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A B S T R A C T

The longevity of metal-on-polyethylene prosthetic hip implant bearings, in which a polished CoCrMo femoral
head articulates with a polyethylene liner, is limited by mechanical instability or inflammation resulting from
osteolysis caused by polyethylene wear debris. We use pin-on-disc experiments to measure friction and wear of a
polyethylene pin that articulates with different microtextured CoCrMo surfaces, covering a wide range of op-
erating conditions including sliding velocity and contact pressure. We determine how the lubrication regime
changes as a function of operating conditions, and show that the microtexture accelerates the transition from
boundary to elastohydrodynamic lubrication. Additionally, we illustrate that the microtexture could enable
tailoring the hip implant to specific patient needs based on activity level, gender, and age.

1. Introduction

Total hip replacement (THR) surgery is used to treat degenerative
joint diseases such as osteoarthritis, by replacing a patient's natural hip
joint with a prosthetic implant. More than 300,000 THR surgeries are
performed in the United States (US) each year (2015 data [1]). A
prosthetic hip implant comprises a femoral head attached to a stem
anchored in the femur bone, and articulates with an acetabular liner
seated in an acetabular shell fixated in the pelvis [1]. The articulation
between the femoral head and the acetabular liner restores the natural
hip function of the patient.

Different types of prosthetic hip implant bearing material pairs
exist, including metal-on-polyethylene (MOP), ceramic-on-poly-
ethylene (COP), and ceramic-on-ceramic (COC). MOP prosthetic hip
implants are the most common type used in the US, and consist of a
cobalt chromium molybdenum (CoCrMo) alloy femoral head that ar-
ticulates with a polyethylene acetabular liner, typically made of
(Vitamin-E infused) highly cross-linked ultra-high molecular weight
polyethylene (UHMWPE).

It is well-documented that the statistical survivorship of MOP
prosthetic hip implants declines significantly after 15–25 years of use
[2,3], primarily because of aseptic failure and instability (75%) [4],
infection (7%) [5], and dislocation (6%) [6]. These failure mechanisms

are often driven by inflammatory response to microscopic, indigestible
polyethylene wear debris, which may cause weakening of the bone
(“osteolysis”) and, in turn, implant loosening and instability [5,7–9].
Approximately 10% of THR surgeries eventually result in a revision
surgery [10], during which a failed prosthetic hip implant is replaced
with a new one. A revision surgery is risky for the patient and costly for
the healthcare system [11]. Thus, increasing longevity of MOP pros-
thetic hip implants, and particularly reducing polyethylene wear, is of
critical importance.

Current approaches to increase longevity of prosthetic hip implants
by reducing polyethylene wear involve improving the mechanical
properties and wear resistance of the polyethylene acetabular liner, or
changing the materials and design of the femoral head/acetabular liner
pairs. For instance, the introduction of highly cross-linked polyethylene
(HXPE), and subsequently vitamin-E infused HXPE, has resulted in a
substantial reduction of polyethylene wear [12–16]. On the other hand,
using new materials such as titanium [17], zirconia [18–20], silicon
nitride [21], and tungsten [22], and manufacturing ultra-smooth
ceramic bearing surfaces have also successfully reduced polyethylene
wear [23].

A few researchers have pursued different approaches to reduce poly-
ethylene wear, such as manufacturing a pattern of spherical microtexture
features on the surface of commonly used femoral head materials, such as
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CoCrMo and stainless steel [24–30]. Using traditional pin-on-disc (POD) and
joint simulator experiments, these studies documented that friction and wear
between a polyethylene pin and a CoCrMo surface with spherical micro-
texture features of diameter between 0.3 μm and 500μm and depth between
0.25μm and 100 μm, respectively, decreased on the order of 20–60%,
compared to experiments with non-textured CoCrMo surfaces [24–26]. These
studies concluded that themicrotexture features served as lubricant reservoirs
and accumulation areas for polyethylene wear debris. In contrast, other
studies used shallow spherical microtexture features specifically designed to
create microhydrodynamic bearings [28–30]. Chyr et al. [28] used a custom
friction measurement apparatus with cylindrical CoCrMo microtextured and
non-textured surrogate femoral head specimens articulating with conformal
cylindrical UHMWPE specimens, mimicking the flexure/extension kinematics
and axial loading of a hip joint. Borjali et al. [29], and Langhorn et al. [30]
used POD wear experiments with different types of polyethylene pins ar-
ticulating with microtextured and non-textured CoCrMo discs. In these stu-
dies, the patterned microtexture increased the lubricant film thickness that
separates the bearing surfaces, thereby reducing contact, friction, and wear.
No evidence was found that the microtexture features also accumulated
polyethylene wear particles, likely because the microtexture features, when
designed to create microhydrodynamic bearings, were too shallow. Langhorn
et al. [30] also showed that the patterned microtexture does not negatively
affect the corrosion potential of CoCrMo.

