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Abstract

Surface topography plays a critical role in determining the tribological performance of engi-
neering surfaces. This study systematically investigates the lubrication film characteristics of
bump array surfaces (isotropic and anisotropic), groove surfaces, and herringbone surfaces
through point-contact elastohydrodynamic lubrication (EHL) analyses. Numerical simula-
tions were conducted to evaluate the influences of surface topographical parameters on the
lubrication performance, which is quantified by average film thickness and contact load
ratio. The results indicate that transverse textures lead to thicker average film as compared
with longitudinal textures. This is mainly because the transverse textures can generate more
effective hydrodynamic pressures from the oil film behind the ridges due to micro-EHL. By
analyzing the topographical parameters and their impacts on the average film thickness and
contact load ratio, this study provides practical guidance for designing surface topographies
that optimize average film thickness, applicable to a wide range of tribological systems.

Keywords: surface texture; lubrication film; contact load ratio; EHL; mixed lubrication

1. Introduction

In actual machining processes of components such as bearings, perfectly smooth
surfaces are rarely achievable. Instead, surface topographies with certain roughness levels
are commonly observed. According to relevant literature [1-3], the surface roughness (Ra)
of machined parts typically ranges from 0.01 um to 2 um, depending on the processing
method and material. Surface topography plays a crucial role in the lubrication by influenc-
ing lubricant retention and load distribution. Understanding and controlling the surface
topography through surface roughness or surface texture is essential for designing and
optimizing tribological systems for reliable and efficient operation [4]. These improve-
ments can lead to extended equipment lifespan, reduced energy consumption, and lower
maintenance costs in various applications [5,6], including automotive engines, industrial
machinery, and aerospace components. Scientists and engineers continue to explore the
benefits of surface texturing research focuses on understanding the mechanisms by which
surface textures enhance lubrication, such as facilitating the retention of lubricant within
surface features to withstand high shear forces and provide adequate film thickness to
prevent metal-to-metal contact.
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Significant amounts of studies on the influences of isotropic structures on their lubri-
cation behaviors were reported by using elastohydrodynamic lubrication (EHL) simulation
and experiments. Early studies systematically explored the behavior patterns of asperities
in EHL. Kaneta and Cameron [7] discovered the modulation effect of surface asperities on
the oil film pressure. Choo et al. [8] revealed the correlation between surface topography
and film thickness through three-dimensional roughness measurements. Zheng et al. [9]
fabricated regularly arranged circular dimples, which significantly improved the friction
and wear behavior of graphite under water lubrication. Wang et al. [10] prepared triangu-
lar and hexagonal textures that enhanced the wettability and lubrication performance of
silicon nitride ceramics. Chen et al. [11] employed a two-step laser process to construct
micro/nano hierarchical textures on PS-SiC ceramics, substantially improving their lubrica-
tion and anti-wear capabilities. Jiang et al. [12] reported that surface textures could induce
synergistic deformation at soft contact interfaces and enhance fluid film support, thus
reducing frictional resistance. Wu et al. [13] found that appropriate surface texturing can
significantly enhance oil film load-carrying capacity and reduce the friction coefficient. The
mixed lubrication experiments conducted by Guangteng et al. [14] provided crucial insights
for the optimal design of surfaces. These studies indicate that under rolling and sliding
conditions, the film thickness and surface deformation levels vary for the same type of
surface, with sliding conditions significantly influencing surface topography deformation.

Researchers have also conducted studies on anisotropic periodic surfaces, such as longi-
tudinally or transversely grooved surfaces. The averaging flow model established by Patir
and Cheng [15] laid a theoretical foundation for the analysis of grooved surfaces. Venner
and Lubrecht [16] has revealed the differences in the evolution of lubricant films for trans-
verse textures through numerical simulations. Wedeven and Cusano [17] experimentally
observed that both transversely and longitudinally anisotropic textures produce film thickness
values smaller than those of smooth surfaces. However, transversely anisotropic textures
cause less reduction in film thickness compared to longitudinally anisotropic textures. Choo
et al. [18,19] experimentally discovered that under mixed lubrication conditions, longitudi-
nally anisotropic textures exhibit more stable and predictable film thickness compared to
transversely anisotropic textures. Pei [20] revealed the relationship between sinusoidal groove
density and oil film thickness. Wang et al. [21,22] investigated the influence of anisotropy ori-
entation angles relative to the rolling direction on lubrication parameters under both full-film
and mixed lubrication regimes. The results demonstrated that among the generated surfaces,
transversely anisotropic textures exhibited greater average film thickness than longitudinally
anisotropic surfaces. Peng et al. [23], through molecular dynamics simulations, revealed that
the geometric characteristics of surface grooves significantly influence the orientation of lubri-
cant molecules and the formation of crystalline bridges, serving as key factors in nanoscale
lubrication performance. Studies indicate that under point-contact mixed lubrication condi-
tions, longitudinally anisotropic textures exhibit stability and predictability, while transversely
anisotropic textures cause less reduction in film thickness. However, as speed increases and
the system transitions to full-film lubrication, the influence of surface topography orientation
on film thickness diminishes significantly.

With the advancements in surface processing and fabrication technologies, researchers
such as Boidi et al. [24] have compared the frictional responses of dimples and radial curved
grooves in EHL, and the directional friction control texture proposed by Lu et al. [25] has
provided new ideas for complex motion conditions. By selecting appropriate geometric
dimensions and optimizing convergence shapes, these surfaces can significantly reduce
surface friction coefficients, increase lubricant film thickness during operation, and extend
wear life. However, their research mainly focuses on the friction behavior of specific surface
textures, without considering the influence of different parameters of surface textures on
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EHL. In fact, different surface processing methods result in diverse surface morphologies.
Conducting research on only one type of surface makes it difficult to gain a comprehensive
understanding of the overall situation.

