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Abstract

We use soft elasto-hydrodynamic lubrication simulations to calculate the lubricant film thickness in textured hard-on-soft
parallel slider bearings and compare a mass-conserving cavitation model based on the Elrod implementation of the Jakobs-
son, Floberg, and Olsson (JFO) theory to simplified Reynolds and half-Sommerfeld cavitation models. We determine the
optimum texture design parameters that maximize the lubricant film thickness for a range of bearing operating conditions
and compare the results obtained with the different cavitation models. We determine that the JFO cavitation model predicts
smaller optimum texture aspect ratios than the Reynolds cavitation model, and that the difference between the lubricant film
thickness calculated with the different cavitation models increases with increasing texture aspect ratio and decreasing flow
factor. These results are useful to determine when the mass-conserving JFO cavitation model or the simplified Reynolds
cavitation model should be employed. Furthermore, the results are relevant to designing textured hard-on-soft bearings with
application in, e.g., prosthetic hip implants.
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H(X,Y) Non-dimensional lubricant film thickness, h/c
(simulation), or h/er (results)

H_ . Minimum non-dimensional lubricant film
thickness

H Optimum non-dimensional lubricant film
thickness

h, Depth of texture feature

p(x,y)  Lubricant film pressure

P(X,Y) Non-dimensional lubricant film pressure, p/p,
Do Atmospheric pressure

P Average non-dimensional lubricant film pressure
Deav Cavitation threshold

P, Non-dimensional cavitation threshold

r; Half-length of square unit cell

r Radius of texture feature

S, Texture density, nrp2/4r /7

Spmax ~ Maximum texture density, 7/4

U Relative sliding velocity between bearing

surfaces

w Bearing load-carrying capacity,
[IP(X,Y)dXdY =P,

X,V Z Cartesian coordinates

X, Y, Z Non-dimensional Cartesian coordinates, x/rp, v/
Ty 7T,

) Non-dimensional bearing surface separation,
cl2r,

€ Texture aspect ratio, h,/2r,

Eopt Optimum texture aspect ratio

0(X,Y) Fractional film content parameter

A Flow factor, 3,uU/2rpp0

u Dynamic viscosity

v Poisson’s ratio

1 Introduction

Total hip replacement (THR) is one of the most successful
surgeries performed in the United States (US) and replaces a
patient’s diseased or damaged hip joint with a prosthetic hip
implant [1]. According to the most recent publicly available
data from the National Inpatient Sample (NIS), more than
370,770 THR surgeries were performed in US hospitals in
2014, and 635,000 THR surgeries are predicted to occur
annually by 2030 [2]. The increasing number of THR surger-
ies is driven by an aging population and increasing numbers
of young patients seeking THR to maintain active lifestyles
[3]. A prosthetic hip implant comprises a spherical femoral
head, which attaches to the neck of a femoral stem that is
anchored in the femur. The femoral head articulates with a
hemispherical acetabular cup (or a shell with an acetabular
liner) implanted in the pelvis, to replace the function of the
natural hip joint [4].
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Prosthetic hip implants are often categorized by their
bearing material pairs, including metal-on-polyethylene
(MoP), metal-on-metal (MoM), ceramic-on-polyethylene
(CoP), and ceramic-on-ceramic (CoC). Presently, hard-on-
soft (MoP, CoP) bearing material pairs represent almost 93%
of new prosthetic hip implants and have a long history of
clinical success [5]. It has been documented that hard-on-
hard material pairs (MoM, CoC) may wear less than hard-
on-soft material pairs [6], but they are prone to complica-
tions such as metal ion release (MoM) [7] or squeaking and
fracture (CoC) [8]. In this paper, we specifically focus on
hard-on-soft prosthetic hip implant material pairs.

The statistical survivorship of prosthetic hip implants
declines after 15-25 years of use [9]. When a prosthetic
hip implant fails, a revision surgery replaces a failed pros-
thetic hip implant with a new one. The NIS documents that
the most common reasons for revision surgeries include
mechanical complications (19%), dislocation (17%),
mechanical loosening (15%), and infection (14%) [10].
Loosening and other complications commonly relate to oste-
olysis [11], which in hard-on-soft prosthetic hip implants,
is caused by a biological reaction to microscopic ultra-high
molecular weight polyethylene (UHMWPE) wear debris
that weakens the bone and causes mechanical loosening and
instability [12]. Hence, reducing polyethylene wear debris
remains important to improving the longevity of hard-on-
soft prosthetic hip implants.

Research to reduce polyethylene wear in MoP prosthetic
hip implants focuses on improving the mechanical proper-
ties of the polyethylene liner and/or changing the design of
the femoral head. Specifically, cross-linking UHMWPE has
shown to increase strength and reduce wear with great clini-
cal success [13]. However, it also increases oxidation and
fatigue wear [14], which can be reduced using antioxidant
additives such as vitamin-E [15, 16]. Furthermore, manu-
facturing the femoral head with ceramic instead of metal-
lic materials increases hardness and enables reducing sur-
face roughness. It also provides greater wettability, which
improves lubricity [17]. Surface coatings such as diamond-
like carbon, tantalum, or titanium nitride also increase hard-
ness and reduce surface roughness of the femoral head [18].

Additionally, the literature documents that a pattern of
texture features on prosthetic hip implant bearing surfaces
can increase the lubricant film thickness and, thus, reduce
friction and wear. For instance, pin-on-disk (PoD) [19-21],
ring-on-disk (RoD) [22], ball-on-disk (BoD) [23], and hip
joint simulators experiments [24] demonstrate that a pattern
of texture features on the surfaces of hard-on-soft bearings
can substantially reduce polyethylene wear [25]. Numerical
elasto-hydrodynamic lubrication (EHL) simulations based
on solving the Navier—Stokes (NS) or Reynolds equation
(RE) also document the effect of texture design parameters
and bearing operating conditions on, e.g., lubricant film
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thickness [26], lubricant film pressure [27], and friction
forces [28] within the bearing. Cavitation forms gas bub-
bles from dissolved gas or vapor in a liquid lubricant film
when the lubricant film pressure locally decreases below the
saturation or vapor pressure [29]. Different cavitation mod-
els have been used in numerical simulations of lubrication
problems, including the half-Sommerfeld (HS), Reynolds,
and Jakobsson—Floberg—Olsson (JFO) cavitation models,
which differ in the boundary conditions they prescribe when
the lubricant film cavitates, and they substantially influence
the simulation results.

