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ABSTRACT

Introduction: The lubricant thickness in clearance between bearing surfaces for metallic hip implants are currently 
incapable of accommodating the motion experienced (high load and low entraining motion) in hip walking cycle. 
Thus, micro-dimpled surfaces were introduced onto surfaces of metallic acetabular cups to improve lubricant thick-
ness. Micro-dimpled surface is a method of advanced surface improvement to increase the lubricant thickness in 
various tribological applications, such as hip implants. However, the application of micro-dimpled surfaces in hip 
implants has not yet been explored adequately. Therefore, this study aims to identify the influence of micro-dimpled 
depth on lubricant thickness elastohydrodynamically for metallic hip implants using Fluid-Structure Interaction (FSI) 
approach. Methods: Fluid-Structure Interaction (FSI) approach is an alternative method for analysing characteristics 
of lubrication in hip implant. Dimples of radius 0.25 mm and various depths of 5μm, 45μm and 100μm were applied 
on the cup surfaces. The vertical load in z-direction and rotation velocity around y-axes representing the average 
load and flexion-extension (FE) velocity of hip joint in normal walking were applied on Elastohydrodynamic lubri-
cation (EHL) model. Results: The metallic hip implants with micro-dimpled surfaces provided enhanced lubricant 
thickness, namely by 6%, compared to non-dimpled surfaces. Furthermore, it was suggested that the shallow depth 
of micro-dimpled surfaces contributed to the enhancement of lubricant thickness. Conclusion: Micro-dimpled sur-
faces application was effective to improve tribological performances, especially in increasing lubricant thickness for 
metallic hip implants. 
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INTRODUCTION

Metallic hip implants referred to metallic surfaces for 
both femoral head and acetabular cup has become more 
popular than metal-on-polyethylene (MoP) due to their 
low wear rates, namely 2-20μm/year compared to 100-
300μm/year, respectively. As the metallic wear debris 
has nanometers in size (1,2), it could cause higher levels 
of cobalt and chromium ions in serum, urine, and red 
blood cells of patients (3,4), leading to hypersensitivity, 
tissue toxicity and carcinogenesis (5,6). Thus, decreasing 
metallic wear debris as much as possible is crucial to 
improve the lifetime of hip joints implants (7,8). 

Micro-dimpled surfaces is an approach for advanced 
surface improvement, which has been shown 
experimentally and theoretically to enhance the 
tribological performance including reducing friction 
and increasing the lubricant thickness (9–11). It acts as 
a lubricant reservoir to prevent direct surface-to-surface 
contact (12–14). D. Choudhury et al (15,16) observed in 
their experimental study that honed surface on metallic 
cup produced lowest friction coefficient. Furthermore, 
the experimental study by Hui Zhang et al (17) on the 
effect of petaloid surfaces for cobalt chromium alloy 
(Co-Cr) artificial joint showed that petaloid surfaces 
significantly improved the tribological performance by 
minimizing the friction and wear of Co-Cr hip implant. It 
also produced micro-hydrodynamic pressure under high 
load and low entraining motion. L. Gao et al (18) used an 
advance numerical model to solve the problem of mixed 
elastohydrodynamic lubrication (EHL) for metallic hip 
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implants with dimpled surface. The study indicated that 
the lubricant thickness in dimpled surfaces models were 
improved compared to non-dimpled surfaces. However, 
their investigations were limited to analysis of only one 
size of micro-dimple surface. Limitations remained in 
investigation of various sizes of micro-dimples such as 
depth on optimum tribological performances particularly 
lubricant thickness. 

Full fluid lubrication in hip implants are crucial to 
improve tribological performances for metallic bearing 
configurations. It is an ideal lubrication regime in hip 
joint capsules which minimises the number of wear 
debris, because optimum lubricant thickness between 
the bearing contact between surfaces can retain the 
high load to prevent direct contact (19). However, both 
experimental and theoretical investigations showed that 
metallic hip implants perform in a mixed lubrication 
regime (20–22). Due to high load and low entraining 
velocity of hip joint in normal walking, the lubrication 
mode is potentially changing to become boundary 
lubrication or direct contact. Therefore, the idea of 
micro-dimpled surfaces was introduced to improve the 
EHL lubrication performance by increasing the lubricant 
thickness. The micro-dimpled surfaces are capable of 
acting as secondary lubrication due to squeezing action 
under load and the sliding motion (23). However, a 
conclusive solution remains devoid due to lack of 
research regarding efficiency of the micro-dimpled 
surfaces, especially for hip joint replacements. In this 
study, the influence of micro-dimple depth on lubricant 
thickness in EHL for metallic hip implants was identified 
using Fluid-Structure Interaction (FSI) approach.