Although lubrication analyses have been carried out for various surface topographies,
studies that comprehensively evaluate lubrication performance from both oil film thickness
and asperity load ratio perspectives in the mixed lubrication regime with different types of
surface textures are still limited. This paper aims to systematically investigate the influence of
surface topography and anisotropy on lubrication performance by comparing three categories
of typical surface structures, i.e., bump array surfaces, grooved surfaces, and herringbone
surfaces. Such in-depth understanding is expected to provide valuable insights for the surface
design of industrial applications, such as bearings and gears, to improve lubrication film.

2. Methods
2.1. Surface Generation

Surfaces with herringbone: The herringbone structure, as shown in Figure 1a, can be
numerically generated by the following equation [26]:

Z(x,y) = Acoslkg * x + kja; cos(k;j * y)] 1)

Figure 1. Schematic representations of surface structures and their control parameters. (a) herringbone
surface, (b) groove surface, (c) bump array surface (isotropic).
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Here, Z is the surface height, and x and y are coordinates in the horizontal along two
axis, respectively. A is the amplitude of the function, k¢ and k; are wave numbers in the two
orthogonal axes directions, respectively. 4; is the horizontal amplitude of the herringbone
folds. The surfaces are designed to have a flat base, which is numerically set by enforcing
Z = 0when Z < 0in Equation (1).

Groove surfaces: The groove surfaces are usually defined by extrusion of a cosine
function as a cross section along the x or y direction. The cosine function can be accom-
plished from the herringbone structures by introducing k; = 0 in Equation (1). As shown
in Figure 1b, the topography of such groove surfaces is determined by two independent
parameters, i.e.,, wave number k, and amplitudes A of the cosine function given below:

Z(x) = Acos(kg * x) ()

The transverse groove surface shown in Figure 1b is generated according to Equa-
tion (2). The surfaces are designed to have ridges on a flat base, which is numerically set by
enforcing Z = 0 when Z < 0 in Equation (2).

Surfaces with spherical bumps: The third type of surface in this manuscript is the
surface with bump array. The bumps radii are the same, and their centers aligned in an
array with fixed spacing in x and y directions. The control parameters are bump heights A,
bump radius at the root 7, and distances d, and dy, between the centers of adjacent bumps
in the two directions, as shown in Figure 1c.

2.2. EHL Solver

Our three-dimensional (3D) deterministic model for point-contact mixed-EHL prob-
lems [27] was used to investigate the lubrication performances of aforementioned surfaces.
The point-contact EHL model includes a spherical ball with surface 1, a deformable body
with surface 2, and lubrication oil at the interface as shown in Figure 2a on the left side. The
EHL solution domain is given on the right side of Figure 2a, the yellow square indicates
the size of the EHL solution domain, and the green circle illustrates the Hertzian contact
circle. The origin is set to be the center of contact. X,, X, are the distances from the left and
right boundaries of the computational domain to the origin, respectively. Y, is the distance
from the top and bottom boundaries of the computational domain to the origin, which is
chosen to be the same. The solution domainissetas —19 < X <1.land -15<Y < 1.5
this size of the solution domain has been widely used to solve EHL problems [28,29]. Here,
X and Y indicate the dimensionless coordinates in x and y directions which are normalized
by Hertzian contact radius 7,. The rough surfaces are directly digitized in the deterministic
model, in which two arbitrary rough surfaces can run through the EHL conjunction at any
rolling and relative sliding velocities. Here, to make it simple, a smooth surface 1 and a
textured surface 2 are utilized, as demonstrated in Figure 2b, and both surfaces move at the
same velocity, maintaining a state of pure rolling motion. The rolling direction is set to be
consistent with the x-coordinate for the whole research. It is important to note that the av-
erage film thickness, h,, is selected to characterize the overall performance of the lubricant
film. It is noted that all the average film thicknesses reported in this study are calculated as
the mean lubricant film thickness within a circular contact region centered at the origin of
the computational domain, with a radius equal to the Hertzian contact half-width. Such
measurement is the representative of the overall performance of the lubricant film rather
than those of the local features or two extreme cases, i.e., the minimum film thickness, hmpin,
which represents the minimum distance from the rough peak to the oil film surface, and
the maximum oil film thickness, imax, which represents the maximum distance from the
rough valley to the film surface. This selection is based on a comprehensive consideration
of multiple film thickness parameters. Although the solver can obtain film thickness values



Lubricants 2025, 13, 409

50f24
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at any point (such as the central film thickness /. or the minimum film thickness /i), the
average film thickness provides a more stable characterization of the overall lubrication
behavior. The central film thickness &, is susceptible to significant influence from local
geometric features of the texture, introducing random biases. The minimum film thickness
hmin often becomes ineffective due to asperity contact under mixed lubrication conditions,
losing its comparative significance. In contrast, the average film thickness, as a regional
integral quantity, reflects the overall distribution characteristics of the lubricant film.

y (b) Film Surface Surface 1

EHL Solution Domain

max

Surface 2

Figure 2. Schema of EHL model description. (a) Schematic diagram of point contact EHL solution
domain, (b) diagram of surface film thickness. In (a), the yellow square denotes the EHL solution
domain, while the green circle represents the Hertzian contact circle, where X,, X, are the distance
from the boundaries of the computational domain to the Y-axis (X, = 1.9, X, = 1.1). Y, is the distance
from the top or bottom boundary of the computational domain to the X-axis (Y, = 1.5). In (b), h,,;,,
and hy,x indicate the local minimum and maximum film thicknesses, and /, represents the average
film thickness.