Sommerfeld first solved the RE for an entire journal
bearing, but the solution included regions of negative lubri-
cant film pressure [30]. Gumbel set the non-physical nega-
tive pressure results to ambient pressure and only allowed
positive pressure values in the solution [31], which became
known as the half-Sommerfeld boundary condition because
it disregarded the negative half of the full Sommerfeld solu-
tion. The HS cavitation model is straightforward to imple-
ment in any lubrication simulation. However, its solution
does not ensure mass conservation in the cavitation region,
leads to a piece-wise continuous pressure solution (due to
discontinuous flow rates at the cavitation boundary), and
does not accurately identify the location of lubricant film
rupture or reformation. Swift [32] and Stieber [33] proposed
additional boundary conditions to ensure that the spatial
derivative of the lubricant film pressure is zero at the loca-
tion of film rupture, which became known as the Reynolds
boundary condition, but also does not ensure mass conserva-
tion or account for lubricant film reformation. Alternatively,
Jakobsson and Floberg [34] and Olsson [35] presented the
idea of continuity equations to ensure mass conservation
in the cavitation region. Elrod and Adams [36] and later
Elrod [37] introduced a computer algorithm to implement
the JFO boundary condition in numerical simulations. This
algorithm involved a switch function to distinguish between
solving the lubricant film pressure in a full film region,
and a fraction film region with cavitation. Updates to this
original algorithm have been implemented by, e.g., Vijayar-
ghavan and Keith [38], Fesanghary and Khonsari [39], and
Miraskari et al. [40], each geared towards increasing com-
putational efficiency and reducing convergence problems.
The JFO cavitation model enforces mass conservation in the
cavitation region and accurately computes the locations of
film rupture and reformation. However, the Elrod implemen-
tation of the JFO cavitation model is also more computation-
ally intensive, and more prone to stability and convergence
problems than the other cavitation models.

Recently, efficient solutions for the JFO cavitation model
that do not rely on the Elrod algorithm have been proposed.
Woloszynski et al. introduced an algorithm based on com-
plementarity conditions and a system of Fischer—Burmeister
equations, which calculated accurate lubricant film pressure

results for several bearing geometries, and reduced the com-
putation time by two orders of magnitude compared to the
Elrod implementation of the JFO cavitation model [41].
Biboulet and Lubrecht used a similar method for mass-con-
serving cavitation to study textured bearing surfaces with
fast convergence [42]. Mezzadri and Galligani implemented
an inexact Newton method to solve complementarity prob-
lems and showed global convergence for mass-conserving
lubrication problems [43]. Giacopini et al. also employed
complementarity conditions and formulated a finite element
solution method for mass-conserving cavitation problems
[44]. These modern approaches are computationally efficient
and avoid many of the convergence and stability problems
inherent to traditional Elrod algorithms.

Some researchers have also proposed cavitation models
for specific lubrication conditions. Coyne and Elrod pro-
posed boundary conditions to describe lubricant separa-
tion from one bearing surface by accounting for surface
tension, using both NS [45] and RE [46]. Their cavitation
model shows good agreement with experimental results of
a cylindrical-shaped slider bearing. Furthermore, Song et al.
derived a mass-conserving cavitation model for gaseous
cavitation [47], which provided similar results to the JFO
theory with an appropriate choice of cavitation threshold.
However, the gaseous cavitation model is independent of a
specific cavitation threshold, whereas the other cavitation
models depend on a user-defined cavitation threshold. Hiray-
ama et al. implemented an equivalent flow cavitation model
in which the viscosity and density are allowed to change
[48]. Their numerical predictions of cavitation aligned with
high-speed photography results of a textured rotating shaft
lubricated with oil. Bayada and Chupin [49] and Bayada [50]
proposed a fully compressible, mass-conserving cavitation
model that allows for variation in viscosity and density with
changing pressure. Their cavitation model produced lubri-
cant film pressure solutions similar to the JFO cavitation
model and also allowed for a small region of sub-ambient
lubricant film pressure, which has been observed in several
bearing experiments [51], but is not allowed in traditional
cavitation models.

Comparisons between cavitation models reveal the oper-
ating conditions that require using the computationally
intensive mass-conserving cavitation models. Liu et al. [52]
determined that lubrication simulations of journal bearings
with HS and Reynolds cavitation models led to compara-
ble lubricant film pressure results for the range of operating
conditions they evaluated. Ausas et al. compared the results
of JFO and Reynolds cavitation models in hydrodynamic
lubrication (HL) simulations of textured hard-on-hard bear-
ing surfaces [53]. They found that both cavitation models
yield similar results for untextured journal bearings, but in
a textured bearing, the Reynolds cavitation model underes-
timates the size of the cavitation region and overestimates
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the lubricant film pressure compared to the JFO cavitation
model. Zhang and Meng also compared JFO and Reynolds
cavitation boundary conditions in HL simulations of textured
hard-on-hard bearing surfaces, and additionally compared
their results to RoD experiments [54]. They showed that
the JFO cavitation model could accurately predict the size
and shape of the cavitation region when using the correct
cavitation threshold. They also determined that the Reyn-
olds cavitation model predicted a smaller cavitation region
and a thicker lubricant film than experimental observations.
Wang et al. compared the JFO, HS, and Reynolds cavita-
tion models in an EHL simulation of surfaces with groove
texture features for a range of material stiffness values [55].
They showed that the choice of cavitation threshold affects
the lubricant film pressure solution, and that the Reynolds
cavitation model underestimates and the HS cavitation
model overestimates the size of the cavitation region. Qiu
and Khonsari performed HL simulations of hard-on-hard
textured surfaces using the three cavitation models, two dif-
ferent sizes of texture features, and three different bearing
operating conditions [56]. They concluded that both the HS
and Reynolds cavitation models overestimated the lubricant
film pressure, whereas the HS cavitation model overesti-
mated and the Reynolds cavitation model underestimated
the size of the cavitation region, which is in agreement with
results obtained by others (e.g., [S5]). They also showed that
the different cavitation models yield similar lubricant film
pressure results for small texture features (150 um diameter,
10 pm depth), and that with increasing texture aspect ratio
the JFO and Reynolds cavitation models predict increasing
and decreasing lubricant film pressure, respectively.

