubrication.
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