It was assumed that the viscosity of the lubrication oil is pressure-dependent, and
commonly used viscosity equations were provided by Barus” Law. The density of the
lubrication oil was also a function of pressure as defined by Dowson-Higginson. The
lubrication fluid is governed by the Reynolds equation. For the numerical solution of the
Reynolds equation, a multigrid method was employed. The equation was discretized using
central and forward differential methods, and then solved interactively. The film thickness
was composed of initial film thickness, the macro-contact geometry from the ball, the elastic
deformation of the surfaces, and micro-roughness of surfaces 1 and 2. The surface elastic
deformation under the action of normal pressure was calculated by using Boussinesq
integration. The elastic deformation of rough surfaces was numerically analyzed by the
discrete-convolution and FFT (DC-FFT) algorithm presented by Liu et al. [30]. The total
load was balanced by two components, i.e., the fluid dynamic pressure supported by the
lubrication oil film and contact pressure between the rough solid surfaces. The analysis
was directed at the steady-state scenario solved by iteration. The reported average film
thickness are spatial periodic averages, which under periodic steady-state conditions are
equivalent to temporal averages in the laboratory coordinate system. The computational
grid within the domain consisted of 256 x 256 uniformly spaced nodes, corresponding to a
grid size of AX = AY = 0.0117. Under the basic operating conditions as listed in Table 1,
the Hertzian contact radius for smooth surfaces was 206 pm. Therefore, for bumps surfaces,
the contact area can cover approximately several to several hundred bumps depending on
their design parameters. For grooved surfaces, the contact area can cover 4 to 16 grooves,
and the number depends on the spacing between the textures.
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Table 1. Basic working conditions and analytical results for the EHL simulations.
Parameter Value
Velocity u/(m/s) 0.1
Radius of the ball ry,;; /(mm) 12.9
Load W/(N) 100
Young’s modulus of the ball E; /(GPa) 200
Young’s modulus of the flat material E,/(GPa) 200
Poisson’s ratio of the ball v, 0.3
Poisson’s ratio of the flat material v, 0.3
Lubrication oil viscosity #/(Pa-s) 0.096
Pressure viscosity coefficient a/ (Pa—1) 182 x 107°
Lubricant density p/(g/ cm3) 0.8
Hertzian contact radius 7, /(um) 206
Hertzian contact pressure py/(Mpa) 1120
Hamrock-Dowson analytical central film thickness k. /(nm) 101.83
Hamrock-Dowson analytical minimum film thickness /i / (nm) 58.91

Film thickness is commonly regarded as a key indicator of lubrication performance.
However, in the field of mixed lubrication, the load is jointly supported by the lubricant
film and the asperity contacts. Therefore, the film thickness is not solely attributed to
hydrodynamic pressure but may also result from the solid contacts provided by surface
asperities. To more comprehensively assess the performance in mixed lubrication region,
contact load ratio (denoted as B.) is also reported as an evaluation metric. This ratio
quantifies the proportion of the total load carried by asperity contacts and is calculated

as follows: b0

po = I Do) ®
where W represents the applied load under operational conditions, and P, refers to the
solid-to-solid contact pressure in regions where the film thickness is zero, i.e., the contact
pressure within the contact area. () represents the entire computational domain for the
EHL analysis.

3. Results

Three types of surface patterns were carefully designed and numerically generated
as described in the Methods Section to study the influences of texture type, orientation,
and their key geometric parameters on the lubrication. The designed surface patterns
began with the isotropic and anisotropic bump array surfaces, then transitioned to groove
patterns by reducing the center distance along either one axis, and finally evolved into
herringbone-structured surfaces by introducing another wave number k;. The EHL study
focused on the motion state of a ball and its counterpart in pure rolling, where both surfaces
moved at the same speed. The working condition parameters used are listed in Table 1
except for the analysis in Section 4.2 where different velocities were involved. Under the
listed working condition in Table 1, each surface simulation case satisfies the load balance
condition. According to Hamrock-Dowson equations, the central film thickness at the
contact center of the smooth surface is 101.83 nm, and the minimum film thickness is
58.91 nm.

3.1. EHL Results of Smooth Surfaces

Prior to the analyses of textured surfaces, the lubricating state of the smooth surface
under basic working conditions is given for reference. As shown in Figure 3, because
the smooth surface contains no asperities and the hydrodynamic film generated by the
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Pressure

entrainment effect is sufficient to fully sustain the load under the basic working conditions,
a full-film EHL state is observed within the studied conditions. Here, the average film
thickness h, = 85.97 nm. The asperity load ratio 8. = 0%, indicating that the entire load is
supported by the lubricant film, and no solid contact occurs between the surfaces.

1.0 0.001 Dimensionless Film Thickness 0.0346

J 0018
J 0016
J o014
= Joon2
£ Jo010 3
- J 0.008 é
i J 0.006
J 0.004
J 0.002
o ) ) ) ' 0.000

-19 -14 -09 -04 0.1 0.6 1.1
X=x/a(Rolling Drection)

Figure 3. The film thickness and fluid pressure of the smooth surface.

3.2. EHL Results of the Bump Array Surfaces

(1) Isotropic bump array surfaces

As depicted in Figure 4, the structural parameters of that define the isotropic bump
array surface are d (specifically d = d, = d,, for isotropic bump array), A, and r, respectively.
Their effects on lubrication performances were studied by varying one and fixing the rest.