Thus, from the literature, it is well-known that different
cavitation models result in different solutions of the RE,
driven by their different implementations of the cavita-
tion physics. As evidenced by experimental verification, it
is commonly understood that the JFO cavitation model is
the most accurate one because it accounts for mass conser-
vation, which the others do not. However, no publications
exist in the open literature that systematically evaluate the
difference between the results of the RE in the case of soft
EHL of textured parallel slider bearings, when considering
different cavitation models and a range of texture design
parameters and bearing operating conditions. Furthermore,
most publications calculate the lubricant film pressure for a
constant bearing surface separation (e.g., [55, 56]), rather
than calculating the lubricant film thickness for a constant
bearing load-carrying capacity. The latter results are use-
ful for designing textured bearing surfaces, because the
lubricant film thickness is typically not an input variable
but results from the bearing design and operating param-
eters, for instance, in the context of hard-on-soft prosthetic
hip implants. Thus, the objective of this paper is to quan-
tify and compare the lubricant film thickness in a textured
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hard-on-soft bearing using soft EHL simulations with dif-
ferent cavitation models, covering the entire useful range
of texture design parameters and a wide range of bearing
operating conditions relevant to prosthetic hip implants.

2 Methods
2.1 Soft EHL Model

Figure 1 schematically illustrates the soft EHL. model of
a hard-on-soft textured bearing we consider in this paper.
We simulate an array of five spherical texture features on a
rigid surface, sliding with velocity U, parallel to a smooth,
deformable polyethylene surface. The model represents a
small portion in the center of a textured, hard-on-soft pros-
thetic hip implant bearing and, thus, allows neglecting the
curvature and eccentricity of the prosthetic hip implant. The
lubricant film thickness A(x,y), is the sum of the nominal
bearing surface separation c, the texture feature geometry,
and the polyethylene deformation d(x,y). We describe the
texture features using the texture aspect ratio e =h,/2r, and

19[In0 Sueag
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Fig.1 a Schematic of the soft EHL model of a textured hard-on-
soft bearing showing the smooth, deformable surface sliding relative
to the rigid textured surface. Dashed lines illustrate the undeformed
shape of the smooth surface. b Top view of the array of five texture
features
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the texture density Sp=7trp2/4r12, where hp is the depth and
r, is the radius of the texture feature (r,=50 pm in this
work), and 27, is the length of a square unit cell that bounds
each texture feature. The model shows symmetry at the
edges and center of the array of texture features and, thus,
we only simulate half of the width of a square unit cell (see
Fig. 1). The bearing inlet and outlet occur in the center of
a texture feature because mass-conserving cavitation algo-
rithms do not generate positive bearing load-carrying capac-
ity in numerical simulations of fully textured parallel sliding
surfaces unless the bearing inlet is textured [57]. We simu-
late steady-state sliding for computational feasibility and
numerical stability, similar to other numerical simulations,
e.g., [58]. However, we cover a broad range of steady-state
bearing operating conditions to study the effect of sliding
velocity and load-carrying capacity on the lubricant film
thickness.

We solve the two-dimensional (2D), iso-viscous, isother-
mal, steady-state RE to calculate the lubricant film pressure,
ie.,

0 (,30p 0 (,30p oh
— = — |\ =) = 6uU—
6x< 0x> * ay( ay K 0x M

where x and y are Cartesian coordinates, p(x,y) is the lubri-
cant film pressure, h(x,y) is the lubricant film thickness,
u is the dynamic viscosity of the lubricant, and U is the
relative sliding velocity between both bearing surfaces. We
non-dimensionalize Eq. (1) to render its solution independ-
ent of any particular lubrication system, similar to previous
work (see, e.g., [59]). We define X:x/rp, Y:y/rp, P=p/
po» H=h/c, where p,=101,325 Pa is atmospheric pres-
sure, A= 3,uU/2r,,p0 is the flow factor, which incorporates
the bearing operating conditions, and 6=c¢/2r, is the non-
dimensional bearing surface separation. Thus,
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Figure 2 shows a flow chart of the numerical simulation
methodology, which simultaneously solves three equations:
the lubricant film pressure (RE), the polyethylene deforma-
tion (elasticity equations), and the balance between the bear-
ing load-carrying capacity and an external bearing load. We
assume an initial bearing surface separation and calculate
the lubricant film pressure [Eq. (2)], while maintaining the
bearing inlet (x=0) and outlet (x=10r;) at atmospheric pres-
sure. This is a common choice for simulations of textured
bearing surfaces, including prosthetic hip implants (see, e.g.,
[27, 60]), because the lubricant film pressure varies within
each texture feature as a result of its diverging and converg-
ing geometry and it is equal to the atmospheric pressure
near the inlet of each texture feature. However, we also note
that the inlet and outlet pressure boundary conditions have

Set bearing
surface separation

Y

Calculate
lubricant

> film pressure
with FDM [

Y

Cavitation model

Y

Decrease Calculate Increase
bearing polyethylene bearing
surface deformation surface

separation with FEM separation

A A
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Desired
load-carrying
capacity?

Too low Too high

Fig.2 Flowchart of the soft EHL numerical simulation methodology
with different cavitation models

negligible effect on the lubricant film thickness and pressure
simulation results. The boundary conditions are chosen to
represent a pattern of texture features that continues in the
x- and y-directions beyond the small portion we simulate.
We apply symmetry boundary conditions at the lateral edge
(y=r;) and center (y=0) of the solution domain to simulate
the effect of adjacent texture features on the bearing sur-
face, while capitalizing on geometric symmetry for com-
putational efficiency. We iteratively solve Eq. (2) using the
finite difference method (FDM) with central discretization
on a two-level multi-grid [61] and 301 nodes across each
square unit cell, until the L2-norm of the difference between
consecutive iterative solutions is less than 0.001 (based on a
convergence analysis). Hence, the model comprises a total
of 5x301x151=227,255 unknowns.