MATERIALS AND METHODS

Governing equations
The primary objective of governing equations is assessing 
hydrodynamic pressure in the lubricant area. Thus, 
primary governing equations were used namely the 
Continuity and Navier-Stokes equations. The equation 
of Navier-Stokes governed the lubricant flow and can be 
seen as Newton’s second law of lubricant flow: 

			                    (1)

	 (2)
where, ρ is density of lubricant, u

fluid
 is velocity of 

lubricant, and Fv is body force. 

Pressure, which produced in the lubricant area, is 
deforms the elastic of cup surfaces based on the equation 
of elasticity as shown in Equation (3):

				             (3)
where u_solid is cup surfaces deformation, Fv is force of 
body, and σ is tensor of stress calculated from Hooke’s 
law.

σ=C.ε 								                 (4)

where C is fourth-order stiffness tensor and ε is tensor of 
strain calculated from: 

                     (5)
However, for thin-film cases, the Reynolds equation 
was utilized to analyse the hydrodynamics lubrication 
between moving surfaces in FSI method. This equation 
correlates between hydrodynamic pressure and 
lubricant thickness, velocity of lubricant and surfaces. 
Thus, Reynolds equation was used in FSI simulation to 
analyse the lubrication problem and was separated by 
two parts, which are lubricant and solid as shown in 
Equation (6) 

	           (6)
where h is the lubricant thickness, ρ is lubricant density, 
p is the pressure of lubricant, fis location of lubricant 
region, s is location of solid wall, v_fluid is the tangential 
speed (m/s) of the lubricant area, and v_solid is the 
tangential speed (m/s) of the solid wall. Because the 
pressure is constant throughout the lubricant thickness, 
Comsol uses the tangential projection of the gradient 
operator, ∇T to calculate the pressure distribution on the 
lubricant surface. Then, this equation was combined to 
form the Reynolds equation for FSI simulation as shown 
in Equation (7). 

   (7)
The lubricant thickness, h is defined as:
h=c(1-εx sinθcosϕ-εy sinθsinϕ-εz cosθ)			                (8)

and it is stated that ε
x
= ε

y
=0 in this study. Therefore, 

h=c(1-ε
z
 cosθ)				     			                (9)

where c is radial clearance, ε
z
 is eccentricity ratio and θ 

is polar coordinate of a point on the lubricant. 

The total lubricant thickness (Σh) included the clearance 
between femoral head and acetabular cup surfaces 
(h) and the deformation (δ) produced by the lubricant 
pressure was evaluated in Equation (10) :

∑h=h+δ	 							                  (10)

In EHL for metallic hip implants with dimpled surfaces, 
the total lubricant thickness (Σh) included the clearance 
between femoral head and acetabular cup surfaces (h), 
deformation produced by lubricant pressure and the 
dimple depth (d), as evaluated in Equation (11): 

∑h=h+δ+ d							                  (11)
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Figure 1: (a) Metallic hip implant model in EHL analysis (b) 
Cylindrical dimple profile on the centre of metallic acetabular 
cup surfaces

under relatively low shear rates. Nevertheless, at very 
high shear rates, as experienced in steady-state walking 
conditions, synovial fluid acts as a Newtonian fluid (26). 
Thus, the lubricant used in this study was considered 
to be a Newtonian and isoviscous in nature (27) with 
viscosity of 0.001 Pa.s (28,29).