As shown in Figure 4a, when the spacing between bumps increases, film thickness h,
are about 75 to 115 nm, while the contact load ratio 3. changes from 0% to 20%. The values
seem irregular, but the trends of two curves are largely opposite. This is consistent with
the common understanding of film thickness and asperity load ratio relationship, which
stated that the greater the film thickness, the lower the probability of asperity contact. The
irregularity in the film thickness variation may be due to partial bumps which may exist at
the boundary of the Hertzian contact radius, which is the core region for calculating the
oil film thickness. As shown in Figure 4b, increasing bump height A leads to a gradual
rise in both h; and B.. When height A is 0.1 um, B, is 0%, and the lubrication mode of
the surface at this time is full-film lubrication. As the height of the bumps increases by a
few hundred microns, which are way too large as compared with the film thickness, the
bump peaks break the lubricating oil film. B. gradually increases, indicating worse oil
supporting. However, the tall bump brings in significant oil storage capacity, which led
to an enlarged averaged film thickness with a high contact load ratio. The same trend of
hg and B, is a sign of poor hydrodynamic lift. Although average film thickness increases,
solid-to-solid contacts increases, which may be detrimental to the mechanical parts. The
results from different root radii of the bumps are shown in Figure 4c, as the root radius
r increases from 6 um to 19 um, the surface topography deviates from smooth surfaces,
leading to increases in both film thickness h, and the contact load ratio 8.. However, when
r reaches 25 um, the larger bumps fill the gaps, causing the surface topography to gradually
approach smoothness, thereby reducing the load-bearing ratio. The two curves exhibit
similar trends, indicating that hydrodynamic lift is not the dominant factor.
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Figure 4. Influence of three geometric parameters, (a) spacing d (d = dy = dy), (b) height A, (c) root

radius r, of isotropic bump array surfaces on their lubrication performance.
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(2) Anisotropic bump array surfaces

The center distances of two adjacent bumps in the x and y directions, dy and dy, may
be set to distinct values to create anisotropic bump array surfaces, whose orientation with
respect to the rolling direction will influence the lubrication performances. Since the rolling
direction is fixed as along x-axis in this study, we numerically generated two surface groups
for comparative analysis by systematically varying either one of the texture spacing d, or
dy while maintaining constant texture radius r and height A, as specified in Table 2.

Table 2. Design parameters for two groups of anisotropic bump array surfaces.

Parameters Transverse Configuration Longitudinal Configuration
r 12 um 12 um
A 0.5 um 0.5 um
dy Fixed, selected from 51 um, 62 um, and 77 pm Variable, ranged from 12 pm to 77 pm
dy Variable, ranged from12 pm to 77 pm Fixed, selected from 51 um, 62 um, and 77 um
Transverse anisotropy Longitudinal anisotropy
Example

For the longitudinal configuration, three sets of surfaces were studied with d,, fixed to
be 51 um, 62 pm, and 77 um, respectively, while dy varies from 12 um to 77 um. The bump
root diameter, 7, is set to 21 um, the bump height, A, is chosen as 0.5 um. The average
film thickness and contact load ratio of anisotropic bump array surfaces in longitudinal
configuration are plotted in Figure 5. The average film thickness, h,;, doesn’t change much
with respect to dy, while the contact load ratio . apparently increases as dy reduces,
indicating that the oil film load-bearing capacity of the longitudinal configuration of
bump array surface is relatively poor as compared with those of transverse configuration.
When the bump spacing is large ( dy > 37 um), fluctuations in film thickness occur due to
smaller number of bumps under contact. In addition, when the spacing in the y-direction
is smaller (triangle symbol vs. square symbol), the film thickness shows no significant
change, but the contact load ratio increases significantly. Such performance indicates that
under longitudinal configuration of the bump array, dense textures studied structures are
unfavorable for lubrication application as the load bearing from the fluid is getting worse
although the averaged film thickness remains unchanged.

For the transverse configuration, three sets of surfaces were studied with d, fixed
to be 51 pm, 62 pm, and 77 um, respectively, while dy varies from 12 um to 77 um. The
bump root diameter, 7, is set to 21 um, and the bump height, A, is chosen as 0.5 pm.
The average film thickness and contact load ratio of anisotropic bump array surfaces
in transverse configuration are plotted in Figure 6. The average film thickness shows
significant decreases when dy increases. The contact load ratio shows a minor drop when
dy increases. When d, is large, the bumps are sparsely distributed and more close to
isotropic bump array surfaces. As dy, approaches to 12 um, the number of bumps in the
y-direction increases, thereby enhancing hydrodynamic effect. In addition, the average
film thickness of surfaces with d, = 77 um is close to those with d, =51 um, and both are
overall greater than the average film thickness of surfaces when d, = 62 pm. Therefore, the
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variation in the number of transverse textures and the lubricating film thickness exhibits a
nonlinear relationship.
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Figure 5. The average film thickness and contact load ratio of anisotropic bump array surfaces in

longitudinal configuration.
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Figure 6. The average film thickness and contact load ratio of anisotropic bump array surfaces in

transverse configuration.

As observed from the right ends of the curves in Figures 5 and 6, it can be seen that
although the average film thickness of bump array surfaces with more isotropic bumps is not

large, the contact load ratio . is much smaller as compared with that of anisotropic bumps

surfaces (on the left end of curves in Figures 5 and 6). This indicates that more isotropic

bump array surfaces can form a high-load-bearing hydrodynamic oil film. Compared with

in transverse rough surfaces group, a significant increase in /1, does not reduce the B, value,

which suggests that the oil film load-bearing capacity of anisotropic transverse grooved

surfaces is inferior to that of isotropic bump array surfaces. For the longitudinal rough surfaces

group, when transitioning from isotropic bump array surfaces to anisotropic longitudinally

surfaces, h; shows no significant change, but . increases significantly, which might because

the oil leakage along the rolling direction reduces the oil film’s load-bearing capacity.
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In summary, the lubrication performance of isotropic bump array surfaces is superior
to that of anisotropic surfaces. When anisotropy is present, transverse grooved surfaces
perform significantly better than longitudinal surfaces.