We use the finite element method (FEM) to calculate the
elastic deformation of the polyethylene bearing surface, sub-
ject to the solution of the lubricant film pressure calculation.
We consider a 3 mm thick piece of UHMWPE with lin-
ear elastic constitutive equations (E=0.9 GPa and v =0.46

@ Springer
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[62]). The maximum lubricant film pressure remains far
below the yield stress of UHMWPE (o, =10 MPa) and, thus,
we do not consider plasticity in this model. We constrain
the top face of the UHMWPE in all directions and apply
symmetry boundary conditions in the lateral directions to
the inlet, outlet, and side faces. We apply the lubricant film
pressure to the bottom face as a pressure load normal to the
surface. Since the polyethylene surface is not free to rotate,
the shear forces acting on the polyethylene face have a neg-
ligible effect on the lubricant film thickness compared to
the pressure. Mesh convergence analysis shows that 20 ele-
ments across a square unit cell (2r;) and 40 elements along
the polyethylene thickness yield a converged solution. The
polyethylene deformation solution updates the lubricant film
thickness and necessitates a new calculation of lubricant film
pressure. We iterate between solutions of the lubricant film
pressure and the polyethylene deformation until the L2-norm
of the difference between successive iterations is less than
0.001. We compare the load-carrying capacity of the tex-
tured bearing W= I[P(X, Y)dXdY = Py, to the external bear-
ing load, and change the non-dimensional bearing surface
separation ¢ until the bearing load-carrying capacity, poly-
ethylene deformation, and lubricant film pressure converge
simultaneously.

We compare the lubricant film thickness of soft EHL sim-
ulations of the textured hard-on-soft bearing (Fig. 1) with
different cavitation models, and consider a broad range of
bearing operating conditions (bearing load-carrying capac-
ity and flow factor) and texture design parameters (texture
aspect ratio and texture density). Table 1 identifies the
parameters we consider, showing their nominal value and
corresponding range, selected to be relevant to prosthetic
hip implants. However, the range of flow factors covers an
order of magnitude to accommodate different lubricants
and sliding velocities and ensure full film lubrication.
Thus, it exceeds the range typically relevant to prosthetic
hip implants for the size of texture features considered here
(r,=50 pm). To obtain flow factors with realistic values of
viscosity and sliding velocity, one could reduce the size of
the texture features. Note that the assumption of an arti-
ficially high lubricant viscosity is a commonly accepted
approximation for similar simulations (see, e.g., [63]). We
evaluate three external bearing loads: 0.250, 0.500, and
0.750 MPa, which correspond to bearing load-carrying
capacities of 2.467, 4.935, and 7.402, and are relevant to

replicate wear mechanisms and wear rates observed clini-
cally in UHMWPE acetabular liners [64].

We determine the minimum lubricant film thickness
for each combination of bearing operating conditions and
texture design parameters, because it is representative of
where solid-on-solid contact between the bearing surfaces
may first occur. Furthermore, we determine the optimum
texture design parameters that maximize the minimum
lubricant film thickness. To use consistent terminology, we
refer to it as the “optimum” lubricant film thickness, i.e., the
lubricant film thickness that corresponds to the optimum
texture design parameters. We consider 0.2<S,<0.7, not-
ing that the theoretical maximum value S, .., = 7/4, and
0.020<e<0.100 based on previous results, e.g., [26, 28].
We extend the range of ¢ if needed to find the optimum
texture design parameters.

2.2 Cavitation Models

Cavitation has been demonstrated experimentally in textured
bearing surfaces at flow factors similar to realistic condi-
tions, see, e.g., [54], but we are unaware of any experimen-
tal work that has quantified the cavitation threshold in joint
fluid. However, gaseous cavitation occurs in the textured
bearing at a cavitation threshold between atmospheric pres-
sure and the vapor pressure of the lubricant. We consider
the HS, Reynolds, and JFO cavitation models, and enforce
a cavitation threshold equal to the vapor pressure of water
(5630 Pa), which is a conservative worst-case scenario com-
pared to simulations that use a cavitation threshold equal
to atmospheric pressure (see, e.g., [27]). We note that the
vapor pressure of water is close to the reported vapor pres-
sure of blood plasma [65], which is the major component of
joint fluid. The HS cavitation model enforces the cavitation
threshold after calculating the lubricant film pressure, and
effectively resets any pressure below the cavitation thresh-
old to that threshold. In contrast, the Reynolds cavitation
model enforces the cavitation threshold on every iteration
of the numerical solution to ensure that the spatial deriva-
tive of the lubricant film pressure is zero at the location of
film rupture. Finally, the Elrod implementation of the JFO
cavitation model requires modifying the RE. Following the
process outlined by Wang et al. [55], we introduce a frac-
tional film content parameter, 0 <6< 1, to the right-hand
side of Eq. (2), i.e.,

Table 1 Bearing operating
conditions and texture design

Parameter

Nominal value Minimum value Maximum value

parameters, showing nominal,
minimum, and maximum value

Flow factor, 4

Texture density, S,

Texture aspect ratio, &

Bearing load-carrying capacity, W

0.300 0.060 0.300
4.935 2.467 7.402
0.200 0.200 0.700
0.020 0.020 0.100
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We consider two regimes [full film and fractional film
(cavitation)], similar to the algorithm by Elrod and Adams
[37]. In the full film regime, 8=1, and Eq. (3) reduces to
the non-dimensional RE (Eq. (2)). In the fractional film
regime, the lubricant film pressure is the cavitation thresh-
old P=P_,, and we solve Eq. (3) for the fractional film
content, (X, Y). Each point in the full film regime can
switch to the fractional film regime if the lubricant film
pressure decreases to the cavitation threshold. Likewise,
each point in the cavitation regime can switch to the full
film regime if the fractional film content increases to unity.
Using this method, we have successfully recreated the pub-
lished results of other textured bearings, e.g., [39, 55].

