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Vibration is one of the phenomena that can occur during the operation of roller bearing 
which can lead to dynamic loads being subjected to the contact and thus, affect the film 
formation in elastohydrodynamic (EHD) contacts. On the other hand, surface textures 
such as artificial indentations and grooves greatly affect the film formation as well as the 
corresponding pressure distribution in the contact area, since the depths of the textures 
are usually much greater than the film thickness in the contact. This paper investigates 
the influence of an artificial indentation located on the rolling element, which passes 
through a point contact under dynamic loads by means of numerical simulations. 
Solutions to the Reynolds equation are performed and calculations of the elastic 
deformation equation, force balance equation and lubricant properties equations to 
show the effects of both indentation passing through the contact and a sinusoidal 
dynamic load on the film thickness as well as pressure profile of EHD point contact. 
Moreover, the effect of frequency and amplitude excitation of the dynamic load on the 
film formation was investigated. The results revealed that the artificial indentation under 
sinusoidal dynamic load of EHD point contact induced a significant effect on the thickness 
of the film formation and pressure distribution. 
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1. Introduction 
 

A study of contact between machine elements such as journal bearings, gears, rolling element 
bearings as well as cams and followers can be simply analyzed as a contact model between two solid 
bodies contacting each other with relative motion and the contact is subjected to external load [1-
3]. This contact generates very high pressure over a very small localized contact area. In the case of 
cylindrical rolling element bearing application, the contact between cylindrical roller element and 
raceway is often modelled as a line contact between a solid cylinder and a flat plate [2]. For ball 
bearing application, the contact is modelled as a point contact of spherical ball and flat plate [3]. The 
first period of EHL point contact analyses, simulations were performed under steady operating 
conditions, in which the contacting surfaces were assumed to be perfectly smooth, and the operating 
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conditions such as the applied load, the entrainment velocity, and Hertzian radii were constant. This 
simulation situation was studied by Dowson and Higginson [4], Hamrock and Dowson [5-8], Evans 
and Snidle [9]. Then, in the last three decades, the great development of EHL point contact simulation 
has been significantly improved in terms of calculation times and stability by introducing a multigrid 
method as conducted by Lubrecht [10], a multilevel integration technique by Brand and Lubrecht 
[11], and a distributive relaxation technique by Venner [12] as well as a progressive mesh 
densification as introduced by Zhu [13]. These numerical results have then been confirmed by 
experimental investigations using optical interferometry concept and Spacer Layer Imaging Method 
[14-16]. 

In recent years, modern design of heavy-duty mechanical systems requires machine elements to 
work under high-load conditions. This causes the thickness of the lubricant film formation to decrease 
down to be hundreds of nanometers. On the other side, a presence of inevitable vibrations during 
operation of ball bearing, especially due to high-speed operation, induces a change in the external 
load applied to the contact. The high amplitude of vibration excitation increases the applied load and 
decreases the thickness of the lubricant film formation [17]. If the film is tiny, asperities of the rough 
surfaces will be in contact and thus, lead to sudden or unexpected bearing failure due to wear [18]. 
However, studies carried out by researchers have shown, that artificial modified surface textures, 
such as indentations and grooves, give a promising approach to increase the film thickness [19-22]. 
In the past four decades, the situations of the surface textured contacts under static applied loads 
have been investigated experimentally and numerically [23-27]. 