However, despite these efforts, no systematic study exists that quantifies
the friction coefficient between polyethylene and microtextured CoCrMo
specimens, and the corresponding polyethylene wear rate, as a function of
operating conditions including contact pressure and sliding velocity. Since
human hip kinematics and loading are functions of age, gender, body mass,
and activity level [31–35], such results are crucial to understanding the
effect of a patterned microtexture on polyethylene wear and, additionally,
to using this information in the design of microtextured prosthetic hip im-
plants. Ultimately, it could enable tailoring the patterned microtexture de-
sign to specific operating conditions, potentially finding application in pa-
tient-specific prosthetic hip implants accounting for age, gender, body mass,
and activity level. Furthermore, no publications seem to exist that document
the correlation between friction coefficient and polyethylene wear rate in
POD experiments with a polyethylene pin and a microtextured CoCrMo
disc, in the context of MOP prosthetic hip implants.

Hence, the objective of this paper is to experimentally measure the
friction coefficient between a polyethylene pin and a CoCrMo disc with
and without a patterned microtexture consisting of shallow concave
texture features, as a function of operating conditions including contact
pressure and sliding velocity. The patterned microtexture is specifically
designed to create microhydrodynamic bearings, using theoretical
models we have implemented and documented earlier [36]. We also
correlate the friction coefficient measurements with the polyethylene
wear rate, obtained in earlier experiments with identical operating
conditions [29].

2. Materials and methods

2.1. Specimens

We evaluate two sets of polyethylene pins (diameter= 9mm,
length=15mm): (1) retrieved polyethylene pins from our previous
wear study [29], and (2) virgin polyethylene pins. The retrieved poly-
ethylene pins are machined from medical grade (1) UHMWPE
GUR1050, (2) highly cross-linked polyethylene with 75 kGy gamma
radiation (HXPE), and (3) vitamin-E infused highly cross-linked poly-
ethylene with 75 kGy gamma radiation (VEXPE). These retrieved
polyethylene pins have been subject to 2 million wear cycles with
2MPa contact pressure and 1 Hz cycle frequency following a circular
(diameter= 10mm) wear path, using bovine calf serum with 20mg/ml
protein concentration as lubricant. The details of the wear experiments
with these polyethylene pins are documented elsewhere [29]. The
virgin polyethylene pins are machined from medical grade UHMWPE

GUR 1050 ram-extruded bar stock in accordance with the ASTM F648-
14 standard [37]. Both retrieved and virgin polyethylene pins have
identical geometry, with one flat end that articulates with the CoCrMo
disc, and one hemispherical end that self-aligns the pin with the disc in
a conical pin holder. The flat end of the pins is finished to average
surface roughness Ra < 5.5 μm, which is similar to the surface finish of
the polyethylene liner of commercial MOP prosthetic hip implants.
Table 1 shows a virgin polyethylene pin and the surface topography of
its flat articulating surface, measured using white light interferometry
(Zygo NewView 5000). A trace along the diameter of the articulating
surface illustrates the scale of the surface topography and reveals ma-
chining marks. Table 1 also shows Ra, Rq, and Rt values, and the as-
perity density ns, mean radius of asperity summits Rs, and the standard
deviation of asperity heights σs, determined from the white light in-
terferometry data of the articulating surface, using a deterministic 8-
nearest neighbor scheme [38]. This surface topography is typical for all
virgin polyethylene pins, and for the retrieved pins prior to wear
testing.