Table 2 illustrates the implementation of each cavitation
model with pseudo code.

3 Results and Discussion
3.1 Typical Soft EHL Solutions

Figure 3 illustrates a typical result of a soft EHL simulation
of a textured hard-on-soft bearing with A=0.300, W=4.935,
¢=0.020, and §,=0.200. Figure 3a shows a three-dimen-
sional (3D) view of the lubricant film pressure across the
array of texture features (solution domain), whereas Fig. 3b
depicts the lubricant film pressure along the centerline of
the texture features, showing results for the three cavitation
models (note that the bearing inlet is on the left). Figure 3¢
shows the polyethylene deformation superimposed on the

Table 2 Pseudo code for the

o Cavitation model HS Reynolds JFO
three cavitation models
Pseudo code While not converged While not converged While not converged
For all i,j For all i,j For all i,j
Solve Eq. (2) for P(i,j) Solve Eq. (2) for P(i,j) If full film regime
End for If P(ij)< P, oG, j)H=1
End while P@i,j)= P, Solve Eq. (3) for P(i,j)
For all i,j End if Else if cavitation regime
If P(i,j) <P, End for P(,j)= P,
P@i,j)=P,, End while Solve Eq. (3) for 6(i,j)
End if End if
End for End for
End while
Fig.3 Typical soft EHL a

simulation results for a textured
hard-on-soft bearing with
4=0.300, W=4.935, £¢=0.020,
and §,=0.200. a 3D view of
the non-dimensional lubricant
film pressure across the solution
domain. b Non-dimensional
lubricant film pressure along
the centerline of the texture
features. ¢ Polyethylene defor-
mation superimposed on the
FEM mesh. d Non-dimensional
polyethylene deformation and
lubricant film thickness along
the centerline of the texture
features
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FEM mesh and Fig. 3d depicts the polyethylene deformation
and lubricant film thickness along the centerline of the tex-
ture features, showing results for the three cavitation models.
We present the lubricant film thickness normalized with the
texture feature diameter, i.e., H= h/2rp, rather than normal-
ized with the nominal bearing surface separation, H=/h/c, as
used for the simulations. This allows comparing the results
from simulations with different bearing surface separation
values c.

We observe from Fig. 3 that the soft EHL simulations
with different cavitation models result in different lubricant
film pressure and thickness, despite identical bearing load-
carrying capacity. The bearing load-carrying capacity is
the integral of the lubricant film pressure across the entire
bearing surface and, thus, the results for the three different
cavitation models show the same area under their respective
lubricant film pressure curve. The lubricant film pressure
increases where the bearing surfaces converge and reaches
a local maximum at the outlet of the texture feature where
the bearing surfaces are parallel, before decreasing to the
cavitation threshold by the inlet of the adjacent downstream
texture feature, where the bearing surfaces diverge. Note that
the JFO and Reynolds cavitation models predict film rupture
at the same locations, whereas the HS cavitation model pre-
dicts film rupture farther upstream. This is because the JFO
and Reynolds cavitation models enforce pressure continuity
at the point of film rupture and the HS cavitation model does
not. The Reynolds cavitation model immediately reforms
the lubricant film and increases the lubricant film pressure
after film rupture, whereas the other cavitation models pre-
dict a larger cavitation region before film reformation. The
mass-conserving JFO cavitation model predicts similar-sized
cavitation regions at the inlet of each texture feature in the
bearing, whereas the HS cavitation model allows different
sized cavitation regions in each texture feature of the bearing
and does not predict cavitation in the last two full texture
features of the bearing. The simulation with the JFO cavita-
tion model predicts a thinner lubricant film than the other
cavitation models because not enforcing mass conservation
allows more lubricant to exist between the bearing surfaces
to generate bearing load-carrying capacity. We also observe
that the simulation with the JFO cavitation model reaches a
higher maximum lubricant film pressure and shows a steeper
gradient than the results with the Reynolds cavitation model,
because both models have the same bearing load-carrying
capacity, but the JFO cavitation model reaches the maximum
pressure in a shorter distance (along the X-coordinate) as a
result of the larger cavitation region compared to the Reyn-
olds cavitation model.

We quantify the fraction of the texture features that expe-
riences cavitation for simulations with the Reynolds and JFO
cavitation models, respectively. The size of the cavitation
regions in each texture feature varies when using the HS
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cavitation model, whereas it remains almost constant when
using the Reynolds and JFO cavitation models. Figure 4a
shows a contour plot with lines of constant non-dimensional
lubricant film pressure P around the first full texture feature
in the bearing using the Reynolds cavitation model, and
Fig. 4b shows the same contour plot using the JFO cavita-
tion model. The dashed line shows the circular outline of the
texture feature on the rigid bearing surface. We illustrate the
size of the cavitation region as a gray-shaded area.

From Fig. 4, we observe that cavitation occurs just inside
the inlet of the texture features for the Reynolds cavitation
model, whereas the cavitation region extends into the front
half of the texture features for the JFO cavitation model. We
calculate the cavitation area ratio as the area of the cavita-
tion region on the bearing surface divided by the total area
of the texture features on the bearing surface and calculate
0.046 and 0.383 for the Reynolds and JFO cavitation mod-
els, respectively. This cavitation area ratio remains approxi-
mately constant for all simulations, independent of the tex-
ture design parameters and bearing operating conditions.
We point out that Zhang and Meng used HL simulations
and RoD experiments in tandem with high-speed photog-
raphy to demonstrate that the cavitation area ratio of hard-
on-hard bearings with groove texture features increases
asymptotically with increasing bearing sliding velocity,
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/, /\\\
05 i 8 \‘
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Fig.4 Contour lines of constant non-dimensional lubricant film pres-
sure P=plp, across a single texture feature (red dashed line) on the
bearing surface, using a Reynolds, and b JFO cavitation models,
identifying the cavitation region (gray) (color figure online)
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and demonstrated the same result experimentally for circu-
lar texture features [54]. Thus, for constant texture feature
geometry and bearing load-carrying capacity, we expect the
size of the cavitation region to increase with increasing flow
factor because a faster (or more viscous) lubricant flow leads
to more variation in the lubricant film pressure (higher maxi-
mum and lower minimum pressure). However, the cavitation
threshold limits the minimum lubricant film pressure and,
thus, the size of the cavitation region increases. The size of
the cavitation region asymptotically approaches a constant
value with increasing flow factor because of backflow and
choking of the lubricant flow, which also prevent the lubri-
cant film thickness from increasing indefinitely. We calculate
the flow factor for Zhang and Meng’s experiments to be two
orders of magnitude smaller than the flow factors considered
in our work, thus indicating that the range of bearing oper-
ating conditions evaluated in this paper correspond to the
maximum cavitation area ratio, which then can be expected
to remain almost constant.