With respect to point contact EHL under sinusoidal dynamic loads, Wijnant and Venner [28] found 
that the inertia forces of ball bearing caused the contact force variation and thus the film thickness 
and pressure varied in the contact area. In addition, Wijnant [17] numerically studied the effects of 
external sinusoidally dynamic load to observe the stiffness and damping in a single EHL point contact. 
He also investigated the effects of sinusoidally varying loads on the film formation and pressure 
distribution generated in the EHL point contact. It was shown, that the sinusoidal dynamic loads 
altered the contact area. This increased and decreased the film formation cyclically. Moreover, it was 
also shown that wavelength modulations increased with increasing frequency excitation subjected 
to the contact. These numerical results from Wijnant [17] were then proved experimentally by 
Wijnant et al., [29] who carried on a ball-on-disc tribometer to observe the effect of impact load on 
the interferometric lubricant film thickness. Furthermore, El Kilali et al., [30] developed a new 
experimental apparatus using optical interferometry technique to simultaneously measure the 
change of the lubricant film thickness due to a free shock of load subjected to the 
elastohydrodynamic contact at constant rolling speed. Sakamoto et al., [31] also conducted an 
interferometric-based experiment to investigate the effects of cyclic pulsating and impact loads on 
film thickness of EHL point contact. Later, Glovnea and Zhang [32] numerically and experimentally 
studied the effect of the periodic load variation on the film thickness distribution. The results from El 
Kilali et al., [30], Sakamoto et al., [31], and Glovnea and Zhang [32] were similar, in which there were 
film thickness perturbations on the contact area due to the quick changes of the load over time. The 
increase or decrease of the load quickly led to a larger or smaller contact area creating a local 
reduction or expansion in the film thickness formation. Glovnea and Zhang [32] also showed that the 
contact area was directly affected by the load variation. It is noted that the forces due to inertia in 
the lubricant were negligibly small compared to the viscous forces because the film thickness 
between the contacting surfaces was relatively small compared to the contact area. This caused the 
Navier-Stokes equation was reduced to an equation of the generated pressure in the gap of the 
contacing surfaces, namely the Reynolds equation. However, the neglecting forces in the Wijnant’s 
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work probably can be determined by the so-called CFD method as studied by previous researchers 
[33,34]. 

From the above-mentioned studies, it can be concluded that the artificial indentations can be 
used to improve the thickness of the film formation. However, the studies of the artificial indentation 
were confined exclusively to the static load. Meanwhile, other studies related to the dynamic loads 
were restricted to the smooth contacting surfaces, which mean the effects of the surface features 
were neglected. Hence, the aim of the present study is to investigate the combination of both effects 
of dynamic loads and artificial indentation on the behavior EHL point contact under pure rolling 
conditions by means of numerical simulations. 
 
2. Methodology 
2.1 Model Formulation 
 

Figure 1 shows a contact between a single ball element bearing and its raceway can be 
mathematically modeled as a contact between a spherical roller and an infinite flat plate which is 
referred to as EHL point contact [35]. Studying EHL problems means solving a number of equations: 
the Reynolds equation, the elastic deformation equation, the force balance equation and lubricant 
properties equations. Under isothermal conditions, the Reynolds equation for the transient point 
contact problem stated in dimensionless form as introduced by Reynolds [36] 
 
𝜕

𝜕𝑋
(𝜉

𝜕𝑃

𝜕𝑋
) +

𝜕

𝜕𝑌
(𝜉
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𝜕𝑇
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All dimensionless variables are defined in the nomenclature. The boundary conditions are 

𝑃(𝑋𝑎, 𝑌, 𝑇) = 𝑃(𝑋𝑏, 𝑌, 𝑇) = 𝑃(𝑋, 𝑌𝑎, 𝑇) = 𝑃(𝑋, 𝑌𝑏 , 𝑇) = 0. 𝑋𝑎, 𝑋𝑏, 𝑌𝑎 and 𝑌𝑏 refer to the boundaries 
of the entire domain. In this study, rolling and sliding motions take place in the 𝑋 direction, while the 
𝑌 direction is perpendicular to rolling direction. Furthermore, the cavitation condition in the Reynolds 
equation must be satisfied at all times (𝑃(𝑋, 𝑌, 𝑇) ≥ 0), 𝜉 is defined as 
 

𝜉 =
𝜌̅(𝑋,𝑌,𝑇)∙𝐻(𝑋,𝑌,𝑇)3

𝜂(𝑋,𝑌,𝑇)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝜆̅
             (2) 

 
where 
 

𝜆̅ =
12𝑢𝑚𝜂0𝑅𝑥

2

𝑎3𝑝ℎ
              (3) 

 
The pressure-viscosity equation proposed by Roelands [37] and the pressure-density relation 

from Dowson and Higginson [4] are adopted in this simulation. 
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{
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𝑧

[−1+(1+
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)

𝑧

]}
            (4) 

 

𝜌̅𝑖,𝑗 =
0.59×109+1.34𝑝ℎ𝑃𝑖,𝑗

0.59×109+𝑝ℎ𝑃𝑖,𝑗
            (5) 