3.3. EHL Results of the Groove Surfaces

The longitudinal or transverse groove surfaces are firstly studied using a cosine wave,
with the number and height of the ridges adjusted by changing the wave number, k¢, and
the amplitude, A, of the cosine function. Specifically, the larger the value of kg, the denser
the grooves within the simulation domain.

The influences of wave number, k¢, on the average film thickness and contact load ratio
for longitudinal groove surfaces (blue dots) and transverse groove surfaces (black squares)
are plotted in Figure 7a. For longitudinal groove surfaces, the averaged film thickness barely
changes, which is consistent with the experimental observations with longitudinal rough
surfaces by Guegan et al. [1]. However, the contact load ratio shows significant differences,
which changed from 0% to 80%. As the wave number, kg, increases from 4 to 9, the grooves
get thinner, and a larger deformation results in a significant rise in the contact load ratio
of the longitudinal rough surfaces. For transverse groove surfaces, the trends of average
film thickness and contact load ratio are opposite, which aligns with the understanding of
relationship between film thickness and asperity load, indicating that the formation of the
oil film on transverse grooves is primarily driven by hydrodynamic effects.

) 250 100% b)300 — - 100%
@ —e— /1, (Longitudinal Groove) - @ - £ (Longitudinal Groove) (b) —8— /1, (Longitudinal Groove)
—m— /i, (Transverse Groove) - m - f_(Transverse Groove) —®— J1, (Transverse Groove)
A4=0.5m 250 | — @ - f. (Longitudinal Groove)
200 - ) 180% - B - f_ (Transverse Groove) 130%
L} c
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e k=5
. /r 200 F ’
150 -7 4 60% 4 60%
g g £
g N < & 150} <
N L @o— o =
< ® =
w00 e—*° . T Jaov 4 40%
L P m 100 | e
Tm- s PR T -mg----= .__..a-—.——“‘
=~ - /
50 - A 4 20% . ) , 4 20%
. 50 F J ’
o n s
- e - /, s
0 a Z 1 1 1 1 L 0% 0 Ao 4 a. -9 1 1 1 0%
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Figure 7. Influence of cosine groove surfaces structural parameters, (a) wave number kg , (b) ampli-
tude A, on lubrication performance.

The influences of amplitude, A, on the average film thickness and contact load ratio
for longitudinal groove surfaces (blue dots) and transverse groove surfaces (black squares)
are plotted in Figure 7b. As the amplitude of the surface grooves increases, the variation
trends of h, and B, are consistent for both transverse and longitudinal groove surfaces.
Specifically, for the longitudinal groove surface, h, and . first increase slowly and then
increase rapidly, while for the transverse groove surface, h; and B first increase rapidly and
then increase slowly. The film thickness increase is due to the increased oil storage capacity
with larger amplitude for the longitudinal grooves, while transverse groove surfaces is a
combination of micro-EHL effect and oil storage capacity.

Nonetheless, as the wave number of the cosine function increases, the ridge spacing
and ridge width change simultaneously, making the influences of those two structural
parameters on lubrication difficult to investigate. As observed from the anisotropic bump
array, groove surfaces can be created by superimposing bumps along the x or y axis. This
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method allows for independent control of surface geometric parameters, such as ridge
height A, ridge spacing d, and ridge half width r, and their influences on the EHL results
of such groove surfaces along longitudinal and transverse configurations are shown in
Figures 8 and 9, respectively.

The inferences of various ridge spacing d on the average film thickness and contact
load ratio of longitudinal groove surfaces (¥ = 12 ym and A = 0.5 pm) is shown in Figure 8a.
As the ridge spacing d increases from 39 um to 103 pm, the number of grooves decreases
gradually, the film thickness h; first increases and then decreases, while contact load ratio
B remains stable when 4 is small and then decreases gradually. When the groove spacing
d increases from 39 pum to 62 pm, where the ridge contact provides significant load support,
and the space available for lubricant storage gradually enlarges. When d exceeds 62 um,
the gradual reduction in film thickness is mainly due to the decreased number of ridges on
the surface, which reduces the contact area ratio and contact load ratio.

As shown in Figure 8b, with ridge spacing d fixed at 77 um and ridge height A fixed at
0.5 um, the ridge half width r increases from 6 pm to 31 um. Both /, and B, show an overall
decreasing trend. This is because as the ridge width increases, the ridge shape changes
from sharp ridges to gentle undulations. In the former case, the lubricant film formation
involves load sharing by asperities, whereas in the latter case, the surface tends toward
smoothness, resulting in 8. dropping to 0% when r equals and larger than 19 pm.

With the ridge half width  fixed at 12 um, the effect of ridge height A on lubrication
was studied for two ridge spacings, d = 44 uym and d =77 um. As shown in Figure 8c, as the
ridge height increases from 0.1 pm to 1 um, both i, and B, increase. When the ridge height
is 0.1 um, full-film lubrication occurs (B, = 0%). As the ridge height increases, the grooves
break the hydrodynamic film, causing . to gradually increase. When ridge height is 1 um,
the asperity load ratio B, approaches 100%. At this stage, the lubricant film merely fills
the gaps supported by the asperities and almost does not participate in load bearing. In
addition, when the ridge spacing is larger (d = 77 um), h; grows more rapidly for shallow
grooves, because a larger ridge spacing increases the surface’s oil storage capacity. The
influence is more obvious when ridge height is small.

The influences of various ridge spacing d on the average film thickness and contact
load ratio of transverse groove surfaces (r = 12 um and A = 0.5 um) is shown in Figure 9a.
The average film thickness slightly increases with the transverse ridge spacing d from
39 um to 103 pm, with little oscillations. The contact load ratio, ., exhibits an opposite
trend to average film thickness. This is an indication that the increases in film thickness
caused by changing d originates from enhancement of the hydrodynamic pressure from
the lubricant film. The irregular variation of &, with changes in transverse groove spacing
d is due to the irregular contact position with respect to the ridge center.