We also compare our soft EHL simulations to HL simu-
lations between two rigid surfaces. Figure 5 shows con-
tour plots with lines of constant non-dimensional lubri-
cant film pressure across the entire bearing surface for the
nominal texture design parameters and bearing operating
conditions (4=0.300, W=4.935, £=0.020, §,=0.200),

Fig.5 Contour lines of constant
non-dimensional lubricant film a 2
pressure P across the textured

bearing surface. a HL and b

EHL with the HS cavitation

model, ¢ HL and d EHL with

the Reynolds cavitation model, b
and e HL and f EHL with the

JFO cavitation model
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label contour lines of non-dimensional lubricant film pres-
sure greater than P =11 because the contour lines are too
close together.

From Fig. 5, we observe that the surface deformation
in the EHL simulations affects the lubricant film pressure
and the size of the cavitation region compared to the HL
simulations with rigid bearing surfaces. We observe from
the HL simulation results (Fig. 5a, c, e) that the size of the
cavitation region remains almost constant in each texture
feature, and that the maximum lubricant film pressure is
higher than in the EHL simulations (Fig. 5b, d, f), where
the size of the cavitation region decreases in downstream
texture features. This is because the EHL simulations
experience the greatest deformation in the last two full
texture features on the bearing surface (see Fig. 3d), which
increases the volume of lubricant between the bearing
surfaces and decreases the cavitation region within those
texture features. Table 3 shows the cavitation area ratio,
averaged over all texture features in the bearing, for HL
and EHL simulations and with the three cavitation models.
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Table 3 Cavitation area ratios for HL/EHL simulations with different
cavitation models

Cavitation model HL simulation EHL simulation

HS 1.606 0.508
Reynolds 0.047 0.047
JFO 0.444 0.336

3.2 Effect of Texture Feature Location
and Cavitation Threshold

We perform simulations with the bearing inlet at different
locations with respect to the first texture feature and with dif-
ferent values of the cavitation threshold to understand their
effect on the lubricant film thickness. We use the nominal
texture design parameters and bearing operating condi-
tions, i.e., Sp: 0.200, e=0.020, 1=0.300, and we specify
a non-dimensional bearing surface separation 6 =0.075
and calculate the resulting bearing load-carrying capacity
W. Figure 6a shows the bearing load-carrying capacity as
a function of the bearing inlet location with solid markers,
and the cavitation area ratio as a function of the bearing inlet
location with open markers for p_,,=5,630 Pa. Figure 6b
shows the same results for simulations with a cavitation
threshold p_,, = 101,325 Pa. We also show a cross-section of
a texture feature to illustrate the location of the bearing inlet
at each location we evaluate, and we match the inlet loca-
tions with the corresponding results using vertical dashed

lines. Figure 6¢ depicts the lubricant film pressure along the
centerline of the textured bearing, showing results for the
three cavitation models, and the texture feature inlet coin-
cides with the bearing inlet and p_,, = 5630 Pa. Figure 6d
shows the same lubricant film pressure along the centerline
of the textured bearing and p,, = 101,325 Pa.

From Fig. 6a, we observe that the Reynolds cavitation
model predicts the greatest bearing load-carrying capacity
and the smallest cavitation region. The load-carrying capac-
ity simulated with the Reynolds cavitation model also exhib-
its the least variation in terms of the location of the texture
feature inlet with respect to the bearing inlet, compared to
the other two cavitation models. Additionally, we observe
that the cavitation area ratio inversely relates to the bearing
load-carrying capacity.

Comparing Fig. 6a and b, we observe that increasing
the cavitation threshold slightly increases the bearing load-
carrying capacity because the lubricant film pressure cannot
decrease below p_,,=101,325 Pa. When the bearing inlet
coincides with the parallel region between texture features,
the JFO cavitation model predicts no bearing load-carrying
capacity (W=1) because the cavitation area ratio is approxi-
mately equal to 1, i.e., cavitation fills the entire texture fea-
ture. This is similar to results documented by Dobrica and
Fillon for fully textured parallel sliding bearings [57]. Addi-
tionally, we observe that the bearing load-carrying capacity
decreases by 49.8% when the texture feature inlet coincides
with the bearing inlet, for the JFO cavitation model with
Deay= 101,325 Pa compared to p.,, =5630 Pa, because the

Fig. 6 Bearing load-carrying a 4.0 : . : b 40 : : : . .
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high cavitation threshold causes cavitation in the texture fea-
tures that does not occur with the low cavitation threshold.
Figure 6c illustrates the situation where the bearing inlet
and the texture feature inlet coincide and p_,, =5630 Pa. We
observe that the lubricant film pressure decreases within the
diverging channel at the bearing inlet but does not reach the
cavitation threshold. Since no cavitation occurs in the first
texture feature, all the lubricant in the first texture feature
flows downstream to the other texture features in the bear-
ing. Figure 6d illustrates the same situation as Fig. 6¢ but
with p_,,=101,325, and cavitation occurs in the first texture
feature. The mass-conserving JFO cavitation model limits
the volume of lubricant that flows to the remainder of the
bearing because of cavitation in the first texture feature.
The effect of the location of texture features with respect
to the bearing inlet is important for numerical simulations,
but less so for physical experiments because numerical
simulations can exactly define the geometry and boundary
conditions to study these effects (see, e.g., [66]). In con-
trast, experiments with textured surfaces show an increase
of bearing load-carrying capacity and decrease of friction
and wear compared to smooth surfaces, even when the tex-
ture features are not explicitly placed at the bearing inlet
(see, e.g., [20, 67]). In many experimental configurations,
including a ball-in-socket prosthetic hip implant, the bearing
inlet cannot be precisely defined with respect to the texture
features, or the bearing inlet location changes during the
experiments. In these instances, the changing texture fea-
ture location with respect to the bearing inlet may result in

a “net” bearing load-carrying capacity as the bearing cycles
through the different texture feature locations with respect
to the bearing inlet.