We evaluate five different patterned microtexture designs, selected
based on our previous work [29], and specifically designed to create
microhydrodynamic bearings. Table 2 lists the different spherical mi-
crotexture designs in terms of the texture density Sp, which represents
the fraction of the bearing surface that is covered with microtexture
features, and the texture aspect ratio ε, which is the ratio of the depth to
the diameter of the spherical texture features. We use laser surface
texturing (LST) with a femtosecond laser ablation process to manu-
facture the patterned microtexture designs on smooth CoCrMo discs
(ASTM F1537-08 [39]). The CoCrMo discs are polished to Ra < 50 nm,
similar to the surface finish of femoral heads of commercial MOP
prosthetic hip implants. A non-textured CoCrMo disc serves as a
benchmark specimen. Table 2 shows an optical microscopy image, a 3D
white light interferometry image of a single spherical texture feature,
and a cross-sectional view along its centerline, for each CoCrMo disc,

Table 1
A virgin polyethylene pin (UHMWPE GUR 1050), and the surface topography of
its flat articulating surface measured using white light interferometry.
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similar to our previous work [29]. Note that no raised edges exist
around the contour of the texture features resulting from material re-
deposition during the LST process. Furthermore, the surface topography
of the land area between the texture features remains unaltered by the
LST process.

2.2. Pin-on-disc friction and wear measurement apparatus

Fig. 1 shows a schematic of a single-station POD friction and wear
measurement apparatus, developed and built in our lab, which we use
to measure the friction coefficient between polyethylene pins articu-
lating with CoCrMo discs. POD experiments are widely used in the
orthopedics field to evaluate different material pairs (pin and disc) as a

function of operating conditions, because it allows for fast, inexpensive
screening compared to lengthy, costly hip simulator tests. This POD
apparatus consists of a two degrees-of-freedom (DOF) motion me-
chanism with two electrical motors, which allows creating any kine-
matic cycle within the operating domain of the apparatus. The poly-
ethylene pin is connected to a tri-axial force sensor using a pin holder,
with a conical hole to fit the hemispherical end of the pin, which self-
aligns the pin with the disc surface. The tri-axial force sensor measures
the normal and tangential forces exerted on the pin. We use the tan-
gential force on the pin to compute the friction coefficient between the
articulating surfaces, and we use the normal force for force control of
the pneumatic cylinder that maintains any pre-set contact pressure
between the pin and disc.

2.3. Friction and wear measurement procedure

2.3.1. Short-duration friction coefficient measurements
We measure the friction coefficient of virgin polyethylene pins ar-

ticulating with Discs 1–6 (see Table 2) using operating conditions se-
lected based on the in-vivo operating conditions of prosthetic hip im-
plants and the ASTM F732-17 standard for POD wear testing of
polymeric materials used in joint prostheses [40]. ASTM F732-17 sug-
gests using a contact pressure between 2 and 10MPa, and the literature
reports that the contact pressure between the articulating surfaces of an
MOP prosthetic hip implant ranges between 1 to 12MPa during normal
gait [41–45]. On the other hand, Saikko et al. [46] recommend that the
contact pressure in POD experiments evaluating prosthetic implant
materials does not exceed 2.0 MPa to best mimic in-vivo mechanical
behavior of a polyethylene acetabular liner. Hence, we perform POD
experiments with a contact pressure between the pin and the disc
ranging from 1 to 2MPa. The pin follows a circular path of 10mm
diameter, resulting in a sliding distance of 31.4 mm per cycle; this is
identical to the kinematics used in our earlier wear experiments [29],
which is within the in-vivo sliding distance range (8.6–33.6 mm)
documented in the literature [47], and is between 25 and 150mm as

Table 2
CoCrMo discs with different microtexture designs, identified by the texture density Sp and texture aspect ratio ε. Optical microscopy and white light inter-
ferometry (with cross-sectional profile) images similar to our previous work [29], illustrate the surface topography of the discs.