 
The dimensionless film thickness between two contacting surfaces by accounting the indentation 

on one surface can be expressed as 
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𝐻(𝑋, 𝑌, 𝑇) = 𝐻0(𝑇) +
𝑋2

2
+

𝑌2

2
+ 𝐶(𝑋,𝑌,𝑋′,𝑌′)𝑃(𝑋′, 𝑌′, 𝑇) − 𝑅̅(𝑋, 𝑌, 𝑇)      (6) 

 
𝐻0(𝑇) corresponds to the integration constant determined by the force balance condition and 

𝑅̅(𝑋, 𝑌, 𝑇) denotes the undeformed geometry of the indentation at dimensionless time 𝑇. 
Indentation is assumed to be located on the ball moving with the velocity 𝑢2 (upper surface velocity) 
and can be modeled in dimensionless form as 
 
𝑅̅(𝑋, 𝑌, 𝑇) = 𝑟̅(𝑥, 𝑦, 𝑡)𝑅𝑥 𝑎2⁄             (7) 
 
𝑟̅(𝑥, 𝑦, 𝑡) is the indentation geometry that used by Coulon et al., [38] and can be read as 
 

𝑟̅(𝑥, 𝑦, 𝑡) = 𝑑𝑡ℎ𝑒
(−𝐾

(𝑥−𝑥𝑑)
2

+𝑦2

4∅2 )
𝑐𝑜𝑠 (

𝜋√(𝑥−𝑥𝑑)2+𝑦2

∅
)         (8) 

 
where 𝑑𝑡ℎ and ∅ denote the depth and the diameter of the indentation, respectively whereas K refers 
to shoulder’s height factor and 𝑥𝑑 is the position of the indentation: 𝑥𝑑 = 𝑥𝑠 + 𝑢2𝑡 denotes the 
position of the indentation at 𝑡 = 0. In dimensionless form, the position of the indentation reads 
 
𝑋𝑑 = 𝑥𝑑 𝑎⁄               (9) 
 

𝐶(𝑋,𝑌,𝑋′,𝑌′) in Eq. (6) represents the influence matrix of the deformation (𝑋′, 𝑌′) describing the 

influence of the pressure P on the displacement of the point at location of (𝑋, 𝑌). Singularity occurs 
at 𝑋 = 𝑋′ and 𝑌 = 𝑌′ which can be solved by adopting the equal pressure across the rectangular 
surface into a matrix of influence coefficients. The influence matrix of 𝐶(𝑋,𝑌,𝑋′,𝑌′) is then simply solved 

analytically by Love [39]. 
By accounting for the external sinusoidal dynamic load, the dimensionless force balance equation 

as mentioned by Wijnant [17] reads 
 

∫ ∫ 𝑃(𝑋, 𝑌, 𝑇)𝑑𝑋𝑑𝑌
∞

−∞

∞

−∞
=

2𝜋

3
(1 + 𝐴̅ 𝑠𝑖𝑛(𝛺𝑒𝑇))                   (10) 

 
where 𝐴̅ denotes the oscillation amplitude of the vibration and 𝛺𝑒 is its excitation frequency. 
 

 
Fig. 1. Simplification of spherical ball and infinite 
flat plate contact problem [35] 
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2.2 Numerical Procedure 
 

To solve the EHL point contact problems, the finite difference method was used to solve the 
Reynolds equation. First, the system equations were discretized on a uniform grid with mesh size ℎ 
in 𝑋 and 𝑌 direction. The discretization process covered a set of points inside a rectangular domain 
of 𝑋_𝑎 ≤ 𝑋 ≤ 𝑋_𝑏, −𝑌_𝑎 ≤ 𝑌 ≤ 𝑌_𝑏 which represented a regularly spaced mesh of (𝑀 𝑥 𝑁). The 
Reynolds equation was solved using Jacobi relaxation with single grid solution, while the elastic 
deformation equation was solved using half-space theory at each time step. By setting the 
equidistant grids of 𝑋 and 𝑌 direction (∆𝑋 = ∆𝑌), the discretization of Reynolds equation, the 
dimensionless film thickness, the dimensionless viscosity and density as well as the force balance 
equation followed the previous study [40]. 