Geometry of surface dimple
A cylindrical micro-dimpled profile was constructed 
on the centre of the acetabular cup surfaces. Radius (r) 
of the micro-dimple was assumed to be 0.25mm while 
depth size (d) was considered to be 45μm to analyse 
the influence of micro-dimpled surfaces on EHL for 
metallic hip implants and the result was compared to 
non-dimpled surfaces. To assess the influence of dimple 
depth on EHL, micro-dimples with various depths (d) of 
100μm, 45μm and 5μm were used in the present study. 
The illustration of micro-dimpled surfaces is shown in 
Fig. 1(b). 

Mesh convergence analysis of FSI simulation indicated 
different sensitivity with different size of mesh elements 
(Fig. 2(a)). It was carried out to ascertain the accuracy 
of simulation. From Fig. 3, the selected number of 
mesh element was 80,440 elements. The elements 
were assumed to discretize all regions, including solid 
and fluid domain (70,628 elements of solid and 9,812 
elements of fluid) and are displayed in (Fig. 2(b)). The 
elements of fluid domain (FSI boundary) were smaller 
than the solid domain. Thus, a higher mesh density 
on the FSI boundary benefits to attain a more accurate 
answer. The mesh sensitivity of elements was carried out 
to ascertain the accuracy of simulation. The accuracy of 

Figure 2: (a) Mesh convergence analysis in EHL for metallic 
hip implants with dimpled surface (The arrow shows selected 
the number of elements) (b) EHL model with 80,440 elements 
involving solid and fluid region in different view (i) isometric 
view (ii) top view

The external force, F is counterbalanced by the pressure 
in the lubricant. This is imposed as a constraint:

∫pf dS-F=0						                            (12)

The hydrodynamic pressure generated by the lubricant 
caused elastic deformation of two surfaces containing 
the lubricant. Thus, the hydrodynamic pressure was 
used as mechanical load on the elastic wall to evaluate 
the deformation of the acetabular cup surfaces.

Lubrication model
A model of metallic hip implant was assumed as cobalt-
chromium (CrCo) in this study (Fig. 1(a)). The 14mm 
femoral head radius (R1) and the 30μm radial clearances, 
with 9.5mm acetabular cup thickness (t) were adopted 
in this study (18,24,25). The material properties of metal 
(CoCr) bearing had a Young’s modulus of 210MPa 
and a Poisson’s ratio of 0.3. The equivalent support 
for metallic acetabular cup and femoral head, were 
considered linear elastic. The model was analysed using 
commercial software of Fluid-Structure Interaction (FSI) 
(Comsol Multiphysics) to solve the EHL problem of two 
articulating surfaces. 

The lubricant filled in the clearance between the 
femoral head and acetabular cup configurations in hip 
joint is synovial fluid. Synovial fluid is non-Newtonian 
fluid and has shear thinning characteristic, especially 
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surfaces (depth=45μm) are illustrated (Fig. 4). It shows 
the behaviour of micro-lubricant with micro-dimpled 
surfaces at the centre of contact zone under steady-
state condition of EHL for metallic hip implants. The 
lubricant velocity for micro-dimpled surfaces was lower, 
28.87μm/s compared to non-dimpled surfaces, which 
demonstrated a velocity of 93.84μm/s. In Fig. 4(b), the 
lubricant flowed toward the centre of micro-dimpled 
surfaces.   

simulation based on percentage error was less than 5%.

Loading and motion conditions
In the simulation, flexion-extension (FE) motion, ω of 2 
rad/s was considered around the y-axis of hip joint in 
normal walking under steady-state condition (18,25). 
The position of acetabular cup was considered to be 
placed horizontally under the average load, w of 1500N 
applied in vertical direction (Fig. 1a). The outer surface 
of the acetabular cup was rigidly fixed. The initial 
lubricant pressure on the edge of the acetabular cup was 
assumed to be zero.

RESULTS  

Comparison between non-dimpled and micro-dimpled 
surfaces
Fig. 3(a) and 3(b) shows the lubricant pressure and 
thickness for metallic hip implants with non-dimpled 
and micro-dimpled surfaces in EHL under steady-state 
condition. As observed, the lubricant pressure for 
metallic hip implants with micro-dimpled surfaces were 
lower compared to that of non-dimpled surfaces. The 
maximum lubricant pressure for micro-dimpled surfaces 
was 45.772MPa while for non-dimpled surfaces was 
49.549MPa. However, the lubricant thickness for micro-
dimpled surfaces increased on contact point, namely by 
6%, compared to non-dimpled surfaces. 