As shown in Figure 9b, as the ridge width increases, the film thickness h, and the
contact load ratio . first increase and then decrease. An increase in the ridge half width
r reduces the surface’s oil storage capacity. The consistency in the trends of h, and S,
indicates that the variation in film thickness caused by changing the transverse ridge half
width r originates from changes in asperity load carrying.

With ridge half width r fixed at 12 pm, the influences of ridge height on lubrication
was studied for two ridge spacings, d = 44 uym and d =77 um. As shown in Figure 9¢, as the
ridge height increases from 0.1 pm to 1 um, both i, and B, increase. When the ridge height
is 0.1 um, full-film lubrication occurs (B, = 0%). When ridge height A is large, contact
load ratio B, is relatively smaller as compared with those from the longitudinal cases (for
longitudinal groove surfaces, when A is 1 pm, . approaches 100%). This indicates that the
hydrodynamic effect of transverse grooves is superior to that of longitudinal grooves, and
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under mixed lubrication conditions, transverse groove surfaces are more likely to form an
effective lubricant film to support the loading.
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Figure 8. Influence of geometric parameters (a) spacing d, (b) half width r, (c) height A on the
lubrication performance of longitudinal groove surfaces.
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lubrication performance of transverse groove surfaces.
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The dominating film formation mechanisms of transverse and longitudinal groove
surfaces differ. For transverse groove surfaces, when ridge spacing d is varied, the trends
of film thickness h, and contact load ratio . are opposite, indicating that the micro-EHL
effect is significant. In contrast, for longitudinal groove surfaces, when groove spacing 4
is changed, the trends of /1, and . are complex, suggesting that the hydrodynamic lift is
marginal due to easier oil flow along grooves. This is especially true when the ridge height
is large, where B approaches 100% as ridge height close to 1 um.

The hydrodynamic effect generated by transverse groove surfaces is superior to that
of longitudinal groove surfaces. With surface ridge spacing d fixed at 44 pm and ridge
height fixed at 1 um, the film thickness contour plots for transverse and longitudinal
groove surfaces are shown in Figure 10. Along the rolling direction, the transverse groove
surface forms a thick hydrodynamic lubricant film next to the ridges, as shown by the oval
stripes enclosed by contour lines of dimensionless film thickness of 0.0025 (dimensional
film thickness is 515 nm) in Figure 10b. Along the vertical direction passing through the
origin of the texture, it can be observed that the film thickness in the central region of the
transverse groove surface is significantly higher than that of the longitudinal groove surface.
This observation is consistent with the oil film observed experimentally by Guangteng
et al. [14] and Kaneta et al. [31], which states there is a thick oil film region immediately
adjacent to the asperity ridge on the contact exist side. In contrast, the longitudinal groove
surface experiences lubricant leakage along the flow direction, resulting in smaller film
thickness between grooves, as shown in Figure 10a.
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Figure 10. Dimensionless film thickness contour plot and cross-sectional film thickness of the surface
with fixed groove spacing d = 44 um and groove height A = 0.5 um. (a) Longitudinal groove surface,
(b) transverse groove surface.
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(a)

3.4. EHL Results of the Herringbone Surfaces

In the numerical simulation of the herringbone surface, two parameters, namely the
long wavelength 27/k; and the short wavelength 271/kg, are controlled to generate surfaces
with distinct features. kg governs the number of ridges within the simulation domain, while
k; determines the extent of surface undulations of each ridge, with large k; corresponding
to intense surface wrinkling. Figure 11 illustrates the transverse herringbone surfaces with
different k; values (kg = 5).

(b)

Figure 11. Impact of long wavelength 271/k; on the wrinkling of herringbone surface. (a) kg =5,
ki =2;(b) kg = 5,k; = 5; (c) kg = 5,k; = 8; (d) zoomed-in view of (c).

The influences of different wave numbers of the transverse herringbone surface on
average film thickness and contact load ratio are shown in Figure 12. When k, is smaller
than 6, the lubrication results are not representative as the number of topological features
on the surface is too small. Long wave number k, of 6, 8, and 10 are chosen for this part
of study. As observed in Figure 12, changing the wave number k¢ does not significantly
alter the average film thickness, I, indicating that for transverse herringbone surfaces,
varying the number of ridges on the surface has little effect on h,. As the wave number
kj increases, the wrinkling of the herringbone surface becomes more pronounced. When
ki is small (k; < 5), the film thickness h, remains at a relatively high level (i, > 160 nm).
However, when kj is large (kj >5), h, drops dramatically. This is because, when kj is small,
the transverse herringbone surface behaves similarly to the transverse grooved surface,
forming a localized hydrodynamic film behind the grooves in the rolling direction, while
the contact load ratio . remains low. As k; approaches 5, the wrinkles of the herringbone
surface become inclined at approximately 45°, and the transverse herringbone grooves
gradually transform toward a longitudinal orientation. Consequently, the hydrodynamic
effect weakens, asperity contact intensifies, and B, gradually increases.