Figure 2 shows the flowchart of transient EHL point contact problem simulation in this study. The 
results from the previous time step were used to perform the current time step simulation. The 
numerical technique was performed at each time step was similar to that for a stationary solution. 
The calculations were simulated on the domain of −2.5 ≤ 𝑋 ≤  1.5 and −2.0 ≤ 𝑌 ≤  2.0 with 
129*129 grid points. This corresponded to a mesh size of ∆𝑋 = ∆𝑌 =  0.03125. The time increment 
was set equal to the mesh size ∆𝑇 = ∆𝑋 =  0.03125. The simulation was started with the location 
of the indentation at 𝑋_𝑠 = 𝑋_𝑑 (𝑇 = 0) = −2.5. This choice ensured that there were no numerical 
start-up effects when the indentation started affecting the EHL behavior [26,27]. However, the 
contact has been subjected to the sinusoidal dynamic load started from the second time step and so 
on, this followed the numerical methods conducted by Cupu et al., [41] for the case of smooth EHL 
point contact under sinusoidal dynamic loads. 
 

 
Fig. 2. Flow chart of the transient EHL Point Contact 
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3. Results and Discussion 
3.1 Pressure Distribution 
 

The primary objective of this paper is focused on the EHL behavior of a moving indentation 
passing through the EHL point contact subjected to the sinusoidal dynamic loads under pure rolling 
condition. This means that the speeds of two contacting surfaces are equal (slide-to-roll ratio, SRR = 
0). The spherical ball is indented using Eq. (8) with a diameter of 0.1 mm and depth of 0.1 µm, as 
shown in Figure 3. The operating conditions and some dimensionless parameters used in this paper 
are referred to the parameter values as shown in previous work by Venner and Lubrecht [27] as listed 
in Table 1. Under stationary condition, the results of the minimum and central film thickness from 
the present code are 0.205 and 0.409 μm, respectively. Comparing to the result from Venner and 
Lubrecht [27] in which the minimum and central film thickness were 0.21 and 0.40 μm, its agreement 
is very good. 
 

 
Fig. 3. Cross-section of indentation geometry 

 
Table 1 
Parameters and their values for presented condition [26] 
Parameter Value Dimension 

𝐸′ 1.17 ∙ 1011 [Pa] 
𝛼 2.2 ∙ 10−8 [Pa-1] 
𝜂0 1.22 [Pa.s] 
𝑢𝑠 9.6 ∙ 10−2 [m/s] 
𝑅 1.27 ∙ 10−2 [m] 
𝑎 1.84 ∙ 10−4 [m] 
𝑝ℎ  0.54 ∙ 109 [Pa] 

Dimensionless parameters 

𝑀 77 - 
𝐿 7.9 - 
𝜆 3.4 ∙ 10−2 - 
𝑊 2.0 ∙ 10−6 - 
𝑈 3.9 ∙ 10−11 - 
𝐺 2.63 ∙ 103 - 
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3.2 Smooth Surface under Sinusoidal Dynamic Load 
 

In order to show the effect of the sinusoidal dynamic loads on the film thickness and pressure 
profile, simulations were performed for the smooth contacting surfaces with varying oscillation 
parameters. First, the present code was compared to the result calculated by Wijnant [17], simulation 
has been performed under conditions identical to those used in his calculation. Wijnant solved a 
smooth surface EHL point contact under sinusoidal dynamic load of 𝐴̅ = 0.1 and 𝛺𝑒 = 2𝜋 using 
multigrid solution with 257*257 grid points at the finest level whereas the present study solves the 
same problem using single grid method with 129*129 grid points. Figure 4 shows that as the load 
increased after 𝑇 = 0, an increase in the pressure profile can be observed in the contact area at 𝑇 = 
0.25 and the pressure decreases and coincides with the previous condition since the load is equal to 
the condition at 𝑇 = 0. In this period, the sinusoidal dynamic load has not affected the film thickness. 
Figure 4 also shows the solution is periodic after 𝑇 ≥ 2 every dimensionless time unit, the solution 
at 𝑇 = 2 is coincident with that of at 𝑇 = 3 and so on. The pressure distribution and film thickness 
profile resulted from the present code give a good agreement with those by Wijnant [17]. 
 