Lubricant Behavior of Micro-Dimpled Surfaces in 
Elastohydrodynamic Lubrication (EHL)
The contour profile of micro-lubricant velocity and 
lubricant flow for non-dimpled and micro-dimpled 

Figure 3: Comparison between non-dimpled and micro-
dimpled surfaces for metallic hip implants in EHL (a) Lubricant 
pressure (b) Lubricant thickness

Figure 4: Contour profile of micro-lubricant velocity for (a) 
non-dimple surface (b) micro-dimple surface (depth = 45μm)

Effect of dimple depth on lubricant thickness
The lubricant pressure and thickness of micro-dimpled 
surfaces with various dimple depth of 100μm, 45μm and 
5μm for metallic hip implants were compared Fig. 5(a) 
and Fig. 5(b), respectively. It was demonstrated that the 
lubricant pressure for a shallow dimple (depth = 5μm) 
was lower compared to a dimple depth of 100μm and 
45μm. Likewise, the lubricant thickness also displayed 
similar results. It was observed that the shallow dimples 

Figure 5: (a) Lubricant pressure and (b) Lubricant thickness 
with micro-dimple surface of 100μm, 45μm and 5μm
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(depth = 5μm) provided increment of lubricant thickness, 
which declined as the dimple depth increased (30–32). 
The lubricant thickness for shallow dimples (depth = 
5μm) was 0.094μm compared to deep dimples (depth 
= 100μm), which demonstrated lubricant thickness of 
0.071μm. 

Fig. 6 shows the deformation of acetabular cup 
between a non-dimpled surface and three surfaces with 
different depths of micro-dimples. It was observed that 
the shallow dimple (depth = 5μm) had increased the 
deformation size at the centre of the acetabular cup’s 
surface by 21% compared to non-dimpled surfaces, and 
by 8% compared to surfaces with micro-dimple depth 
of 45μm. 

value, especially in increasing lubricant thickness to 
prevent direct contact between two lubricated surfaces.

Lubricant Behavior of Micro-Dimpled Surfaces in 
Elastohydrodynamic Lubrication (EHL)
In Fig. 4(b), the velocity of lubricant for micro-dimpled 
surfaces was low based on low entraining velocity, which 
is experienced in walking cycle. Consequently, lubricant 
flow through the micro-dimpled surfaces became very 
slow compared to non-dimpled surfaces.  Furthermore, 
the shape of micro-lubricant velocity contour profile at 
the centre of contact zone for both surfaces appeared 
differently under steady-state condition. The micro-
lubricant velocity contour profile for micro-dimpled 
surfaces resembled the shape of a horseshoe while 
that of non-dimple surfaces resembled a hexagon.  The 
significant difference was due to the trapped lubricant 
inside the micro-dimple, which precedes or fall behind 
that dimple and elastically deforms the contact surfaces; 
thus forming a horseshoe shape (35). Furthermore, the 
lubricant on micro-dimpled surfaces flowed toward the 
centre of dimple due to the lower pressure inside the 
dimple compared to the outside. 

Effect of dimple depth on lubricant thickness
Based on Fig. 5, the shallow dimples (depth = 5μm) 
provided increment of lubricant thickness because it 
had positive effect on lubrication efficiency compared 
to the surface of deep dimples. This occurs due to 
disturbance in distribution of lubricant thickness by the 
movement of a micro-dimple in sliding motion (31). 
When the lubricant entered the contact zone area, rapid 
enhancement of lubricant thickness occurs near to the 
shallow micro-dimple area under the effect of squeeze 
and hydrodynamic motion.