3.3 Effect of Bearing Operating Conditions

In the remainder of this paper, we compare the Reynolds
and JFO cavitation models without the HS cavitation model
because the latter is known to be inaccurate, e.g., [47]. Fig-
ure 7a and b show the minimum non-dimensional lubricant
film thickness H,;, as a function of the texture aspect ratio &,
for different values of the texture density S, and flow factor
A, with a constant bearing load-carrying capacity W=4.935,
calculated with (a) the Reynolds cavitation model and (b)
the JFO cavitation model, respectively. Figure 7c and d
show H_;, as a function of the texture aspect ratio &, with
a constant flow factor A=0.300, and different values of the
bearing load-carrying capacity W, calculated with (c) the
Reynolds cavitation model and (d) the JFO cavitation model,
respectively.

From Fig. 7a, we observe that the minimum lubricant
film thickness increases with increasing flow factor because
increasing the flow factor also increases the lubricant viscos-
ity and/or the relative sliding velocity between the bearing
surfaces. We observe that an optimum texture aspect ratio
exists that maximizes the minimum lubricant film thickness
for each bearing operating condition. Comparing Fig. 7a
and b, we observe that the Reynolds cavitation model pre-
dicts a thicker lubricant film than the JFO cavitation model,
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sional lubricant film thickness 0.10
as a function of texture aspect £ 5009 ° 0.2
ratio with W=4.935 and vari- 2 T 0.08 Sp . 82 g
ous flow factor 4 for a Reynolds £ 2007 : E
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thickness with 2=0.300 and 2% 03 T 120 s
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because failing to conserve mass in the cavitation region
allows more lubricant to flow between the bearing surfaces.
We also observe that the Reynolds cavitation model predicts
a greater optimum texture aspect ratio than the JFO cavita-
tion model for each of the different bearing operating condi-
tions, because the Reynolds cavitation model enforces con-
servation of the mass flow rate at the film rupture boundary,
but not at film reformation boundary. Increasing the texture
aspect ratio increases the texture feature volume, potentially
increasing the discrepancy between the mass flow rates into
and out of the texture features with cavitation. This appears
to contrast the work by Qiu and Khonsari, who showed that
the bearing load-carrying capacity increases with increasing
texture aspect ratio when using the JFO cavitation model and
decreases with increasing texture aspect ratio when using
the Reynolds cavitation model [56]. We note that Qiu and
Khonsari calculated the bearing load-carrying capacity for
a given bearing surface separation, whereas we calculate
the lubricant film thickness for a given bearing load-carry-
ing capacity. Thus, the texture aspect ratio that predicts the
maximum bearing load-carrying capacity for a given bear-
ing surface separation may not be the same texture aspect
ratio that maximizes the lubricant film thickness for a given
bearing load-carrying capacity.

From Fig. 7c, we observe that the lubricant film thickness
decreases with increasing bearing load-carrying capacity,
as expected [26, 68]. Comparing Fig. 7c and d, we note that
the Reynolds cavitation model predicts a thicker lubricant
film and larger optimum texture aspect ratio than the JFO
cavitation model.

We also calculate the optimum texture aspect ratio that
maximizes the lubricant film thickness by determining a 3™
order polynomial best-fit (based on least-squares regression)
for the data of Fig. 7. Figure 8a shows the optimum tex-
ture aspect ratio as a function of the flow factor, and Fig. 8b
shows the optimum texture aspect ratio as a function of the
bearing load-carrying capacity for both the Reynolds and
JFO cavitation models. Figure 8c shows the optimum tex-
ture aspect ratio as a function of the optimum lubricant film
thickness for both the Reynolds and JFO cavitation models.
The dotted line marks a linear best-fit equation for the data
from both cavitation models.

From Fig. 8a and b, we observe that the optimum tex-
ture aspect ratio increases with increasing flow factor and
decreases with increasing bearing load-carrying capacity
for both cavitation models. This is because the optimum
texture aspect ratio depends on the lubricant film thickness,
which is a function of the bearing operating conditions, as
we have shown previously [26]. The lubricant film thickness
is not explicitly selected by the bearing designer but results
from the bearing design parameters and operating condi-
tions. From Fig. 8c, we observe that a proportional relation-
ship exists between the optimum texture aspect ratio and the
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optimum lubricant film thickness for both cavitation models.
We find a linear best-fit equation &,,=1.661H, — 0.023,
with R?=0.944 for both cavitation models. This indicates

that the Reynolds cavitation model predicts larger optimum
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texture aspect ratios than the JFO cavitation model at each
bearing operating condition because it predicts a thicker
lubricant film. Furthermore, both cavitation models capture
the same proportional change of the optimum texture aspect
ratio that accompanies a change in lubricant film thickness,
which was also documented by others, e.g., [69].

We note that S,=0.2 led to the optimum lubricant film
thickness in our simulations because we did not evaluate
smaller values and, thus, may not have identified the true
optimum texture density that maximizes the lubricant film
thickness. However, simulations with S »< 0.2 led to instabil-
ity and/or did not converge with the JFO cavitation model.

3.4 Comparison Between Soft EHL Simulations
with Different Cavitation Models

We quantify the percent difference between the lubricant
film thickness with the Reynolds and JFO cavitation models
as a function of texture design parameters and bearing oper-
ating conditions. Figure 9a shows contours of constant per-
cent difference (expressed as a fraction) between the lubri-
cant film thickness calculated with the Reynolds and JFO
cavitation models as a function of texture design parameters
and bearing operating conditions with constant bearing load-
carrying capacity W=4.935. We superimpose three datasets
with different flow factors in different colors (41 =0.06 (black
dotted line), A=0.12 (blue solid line), 1=0.18 (red dashed
line)). Figure 9b shows contours of constant percent differ-
ence (expressed as a fraction) between the lubricant film
thickness calculated with the Reynolds and JFO cavitation
models as a function of texture design parameters and bear-
ing operating conditions with constant flow factor 1 =0.30.
We superimpose three datasets with different bearing load-
carrying capacity in different colors (W=2.467 (black dot-
ted line), W=4.935 (blue solid line), W=7.402 (red dashed
line)).