Fig. 1. Schematic of single-station POD tester. Inset shows detail of poly-
ethylene pin articulating with CoCrMo disc.
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suggested in ASTM F732-17 [40]. We select a cycle frequency between
1 to 2 Hz based on natural human gait as a function of age and gender
[48–50], which also falls within the ASTM F732-17 recommended cycle
frequency of 0.5–2 Hz. Additionally, we select Disc 1 and 4 for extended
friction coefficient measurements with cycle frequency ranging from
0.1 to 2.2 Hz. We select Disc 1 (non-textured) as a benchmark, and Disc
4 represents a typical example of the microtextured CoCrMo discs,
based on preliminary friction coefficient measurements.

Bovine serum (Hyclone, Logan, UT), with a protein concentration of
20mg/ml, at room temperature floods the interface between the
polyethylene pin and CoCrMo disc. We use the protocol of the ASTM
F2025 standard [51] to clean both articulating surfaces prior to testing.

We measure the friction force between a virgin polyethylene pin and
a CoCrMo disc using the tri-axial force sensor (4 kHz sampling fre-
quency) for 20 s after each experiment reaches steady-state, and com-
pute the average. We convert the force measurement to friction coef-
ficient by calculating the ratio of the magnitude of the friction force
vector tangential to the wear path using the X and Y force components
of the tri-axial force sensor, and the magnitude of the normal force
vector (Z force component of the tri-axial force sensor). We repeat each
experiment three times and report the average, minimum, and max-
imum value.

2.3.2. Long-duration friction coefficient measurements
We perform 5-h duration friction coefficient measurements to study

the friction coefficient of virgin polyethylene pins articulating with
CoCrMo discs as a function of time and operating conditions. Disc 1
(non-textured) serves as the benchmark, whereas Disc 4 is re-
presentative of all microtextured CoCrMo discs, based on the short-term
friction coefficient measurement results. We select the following two
extreme sets of operating conditions based on patient age, body mass,
and activity level: (1) 1MPa contact pressure and 1.8 Hz cycle fre-
quency, representing a young, fit patient with low body mass and an
active lifestyle, and (2) 2MPa contact pressure, and 1 Hz cycle fre-
quency, representing an old, obese patient with sedentary lifestyle
[42,43,49,50]. All other experimental parameters are the same as those
used in the short-duration friction coefficient measurements (see sec-
tion 2.3.1).

2.3.3. Correlation between the friction coefficient and polyethylene wear
rate

We measure the short-duration friction coefficient of retrieved
polyethylene pins from our previous wear experiments [29] articulating
with Discs 2–6, to evaluate the correlation between polyethylene wear
rate and friction coefficient. We use the same operating conditions as
the wear experiments, i.e., 2 MPa contact pressure, 1 Hz cycle fre-
quency, and a circular wear path with diameter of 10mm, and sub-
merge the interface between the pin and disc in bovine calf serum
(Hyclone, Logan, UT) with 20mg/ml protein concentration.

2.4. Data analysis

The null hypothesis is that microtexture design does not affect the
average friction coefficient between the virgin polyethylene pins and
CoCrMo discs, over the range of the operating conditions considered in
the experiments. We test this null hypothesis with a student t-test for
two-tailed distributions with unequal variance between the friction
coefficient measurements of virgin polyethylene pins articulating with
CoCrMo discs with different microtexture designs. We consider a p-
value of 0.05 statistically significant, as commonly used in other ex-
perimental studies of orthopedic polyethylene materials [52], but also
report the actual p-value. We use linear regression analysis to assess the
relationship between the polyethylene wear rate of the retrieved
polyethylene pins from our previous wear experiments [29] and friction
coefficient measurements obtained in this study.

3. Results and discussion

Fig. 2 shows the short-duration friction coefficient measurements
between the virgin polyethylene pins and the CoCrMo Discs 1–6 under
in-vivo prosthetic hip implant operating conditions (see section 2.3.1),
and the extended operating conditions for Disc 1 and Disc 4, as a
function of the sliding parameter S, defined as [53]:

S
μ c

p
.