 
Fig. 4. Centre line pressure (left labels) and film thickness (right labels) for M = 100, 
L = 5 and 𝛺𝑒 = 2π at dimensionless times of T = 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 
2.0, 2.5, 3.0 and 3.5. The center line pressure is included as a reference by the dotted-
dashed line 
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The effect of the sinusoidal dynamic loads on the pressure and film thickness profile is shown in 
Figure 5, in which the simulations were performed under different frequency excitation of 𝛺𝑒 = π and 
𝛺𝑒 = 2π with the same of amplitude excitation of 𝐴̅ = 0.1. These excitations caused a maximum 
Hertzian pressure variation of between 0.521 and 0.557 GPa. Figure 5(a) shows the variations over 
two periods of central and minimum film thickness for the smaller frequency excitation. It can be 
seen that the increase rate of central film thickness at the maximum load is about 7.88 % and at the 
minimum load is 5.74 %. In case of the minimum film thickness, the increase rate is about 11.9 % and 
7.24 % for maximum and minimum increase compared to the stationary central and minimum film 
thickness. For the frequency excitation of 𝛺𝑒 = 2π, the increase rates of the central and minimum 
film thickness are slightly increase compared to the effect of dimensionless excitation frequency, 𝛺𝑒 
= π, as seen in Figure 5(b). For the excitation of 𝛺𝑒 = 2π, the central film thickness increases about 
8.68 % when the load was maximal and decreases about 8.15 % when the load was minimal. In 
addition to this observation with respect to the sinusoidally varying loads, other interesting effect 
shows up when comparing the film thickness and pressure profile at each time step. Since the applied 
load fluctuated sinusoidally, the changes in film thickness as well as pressure profile became periodic. 
This means that, the solution results in the similar pressure and film thickness profile after a certain 
period of time. In this case, the periodicity starts after the changes in the film thickness have spread 
through the contact, i.e., the periodicity starts after 𝑇≥ 2 (t = 7.667 ms). This is in line with the results 
shown in the literature by Wijnant [17]. 
 

  
(a) (b) 

Fig. 5. Central and minimum film thickness profile for different frequency excitation of (a) 𝛺𝑒 = π and (b) 

𝛺𝑒 = 2π with the same amplitude excitation of 𝐴̅ = 0.1 

 
The modulations on the film thickness and pressure are more pronounced for the higher 

frequency excitations. This, for example, can be clearly observed in Figure 5. In this simulation result, 
the dimensionless excitation frequency was 𝛺𝑒 = 2π with the same 𝐴̅ = 0.1. However, the increase 
rates of the central and minimum film thickness are slightly increase compared to the effect of 
dimensionless excitation frequency, 𝛺𝑒 = π, as seen in Figure 5. For the excitation of 𝛺𝑒 = 2π, the 
central film thickness increases about 8.68 % when the load was maximal and decreases about 8.15 
% when the load was minimal. In addition to this observation with respect to the sinusoidally varying 
loads, another interesting effect shows up when comparing the film thickness and pressure profile at 
each time step. Since the applied load fluctuates sinusoidally, the changes in film thickness as well as 
pressure profile become periodic. This means that the solution results in the similar pressure and film 
thickness profile after a certain period of time. In this case, the periodicity starts after the changes in 
the film thickness have spread through the contact, i.e., the periodicity starts after 𝑇≥ 2 (t = 7.667 
ms). For example, as seen in Figure 5, the film thickness and pressure profile at T = 2 (t = 7.667 ms), 
see Figure 5(f) are similar to those of at T = 3 (t = 11.380 ms) and T = 4 (t = 15.333 ms), as seen in 
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Figure 5(g) and Figure 5(j), respectively and so do the film thickness and pressure profile at T = 2.5 (t 
= 8.505 ms) as seen in Figure 5(g) are similar to those of at T = 3.5 (t = 12.338 ms) in Figure 5(i). This 
theory is in line with the results obtained by Wijnant [17]. 

Subsequently, to show the effect of the dimensionless oscillation amplitude on the film thickness 
and pressure profile more clearly, simulations were performed for different dimensionless oscillation 
amplitude of 𝐴̅ = 0.2 and 0.5 with the same frequency excitation of 𝛺𝑒 = 2π and compared with the 
previous one. Figure 6 shows the variations in the centerline film thickness and pressure profile at 
momentarily time of t = 0.838 ms, 3.713 ms and 7.667 ms for 𝐴̅ = 0.1, 0.2 and 0.5, respectively. The 
central and minimum film thickness during the sinusoidal dynamic load passing the contact can be 
seen in Figure 7. As seen in this figure, lower dimensionless amplitude excitation implies relatively 
small rate of variation of both central and minimum film thickness. At higher dimensionless 

amplitude excitation, especially at 𝐴̅ = 0.5, pronounced deviations of film thickness from the lower 
amplitude can be observed, which leads to increase about 25% and 20% larger, than the lower 
amplitude excitation values for the central and minimum film thickness, respectively. 
 