In Fig. 6, the deformation of the acetabular cup with 
deep micro-dimple depth generated higher lubricant 
pressure compared to that of 45μm and 5μm dimple 
depth. However, this pressure was incapable of forcing 
more the acetabular cup surfaces. This occurred due to 
lubricant of high pressure attempting to thrust lubricant 
out from inside the dimple and consequently, this 
pressure was inadequate to force the deformation of 

Figure 6: Deformation of solid structure with micro-dimpled 
surfaces of various depths and non-dimpled surfaces at the 
centre of metal acetabular cup for metallic hip implants

DISCUSSION

Comparison between non-dimpled and micro-dimpled 
surfaces
The presence of micro-dimple on the surfaces of 
acetabular cups can produce lower lubricant pressure, 
and thereby enhance lubricant thickness. This occurrence 
was mostly due to the lubricant trapped within micro-
dimple (29,33). The volume of lubricant trapped inside 
the micro-dimple was sufficient to completely fill the 
gap between contact surfaces of bearing and thus, 
provide protection from direct contact. 

Furthermore, micro-dimpled surfaces acted as 
secondary lubrication (23,34). Fundamentally, in EHL 
with micro-dimpled surfaces, the lubricant thickness 
between the femoral head and the micro-dimpled 
acetabular cup forms reservoirs to sustain lubricant. This 
reservoir acts as an amplifier of lubrication. When the 
surface of femoral head squeezes and slides against the 
micro-dimpled surface of acetabular cup, the pressure 
and friction shear deforms reservoirs elastically. This 
phenomenon generates pressure to squeeze lubricant 
out from the micro-dimple and consequently, resist the 
contact between the two lubricated bearing surfaces 
(Fig. 7). Therefore, the use of a micro-dimpled surface 
for metallic hip implants in EHL has significant positive 

Figure 7: Secondary lubrication effect of micro-dimpled 
surfaces under steady-state condition
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acetabular cup surface. The lubricant trapped inside the 
micro-dimple caused deformation on the acetabular cup 
surfaces within the micro-dimple. Therefore, the solid 
structure of acetabular cup surface decreased as the 
depth of the dimple increased. 

There were some limitations to the current study. For 
instance, the effect of dimple diameter on lubricant 
thickness was not considered in the current study. 
Furthermore, the current study did not cover the 
transient motion in EHL. Moreover, only micro-dimples 
of cylindrical shape was considered in the current study. 
Therefore, various shapes of micro-dimples must be 
considered in further studies to investigate the suitable 
micro-dimple shape capable of increasing lubricant 
thickness optimally for metallic hip implants in EHL 
using FSI method.

CONCLUSION

The study filled the gap in identifying the influence of 
micro-dimple depth on lubricant thickness in EHL for 
metallic hip implants using Fluid-Structure Interaction 
(FSI) approach. The application of micro-dimpled 
surfaces is an effective approach to improve tribological 
performances, especially in increasing the lubricant 
thickness. Steady-state condition was applied in this 
study with vertical load (w) and rotation velocity around 
y-axes (ω) representing the average load and flexion-
extension (FE) velocity of hip joint in normal walking. 
The results indicated that metallic hip implants with 
micro-dimpled surfaces enhanced lubricant thickness 
compared to non-dimpled surfaces. The following 
conclusions can be taken from this study:
a)  In comparison between non-dimpled and dimpled 
surfaces, the dimpled surface was provided the highest 
lubricant thickness by 6% compared to non-dimpled 
surface.
b) Increment of lubricant thickness for micro-dimpled 
surfaces was due to entrapment of lubricant within the 
micro-dimple. The lubricant trapped inside the micro-
dimple was sufficient to support high load.
c) Furthermore, micro-dimpled surfaces acted as 
secondary lubrication. This effect generated pressure 
to squeeze lubricant out from the micro-dimple and 
consequently prevented contact between two lubricated 
bearing surfaces.
d) The shape of micro-lubricant velocity contour profile 
for micro-dimpled surfaces resembled a horseshoe due 
to the lubricant trapped within the micro-dimple, which 
precedes or fall behind that dimple and elastically 
deforms the contact surfaces.
e) In investigating the influence of dimple depth on 
lubricant thickness, it was observed that the shallow 
dimple (depth = 5μm) increased lubricant thickness, 
which declined as the dimple depth increased.
f) The presence of micro-dimple had facilitated the 
deformation of acetabular cup surface to be higher than 
non-dimpled surface.

g) The shallow dimple (depth = 5μm) had increased the 
deformation size at the centre of the acetabular cup’s 
surface by 21% compared to non-dimpled surfaces, and 
by 8% compared to surfaces with micro-dimple depth 
of 45μm.
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