.d
=

(1)

Here, μd=4.1mPa s [54] is the dynamic viscosity of the lubricant, c
is the cycle frequency, and p is the contact pressure between the sliding
surfaces. The data points represent the average of three measurements,
whereas the error bars indicate the minimum and maximum measure-
ment. Fig. 2 shows that a virgin polyethylene pin articulating with Disc
1 (non-textured) results in a higher friction coefficient compared to
articulating with Disc 2–6 (microtextured), independent of the micro-
texture design and operating conditions. Furthermore, we observe that
under in-vivo prosthetic hip implant operating conditions, the friction
coefficient increases with increasing S for all experiments with Disc
2–6, whereas it decreases with increasing S for Disc 1.

The lubrication mechanism between the polyethylene and CoCrMo
bearing surfaces changes as a function of operating conditions as de-
monstrated by Stribeck [55]. The patterned microtexture creates mi-
crohydrodynamic bearings, which increases the lubricant film thickness
for a constant external bearing load, illustrated by the insets in Fig. 2.
This causes the lubrication regime to change from boundary/mixed
lubrication for the non-textured Disc 1 to the elastohydrodynamic/hy-
drodynamic lubrication regime for the microtextured Discs 2–6, under
constant operating conditions. In the boundary/mixed lubrication re-
gime the bearing load is partially supported by the pressure in the lu-
bricant film, and partially by solid-on-solid asperity contact between
the pin and disc bearing surfaces. However, in the elastohydrodynamic/
hydrodynamic lubrication regime, the bearing load is entirely borne by
the pressure in the lubricant film and, thus, the friction coefficient is
only dependent on the shear stress in the lubricant. The non-textured
Disc 1 operates in the boundary/mixed lubrication regime, and in-
creasing S, i.e., increasing the cycle frequency c or decreasing contact
pressure p for constant lubricant viscosity μd, causes an increasing
portion of the bearing load to be supported by pressure in the lubricant
film as opposed to asperity contact. As such, the lubrication regime
changes from boundary/mixed lubrication to elastohydrodynamic/hy-
drodynamic lubrication, thus decreasing the friction coefficient. On the
other hand, the microtextured Discs 2–6 already operate in the

Fig. 2. Friction coefficient between the virgin polyethylene pins and the
CoCrMo Discs 1–6 under in-vivo prosthetic hip implant operating conditions
versus sliding parameter S.
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elastohydrodynamic/hydrodynamic lubrication regime and, thus, the
lubricant shear rate increases with increasing sliding parameter S,
which in turn slightly increases the friction coefficient. Specifically, we
observe that Disc 4 (Sp=0.1, ε=0.01) consistently results in the
highest friction coefficient among all microtextured discs, which we
compute to be significantly different from the other discs
(1.25×10−18 < p < 1.12×10−14). The difference in friction coef-
ficient between all other microtextured discs is not significant
(0.10 < p < 0.85 for all other microtextured discs compared to each
other). This indicates that the geometry of the shallow microtexture on
Disc 4 performs best to increase the lubricant film thickness and reduce
contact between the bearing surfaces, under the operating conditions
used in this work.

To further verify that the Stribeck curve explains the physical be-
havior observed in these experiments, we perform friction coefficient
measurements over an extended range of operating conditions, at-
tempting to visualize the Stribeck curve for the non-textured Disc 1 and
the microtextured Disc 4 (Fig. 2). We observe that for the microtextured
Disc 4, the friction coefficient first decreases with increasing S, and then
increases with increasing S, demonstrating a change from boundary/
mixed to elastohydrodynamic/hydrodynamic lubrication. In contrast,
the friction coefficient between the virgin polyethylene pin and Disc 1
monotonically decreases with increasing S, indicating that the non-
textured Disc 1 operates in the boundary/mixed lubrication regime for
the operating conditions considered in this work, because it lacks the
microhydrodynamic bearings.