Similar to transverse herringbone surfaces, longitudinal herringbone surfaces exhibit
comparable characteristics, as shown in Figure 13. For longitudinal herringbone surfaces,
the wave number k, has a significant impact on the film thickness h,. The larger the
kg, the smaller the ki, and the larger the contact load ratio S.. As the wave number kj
increases from 1 to 9, the wrinkling of the longitudinal herringbone surface intensifies.
When k;j <7, h, gradually increases and . gradually decreases. This is because increasing
the wrinkle density can reduce longitudinal leakage and, to some extent, enhance the



Lubricants 2025, 13, 409 17 of 24

hydrodynamic effect induced by transverse anisotropic textures, thereby forming a more
stable hydrodynamic oil film. However, when k; > 7, h, gradually decreases and B
increases. This is because excessive wrinkling may reduce the oil storage capacity.
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Figure 12. Influences of wave numbers on the average film thickness and contact load ratio of
transverse herringbone surfaces.
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Figure 13. Influences of wave numbers on the average film thickness and contact load ratio of
longitudinal herringbone surfaces.

Figure 14 presents the contour plots of the oil pressure distribution (first column),
contour plots of oil film thickness (second column), and oil film thickness and pressure
profiles across the center line along the rolling direction (third column) of the longitudinal
herringbone surfaces (when kg =8and kj =0, 4, 8, respectively). As shown in Figure 14a,
when k; = 0, the herringbone surface degenerates into a groove surface, and a secondary
pressure peak emerges near the edge of the Hertzian contact ellipse (black line). Since the
ball is located on the top surface of the ridge in the center, the two mating surfaces at this
spot are in full contact, and the film thickness (red line) is nearly zero. As k; increases from
0 to 4, the herringbone surface’s wrinkles transition transversely, mitigating the oil film
leakage caused by longitudinal grooves. The pressure concentrated at asperity contacts
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() kj =0

() k;=8

Dimensionless Pressure

shifts to the oil film, and the film thickness contour plot exhibits periodic variations corre-
sponding to the undulations of the herringbone wrinkles. As shown in Figure 14c, when
k;j = 8, the herringbone wrinkles undergo further transverse transformation, enhancing the
hydrodynamic effect, increasing the oil film load-bearing ratio, reducing the contact load
ratio, and promoting further shift of pressure concentration from asperity peaks to the oil
film, resulting in smoother pressure contour plots.
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Figure 14. Contour plots of the oil pressure distribution (first column), oil film thickness (second
column), and oil film thickness and pressure profiles across the center line along the rolling direction
(third column) of the longitudinal herringbone surfaces (kg = 8 and k; varies). (a) k; = 0, (b) k; = 4,
(C) k] =8.

Figure 15 presents the contour plots of oil pressure distribution (first column), oil film
thickness contour plots (second column), and cross-sectional profiles of oil film thickness
and pressure along the centerline in the rolling direction (third column) for the transverse
herringbone-textured surfaces (with parameter k; = 0, 4, 8, respectively). As shown in
Figure 15a, when k; = 0, the herringbone surface exhibits transverse groove characteristics.
Due to sufficient hydrodynamic pressure, the pressure contour plot remains relatively
smooth, with noticeable asperity contact pressures only appearing near the edges of the
Hertzian contact zone. A relatively thick lubricating film forms along the centerline in
the rolling direction. In Figure 15b, when k]- = 4, wrinkles develop on the transverse
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(a) k] =0

(b) k; = 4

(C) k] =8

0.0 Dimensionless Pressure

herringbone surface. Compared to the transverse groove surface, these wrinkles slightly
weaken the hydrodynamic pressure effect. The oil film thickness significantly decreases
compared to the k; = 0 case, while the pressure contour plot remains relatively smooth,
still maintaining a strong hydrodynamic effect. As shown in Figure 15¢, when k]- = 8§, the
wrinkles on the transverse herringbone surface shift toward the longitudinal direction,
substantially disrupting the hydrodynamic pressure. Leakage occurs along the rolling
direction, leading to pressure concentration phenomena in the contour plot and a significant
reduction in oil film thickness.
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Figure 15. Contour plots of the oil pressure distribution (first column), oil film thickness (second
column), and oil film thickness and pressure profiles across the center line along the rolling direction
(third column) of the transverse herringbone surfaces (kg = 8 and kj varies). (a) k]- =0, (b) kj =4,
(c) k; =8.

4. Discussions

4.1. Influence of Surface Topology Variations on Film Thickness

Combining the analyses of the three surface types mentioned above, it is evident that
increasing the number of bumps along x or y axis on the surface transforms it into a surface
with longitudinally or transversely groove surfaces. Reducing the folds in the surface of
the herringbone structure will cause it to gradually turn into a groove surface. Therefore,



Lubricants 2025, 13, 409 20 of 24

the fluctuation of film thickness under the same operating conditions for these three types
of surfaces are jointly analyzed, as illustrated in Figure 16.
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Figure 16. Comparison of film thicknesses of various surfaces along transverse orientation (red dots)
and longitudinal orientation (black squares).

The transverse bump array surfaces (red dots in region I) have dy fixed to be 48 pm,
and dy changes from 1 pm to 62 um (see horizontal axis on the bottom left of Figure 16).
The longitudinal bump array surfaces (black squares in region I) have d,, fixed to be 48 um,
and d, changes from 1 um to 62 um. The ridge distance of groove surfaces and herringbone
surfaces are all set as 48 um. The wave number k; is chosen from 1 to 9 as shown in
horizontal axis on the top right of Figure 16. A larger (Region III) value of k; indicates a
stronger wrinkling of the herringbone structure. The amplitude of all the surface patterns
is 0.5 um, root radius of 21 pum.

For the longitudinal orientation (black squares), the variation in average film thickness
is relatively small (similar to Figure 5) during the transition from bump array surfaces to
groove surfaces. However, due to the overlap of bumps, the oil storage capacity of the
surface is reduced as d decreases. When the longitudinal groove surface transforms into a
longitudinal herringbone surface, the film thickness gradually increases. This is because the
intensified wrinkling of the longitudinal herringbone surface progressively folded in the
transverse direction, thereby enhancing the hydrodynamic lubrication effect and reducing
lubricant leakage, as explained in Figure 13.