   
(a) (b) (c) 

Fig. 6. Pressure and film thickness profile for 𝐴̅ = 0.1, 0.2 and 0.5 with Ω_e = 2π at (a) t = 0.838 ms, (b) t 
= 3.713 ms and (c) t = 7.667 ms 

 

  
(a) (b) 

Fig. 7. Central (a) and minimum (b) film thickness for different dimensionless amplitude excitation for 𝛺𝑒 = 
2π 

 
Furthermore, similar to the results from the low oscillation amplitude, 𝐴̅ = 0.1 for frequency 

excitation of 2π as shown in Figure 5(b), the rate modulation of changes in the film thickness and 
pressure profile periodically occurs every one-time unit which starts after T≥ 2. However, for this 
particular case, the modulations on pressure and film thickness clearly show up. It should be noted 
that the increase in pressure as the load increased at the maximum value, i.e., at T = 0.25 (t = 0.838 
ms), is very small compared to the situations in which the oscillation amplitudes are higher. For 𝐴̅ = 
0.1, the increased load induces the maximum pressure increased from 0.546 GPa at t = 0 (static load 
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condition) to 0.561 GPa at t = 0.838 ms (dynamic load condition when the load reaches maximal) 
whereas for 𝐴̅ = 0.5, the maximum pressure increase caused by the load variation was from 0.546 
GPa at t = 0 to 0.618 GPa at t = 0.838 ms, as shown in Figure 6. 
 
3.3 Indented Surface under Sinusoidal Dynamic Load 
 

Finally, the combined effects of sinusoidally changes in load applying to the contact and 
indentation on one contacting surface passing through the contact are now considered. Indentation 
with diameter of 0.1 mm and 0.5 µm of depth is placed on the surface, and a sinusoidal dynamic load 
is applied to the contact under pure rolling condition. The indentation is first located far away from 
the high-pressure region, i.e., 𝑋𝑑 = -2.5 and initial static load subjected to the contact. Then, a 
sinusoidal change of load with an oscillation amplitude of 0.1 and frequency excitation of 2π is 
applied. 

Figure 8 displays 12 snapshots of dimensionless pressure and film thickness for indentation with 
a depth of 0.5 μm. The plots captured the situation when the indentation is placed momentarily at 
outside and inside the contact area from 𝑋𝑑 = -2.5 to 𝑋𝑑 = 1.25. It can be seen that, when the 
indentation is still outside the contact area, i.e., 𝑋𝑑 = -1.5, there is only sinusoidal dynamic load effect 
exists on the EHL behavior, and hence the results must coincide with the smooth contact situation 
under sinusoidal dynamic load. Then, in few next time step units, the indentation starts affecting the 
film thickness formation as well as the pressure profile in the contact area along with the sinusoidal 
dynamic load. Again, since the indentation travels through the contact at the same speed with the 
average surface velocity, the indentation induces changes in film thickness and pressure profile are 
localized at the vicinity of the indentation. However, it is interesting to be observed that the 
periodicity effect of sinusoidal dynamic load is no longer existent due to the effect of the indentation, 
which means that the pressure profile and film thickness formation are not similar after a certain 
period of time. 