Fig. 3 shows long-duration friction coefficient measurements of
virgin polyethylene pins articulating with Disc 1 and Disc 4 as a func-
tion of time, under two extreme in-vivo operating conditions (high and
low-activity patient) as detailed in section 2.3.1. From Fig. 3 we observe
that Disc 1 exhibits a higher friction coefficient for low S (p=2MPa,
cycle frequency 1.0 Hz) than Disc 4. In contrast, Disc 4 exhibits a higher
friction coefficient for high S (p=1MPa, cycle frequency 1.8 Hz) than
Disc 1. Hence, Disc 1 operates in the boundary/mixed lubrication re-
gime, where the friction coefficient decreases with increasing S,
whereas Disc 4 operates in the elastohydrodynamic/hydrodynamic re-
gime, where the friction coefficient increases with increasing S. Fig. 3
also shows that the friction coefficient decreases as a function of time
for Disc 1 independent of the operating conditions, while it remains
almost constant for Disc 4, especially at high S. Since the bearing load is
partially borne by solid-on-solid asperity contact in the boundary/
mixed lubrication regime, the polyethylene surface undergoes polishing
because the asperities wear, thus reducing the friction coefficient. On

the other hand, in the elastohydrodynamic/hydrodynamic lubrication
regime, the bearing surfaces are separated by a lubricant film, and the
friction coefficient is only dependent on the shear stress in the lu-
bricant, which remains constant under constant operating conditions.

Table 3 shows the average surface roughness Ra of the articulating
surface of the polyethylene pins used in Fig. 3 and the percent change of
ΔRa = (Ra,before – Ra, after)/Ra,before before and after the long-term
friction coefficient measurements. The results of Table 3 show that the
decrease of Ra is greater for the polyethylene pins articulating with Disc
1 than Disc 4, corroborating the findings shown in Fig. 3. The poly-
ethylene pins articulating with Disc 1 operate in the boundary/mixed
lubrication regime and are subject to wear and polishing, thus resulting
in a larger change in the average surface roughness than the pins that
articulate with Disc 4, which operate in the elastohydrodynamic/hy-
drodynamic lubrication regime, with almost no solid-on-solid contact
between pin and disc. Additionally, the reduction of Ra is greater for the
polyethylene pin that articulates with Disc 4 under low S, than for the
polyethylene pin that articulates with Disc 4 under high S. In the
elastohydrodynamic/hydrodynamic lubrication regime the lubricant
film thickness increases with increasing S and, thus, it reduces the
likelihood of asperity contact between pin and disc.

Fig. 4 shows the friction coefficient as a function of polyethylene
wear rate for three types of retrieved polyethylene pins (GUR 1050
UHMWPE, HXPE, and VEXPE) articulating with microtextured CoCrMo
discs (Discs 2–6). We also show the linear regression and R-squared (R2)
value computed for each retrieved polyethylene pin type. Our earlier
work [29] documents the details of the polyethylene wear experiments,
where the loading conditions are identical to those of the friction
coefficient experiments used here. Fig. 4 shows that the polyethylene
wear rate is inversely related to the friction coefficient of the retrieved
polyethylene pins after 2 million wear cycles. Hence, it demonstrates
that under elastohydrodynamic/hydrodynamic lubrication, a higher

Fig. 3. Friction coefficient of virgin polyethylene pins articulating with Disc 1
and Disc 4 versus time, under two extreme in-vivo operating conditions: (1)
contact pressure 2MPa, cycle frequency 1.0 Hz (low S), and (2) contact pressure
1MPa, cycle frequency 1.8 Hz (high S).

Table 3
Average surface roughness (Ra) of the polyethylene pin articulating surface
before and after the long-term friction coefficient measurements.

Low S High S

Ra, before

[μm]
Ra, after

[μm]
ΔRa Ra, before

[μm]
Ra, after

[μm]
ΔRa

Disc 1 4.45 2.94 −34% 5.48 3.77 −31%
Disc 4 3.58 2.99 −16% 3.58 3.41 −5%

Fig. 4. Friction coefficient as a function of polyethylene wear rate for three
types of retrieved polyethylene pins after 2 million wear cycles (GUR 1050
UHMWPE, HXPE, and VEXPE) articulating with microtextured CoCrMo discs in
the elastohydrodynamic/hydrodynamic lubrication regime. Linear regression
and R2 value calculated for each retrieved polyethylene pin type is also shown.
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friction coefficient between the articulating pin and disc indicates a
greater lubricant film thickness, which in turn reduces asperity contact
and polyethylene wear.