For the transverse orientation (red dots), as the surface evolves from isotropic bump
array surfaces to transversely anisotropic groove textures, the film thickness gradually
increases due to the superior hydrodynamic pressure effect generated by the transverse
grooves as discussed in Figure 6. When the transverse groove surfaces transform into
a transverse herringbone surface, wrinkling appears along the grooves. As the value
of k; increases, the wrinkling becomes more pronounced, progressively impairing the
hydrodynamic effect produced by the transverse grooves. The average film thickness
gradually decays when k; is less than 6, and drops drastically when k; is larger than 6, and
even smaller than that of smooth surface. The trend is similar to that in Figure 12.
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4.2. The Effect of Sliding Velocity on Lubrication

In view of the significant differences in lubrication performance between transverse
and longitudinal textures, an analysis was conducted on groove surfaces with pronounced
anisotropy under sliding velocities u ranging from 0.15 m/s to 10 m/s. The groove spacing
d is fixed at 44 pm. The average film thickness, /,, and contact load ratio . for transverse
and longitudinal ridges with ridge heights of 0.3 pm, 0.5 pm, and 0.8 pm are presented
in Figure 17. This study found that as the sliding velocity increases, the average film
thickness h, for transverse and longitudinal groove surfaces both increases. At lower
sliding velocities (u < 1 m/s), the film thickness of transverse groove surfaces is greater
than that of longitudinal groove surfaces. At higher sliding velocities (1 > 1 m/s), the
influence of surface anisotropy on film thickness becomes smaller, and at u = 10 m/s,
the effects of ridge orientation and ridge height on film thickness are minimal. At the
same ridge height, A, the contact load ratio, ., varies with groove orientation. When
the groove height is relatively small (0.3 pm and 0.5 pm) and the sliding velocity is low,
the B, of longitudinal grooves is lower than that of transverse grooves. However, when
the ridge height is larger (0.8 um), the . of longitudinal grooves becomes significantly
higher than that of transverse grooves. This indicates that under pronounced anisotropic
conditions, i.e., when the ridge height is large, the lubrication performance of transverse
groove surfaces is superior to that of longitudinal groove surfaces.
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Figure 17. Influence of different sliding speeds on the lubrication performance of grooved surfaces.

The lift-off speeds are reported when the contact load ratio is zero. As observed in
three longitudinal groove surfaces, the lift-off speed is 0.8 m/s for the groove surfaces
with 0.8 um amplitude, 0.3 m/s for the groove surfaces with 0.5 um amplitude, and
below 0.15 m/s for the groove surfaces with 0.3 um amplitude. The value and trend are
consistent with experiments [1]. The lift-off speeds of these three surfaces in transverse
groove surfaces are 0.3 m/s, 0.8 m/s, and 1.5 m/s for ridge amplitude of 0.3 um, 0.5 um,
and 0.8 pm, respectively. If no solid-to-solid contact is allowed, longitudinal groove surfaces
require a low lift-off speed.

5. Conclusions

This study systematically investigates the influence of surface texture type and orien-
tation on lubrication performance in point-contact mixed elastohydrodynamic lubrication
(EHL) by using numerical simulations of bump array surfaces, groove surfaces, and her-
ringbone surfaces. The main findings are as follows:
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1. Isotropic bump arrays outperform anisotropic configurations in lubrication efficiency
with lower contact load ratios (0-20%), primarily due to effective hydrodynamic
pressure generation, which reduces the contact load of asperities.

2. Among textures with pronounced anisotropy, transverse grooves exhibit superior
lubrication performance compared with longitudinal grooves, because of strong micro-
EHL effects due to enhanced lubricant entrapment behind ridges. The transverse
surfaces achieve up to about 50% thicker average films than longitudinal counterparts
for the conditions studied.

3. For herringbone surfaces, an increase in the short wavelength k; intensifies surface
wrinkling and alters the direction of surface anisotropy. For instance, as k; increases,
longitudinal herringbone surfaces tend to transition toward transverse orientations,
thereby increasing film thickness and reducing surface contact load.

These findings provide practical guidelines for engineering textured surfaces in tribo-
logical applications such as bearings and gears, emphasizing the superiority of transverse-
oriented grooves in optimizing lubrication efficiency, extending component lifespan, and
reducing friction and wear.
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Nomenclature

The following nomenclature are used in this manuscript:

A The amplitude of surface topography

a; The amplitude of jog wave

d The spacing of surface topography

dy The spacing between transversely distributed textures
dy The spacing between longitudinally distributed textures
Ey Young’s modulus of the ball material

E, Young’s modulus of the substrate material

h Local dimensional oil film thickness

H Dimensionless oil film thickness in dimensionless computational domain
h, Average film thickness

he Central film thickness

Nmax Maximum film thickness
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Nmin Minimum film thickness

kg The wave number of the groove wave

kj The wave number of the jog wave

p Dimensionless pressure in dimensionless computational domain
PH Maximum contact pressure in Hertzian contact

Py_o Dimensionless contact pressure at the position where film thickness is zero
r The radius of surface bump

s Hertzian contact radius

Tball The radius of the ball

u Slip velocity

iz Poisson’s ratio of the ball material

%) Poisson’s ratio of the substrate material

W Applied normal load

XY The dimensionless coordinates of the computational domain

X, Y,z The dimensional coordinates of the surface

Xo, Yo Lower boundary in dimensionless coordinates

Xe, Ye Upper boundary in dimensionless coordinates

« Pressure viscosity coefficient

Be Contact load ratio

AX,AY  The grid width of the dimensionless computational domain

n Lubrication oil viscosity

P Lubricant density

Q The entire integral domain of the dimensionless computational domain
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