The influence of the indentation depth on the film thickness and pressure profile under pure 
rolling condition of EHL point contact subjected to the sinusoidally varying load is shown in Figure 9, 
which shows the central and minimum film thickness during the indentation passing through the 
contact for different depth of indentation. It can be observed that the central film thickness increases 
about fifty percent for the indentation depth of 0.5 μm at the center of the indentation, compared 
to the contact without indentation. For the indentation depth of 0.1 μm and 0.2 μm, the film 
thickness increases about 17 and 28 percent, respectively. It can also be found from Figure 9(a) that 
indentation causes a slight increase of the film thickness at the leading edge of the indentation. Noted 
that the trailing edge is the last portion of the indentation to enter the contact area and the first 
portion to enter the contact is referred to as the leading edge [42]. Take the indentation with 0.5 μm 
depth for example, the film thickness increases at the leading edge is only about seven percent. This 
is because the contact was simulated under pure rolling condition (SRR = 0) so that both two 
contacting surfaces run with the same velocity. Profound literature study mentioned that the 
presence of the sliding motion causes the elongation of film thickness enhancement is not only at 
the indentation, but also spreads downstream or upstream in sliding direction within the contact 
[16]. However, indentation also induces a significant decrease at the trailing edge. From Figure 9(a), 
it can be seen that the central film thickness decreases from 369.4 nm to 358.2 nm, 334.2 nm and 
299.1 nm due to indentation with the depth of 0.1 μm, 0.2 μm and 0.5 μm, respectively. Nevertheless, 
since the ball surface was indented at the center of the contact, it does not give any effect on the 
minimum film thickness, as found from Figure 9(b). As it is known that for the case of EHL point 
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contacts, the minimum film thickness occurs not at the centerline of the contact, but at each of the 
two sidelobes. 
 

   
(a) Xd = -2.5 (b) Xd = -1.5 (c) Xd = -1.0 

   
(d) Xd = -0.75 (e) Xd = -0.5 (f) Xd = -0.25 

   
(g) Xd = 0.0 (h) Xd = 0.25 (i) Xd = 0.5 

   
(j) Xd = 0.75 (k) Xd = 1.0 (l) Xd = 1.25 

Fig. 8. Transient pressure (left labels) and film thickness (right labels) for indentation with diameter of 0.1 
mm and depth of 0.5 µm subjected to dynamic load under pure rolling condition 

 
Subsequently, to compare the effect of the indentation moving into the contact area, Figure 10 

shows the plots of film thickness profile for the two conditions of indented contacting surface under 
static and dynamic load. In this simulation, the upper contacting surface was indented with diameter 
of 0.1 mm and 0.1 μm depth whereas the parameters of dynamic load were 𝛺𝑒 = 2π and 𝐴̅ = 0.1. The 
location of the indentation is momentarily at the center of the contact, i.e., 𝑋𝑑 = 0. From Figure 10, 
it can be observed that the indentation increases the film thickness at the vicinity of the indentation. 
However, the edge of the indentation caused a small decrease in film thickness distribution. 
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(a) (b) 

Fig. 9. Central (a) and minimum (b) film thickness for different depth of indentation 

 

 
Fig. 10. Film thickness profile for indented 
surface under static and dynamic load 
situation. Indentation is momentarily at 𝑋𝑑 = 0 

 
4. Conclusions 
 

The numerical analysis for predicting whether an artificial indentation was able to increase 
lubricant film thickness of a single EHL point contact under dynamic load has been developed in this 
paper. The following conclusions drawn from the above numerical studies can be summarized as 
follows 

i. The sinusoidal dynamic load caused a harmonic modulation change of the film thickness 
formation as well as the pressure profile of the contact area, which depended on the 
frequency and amplitude of the excitation. The frequency excitation impacted the number of 
modulations of the lubricant film thickness and pressure profile. Additionally, the amplitude 
directly affected the value of the film thickness increases or decreases in the contact. These 
results were in a good agreement with Cann et al., [16]. 

ii. Indentation induced a significant change of film thickness formation on the location of the 
indentation, which is dependent on its depth. A deeper indentation caused a higher increase 
of the film thickness at the center of the indentation. However, since the studies conducted 
under pure rolling condition (SRR = 0), the increase of the film thickness as well as the drop 
of the pressure profile occured only at the indentation area. This was similar to the 
experimental and numerical results for the indentation effects on the film thickness under 
static loads conducted by previous studies [43,44]. 
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iii. Since the single indentation located at the centerline of the contact and the diameter of the 
indentation studied in this work is much smaller than the contact radius, the increase of film 
thickness due to indentation occured only at the central film formation. However, this single 
indentation did not really affect the minimum film thickness because it is well known that for 
the case of EHL point contact, the minimum film thickness occurs at each of the two sidelobes, 
instead of at the centerline as in the EHL line contact problem. In order to increase the 
minimum film thickness, it is worth to place the indentation away from the centerline to the 
sides. 
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