We also observe that R2 decreases with increasing wear rate. This is
likely because polyethylene pins articulating with different micro-
textured discs do not wear identically. For instance, a GUR 1050
UHMWPE pin that articulates with Disc 5 (highest wear rate) shows Ra,

after=11.74 μm, which is almost four times that of a GUR 1050
UHMWPE pin that articulates with Disc 4 (lowest wear rate), i.e., Ra,

after=3.23 μm. Additionally, the range of Ra values of the polyethylene
articulating surface after 2 million wear cycles is different for
UHMWPE, HXPE, and VEXPE pins. For instance, Ra, after=9.69 μm and
Ra, after=5.03 μm for the VEXPE pins articulating with Disc 5 and Disc
4 pins, respectively. Furthermore, other wear mechanisms, such as fa-
tigue wear, have a more substantial effect on the total polyethylene
wear rate at the later stages of wear, especially for UHMWPE GUR
1050, since it has lower fatigue resistance compared to VEXPE and
HXPE pins [52]. As such, the friction coefficient may be a good analog
for the polyethylene wear rate at the early stages of wear and with a low
wear rate. However, for high wear rates, or as wear accumulates, the
instantaneous friction coefficient measurement does not represent the
total wear rate accurately.

The primary limitations of the friction coefficient experiments
documented in this study are related to POD testing. The human hip has
a complex geometry that cannot be represented by the simplified flat-
on-flat geometry of POD testing. Furthermore, the static loading used in
this work does not simulate the dynamic in-vivo loading on the human
hip, as well as occasional spikes in hip contact pressure resulting from
other activities rather than regular walking gait, such as jumping and
climbing of stairs. The POD tester has a limited number of degrees-of-
freedom compared to the human hip, so it cannot accurately mimic the
in-vivo human hip kinematics. Another important factor is the smaller
contact area of the polyethylene pin compared to the polyethylene
acetabular liner of the prosthetic hip implants. Contact area has been
shown to have a direct effect on the polyethylene wear rate and friction
[46,56]. Despite these limitations, POD testing is useful for fast and
inexpensive screening of new materials, prior to performing costly and
time-consuming hip simulator testing. The results presented here de-
monstrate potential of using a patterned microtexture to reduce friction
and wear in metal-on-polyethylene hip implants, and using the pat-
terned microtexture design as a means of tuning the performance of the
articulating surface to different operating conditions. Although this
study showed promising results, experiments with more sophisticated
hip joint simulator and in-vivo experiments are required to confirm our
results.

4. Conclusion

We show that the lubrication regime between a polyethylene pin
and a CoCrMo disc, under operating conditions relevant to in-vivo
prosthetic hip implants, changes from boundary/mixed lubrication to
elastrohydrodynamic/hydrodynamic lubrication by manufacturing a
patterned microtexture of shallow concave “dimples” on the surface of
the CoCrMo disc.

We demonstrate, by combining friction coefficient and surface to-
pography measurements, that one microtexture geometry design, Disc 4
(Sp=0.1, ε=0.01), consistently results in the highest lubricant film
thickness compared to all other microtexture designs and the entire
range of operating conditions used in this work.

In the context of patient-specific prosthetic hip implant design, we
conclude that a patterned microtexture can benefit the longevity of hip
implants for high-activity patients with low body mass when high S
operating conditions exist, which enables creating elastohy-
drodynamic/hydrodynamic lubrication, as opposed to when low S op-
erating conditions exist, typically found in high body mass, low-activity
patients. More sophisticated experiments using hip joint simulators are

needed to translate the results documented here to commercial im-
plants.

Correlating wear data from our previous work with friction coeffi-
cient data from this study also shows that instantaneous friction coef-
ficient measurements do not accurately represent the cumulative
polyethylene wear rate in POD wear experiments.
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