From Fig. 9a, we observe that the percent difference
between the JFO and Reynolds cavitation models increases
with increasing texture aspect ratio and with increasing
texture density. This is because the texture feature volume
increases with increasing texture aspect ratio. The JFO cavi-
tation model strictly conserves the mass flow rate in and
out of the cavitation region, whereas these mass flow rates
can differ with the Reynolds cavitation model, and this dis-
crepancy increases with increasing texture feature volume.
We also observe that the percent difference between the
cavitation models decreases with increasing flow factor.
We observe similar trends in Fig. 9b, when we maintain a
constant flow factor and change the bearing load-carrying
capacity.

Experiments have documented that the JFO cavitation
model is more accurate than the Reynolds cavitation model
in terms of calculating the size of the cavitation region and

a

0.10 }

0.09 120,
@ <> (). Y
50.08 \ . 0.
2007 04 ° ,
g o2

02 03 04 05 06 07
b Texture density, S,,

02 03 04 05 06 07

Texture density, Sp

Fig.9 Contour lines of constant percent difference (expressed as
a fraction) between the Reynolds and JFO cavitation models. a
W=4.935 and various flow factors. b 1=0.300 and various bearing
load-carrying capacities (color figure online)

predicting the lubricant film thickness (see, e.g., [54]). The
JFO cavitation model should therefore be used whenever
accuracy is the most important consideration. Efficient algo-
rithms for the JFO boundary conditions exist and could be
used whenever possible and compatible with for instance
existing computer codes (see, e.g., [41]). However, tradi-
tional JFO cavitation models based on the Elrod implemen-
tation are computationally expensive and prone to instability
and convergence problems (see, e.g., [39]). Table 4 lists the
arithmetic mean and standard deviation of the runtime and
the number of function calls required to obtain a converged
solution for the Reynolds and JFO cavitation models used
in this work.

The Reynolds cavitation model is best employed for small
values of the texture aspect ratio and texture density, and for
large values of the flow factor because texture feature designs
that approach a flat surface (small texture aspect ratio, small
texture density) result in a small difference between both the
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Table 4 The mean and standard deviation of the runtime and number
of function calls for the Reynolds and JFO cavitation models

Cavitation Mean runt-  Standard Mean Standard

model ime (h) deviation of function  deviation of
runtime (h)  calls function calls

Reynolds 0.596 0.613 12.010 4.378

JFO 7.788 13.460 29.135 52.606

cavitation models. However, it becomes increasingly more
important to use a mass-conserving cavitation model with
increasing texture aspect ratio and decreasing flow factor.
Additionally, for the purpose of revealing trends in the opti-
mum texture design parameters and optimum lubricant film
thicknesses, the Reynolds cavitation model is acceptable,
when keeping in mind that it predicts larger optimum texture
aspect ratios than the JFO cavitation model. If exact values
of the optimum texture design parameters and lubricant film
thickness are desired, a mass-conserving cavitation model
should be used.

3.5 Accuracy and Limitations

The soft EHL model used in this work makes several
assumptions. Specifically, the fully flooded, thin film,
steady-state, isothermal, and iso-viscous assumptions nec-
essary for Reynolds equation all apply to our model. We also
use values of the flow factor that are high enough to ensure
full film lubrication without solid-on-solid contact at the
specified bearing load-carrying capacity values. Hard-on-
soft prosthetic hip implants operate in the mixed lubrication
regime under typical operating conditions, for a large por-
tion of the gait cycle [70]. Maximizing the lubricant film
thickness could reduce the fraction of the gait cycle during
which mixed lubrication occurs and, thus, reduce contact
and, consequently, polyethylene wear.

Our results are useful for the range of steady-state bear-
ing operating conditions we have evaluated and under the
conditions where the Reynolds equation is valid, and these
results can help inform the design of texture features for
prosthetic hip implants. However, care should be taken
when comparing to a dynamically operating prosthetic
hip implant because of the simplifications of the model.
Thus, the optimum texture design parameters may differ
in dynamic hip joint simulator experiments. In the context
of prosthetic hip implants, accounting for shear-thinning
lubricants [71], protein film formation [72], or solid-
on-solid contact [73] could improve the accuracy of the
numerical model. Protein film formation and deposition
of wear debris might change the texture geometry slightly
over time. However, we expect this to only have a small
effect on the lubricant film thickness and pressure, because
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protein structures are small compared to the size of texture
features considered here [74], the optimum lubricant film
thickness is robust with respect to the texture aspect ratio,
and our group has previously shown that surface roughness
and geometric irregularities inside texture features have
negligible effect on the bearing load-carrying capacity and
volume flow rate [75].

4 Conclusions
We conclude that:

(1) The Reynolds cavitation model predicts thicker lubri-
cant films and larger optimum texture aspect ratios than
the JFO cavitation model in soft EHL simulations of
textured hard-on-soft bearings because of the lack of
mass conservation in the Reynolds cavitation model.
Including deformation in the soft EHL simulations
affects the maximum lubricant film pressure and the
size of the cavitation regions.

(2) The Reynolds and JFO cavitation models both predict
the same proportional relationship between the opti-
mum texture aspect ratio and the optimum lubricant
film thickness.

(3) The percent difference between the lubricant film thick-
ness in the soft EHL simulations of textured hard-on-
soft bearings computed with the JFO and Reynolds cav-
itation models increases with increasing texture aspect
ratio because the texture feature volume increases with
increasing texture aspect ratio, independent of bear-
ing operating conditions. The discrepancy between the
mass-conserving JFO cavitation model and the Reyn-
olds cavitation model where the mass flow rates can
differ increases with increasing texture feature volume.
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