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Surface Texturing of Prosthetic
Hip Implant Bearing Surfaces:
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More than 300,000 total hip replacement surgeries are performed in the United States each
year to treat degenerative joint diseases that cause pain and disability. The statistical sur-
vivorship of these implants declines significantly after 15–25 years of use because wear
debris causes inflammation, osteolysis, and mechanical instability of the implant. This
limited longevity has unacceptable consequences, such as revision surgery to replace a
worn implant, or surgery postponement, which leaves the patient in pain. Innovations
such as highly cross-linked polyethylene and new materials and coatings for the femoral
head have reduced wear significantly, but longevity remains an imminent problem.
Another method to reduce wear is to add a patterned microtexture composed of micro-
sized texture features to the smooth bearing surfaces. We critically review the literature
on textured orthopedic biomaterial surfaces in the context of prosthetic hip implants. We
discuss the different functions of texture features by highlighting experimental and simu-
lated results documented by research groups active in this area. We also discuss and
compare different manufacturing techniques to create texture features on orthopedic bio-
material surfaces and emphasize the key difficulties that must be overcome to produce tex-
tured prosthetic hip implants. [DOI: 10.1115/1.4048409]
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1 Introduction
Total hip replacement (THR) is one of the most common surgical

procedures in the United States, during which a surgeon replaces a
diseased or damaged hip joint with a prosthetic hip implant. The
National Inpatient Sample (NIS) recorded 370,770 THR surgeries
in 2014 (latest publicly available information) and projections esti-
mate 635,000 THR surgeries per year in the US by 2030 [1], driven
by an aging population, and the success of this surgery leading the
trend for ever younger patients to undergo THR to relieve chronic
joint pain [2]. Figure 1(a) schematically depicts a human hip
joint, showing the femur, pelvis, and articular cartilage, whereas
Fig. 1(b) schematically shows a prosthetic hip implant, modified
from Ref. [3].
A prosthetic hip implant comprises a femoral head that attaches

to a femoral neck and stem, which anchors in the femur (thigh)
bone (see Fig. 1(b)). The femoral head articulates with an acetabular
liner, which sits in an acetabular shell that is implanted in the pelvis.
The articulation between the femoral head and acetabular liner/shell
replaces the natural hip joint motion [4].
Prosthetic hip implant bearing surfaces exist with different mate-

rial pairs, including metal-on-polyethylene (MoP), metal-on-metal
(MoM), ceramic-on-polyethylene (CoP), and ceramic-on-ceramic
(CoC). The hard-on-soft (MoP, CoP) material pairs are the most
common due to their high fracture toughness and long-time clinical
success [5]. Hard-on-hard material pairs exhibit lower in-vitro wear-
rates than hard-on-soft material pairs [6] but are prone to well-
known problems such as metal ion release in MoM material pairs
[7] and fracture [8] or squeaking [9] in CoC material pairs. In
2014, approximately 51% of new prosthetic hip implants in the
US were CoP, 42% MoP, 4% MoM, and 3% CoC [10].

It is well-documented that the statistical survivorship of pros-
thetic hip implants declines significantly after 15–25 years of use
[11]. A revision surgery replaces a failed prosthetic hip implant
with a new one, which is risky for the patient and costly for the
healthcare system. Thus, extending the longevity of prosthetic hip
implants is of crucial importance. More than 47,000 THR revision
surgeries occur in the US each year [12], which represents approx-
imately 15% of all THR surgeries [13]. According to the NIS, the
most common reasons for prosthetic hip implant failure include
mechanical complications (19%), dislocation (17%), mechanical
loosening (15%), and infection (14%) [12]. The literature docu-
ments that mechanical complications, instability, and loosening
often find their origin in osteolysis caused by polyethylene wear
debris from the acetabular liner [14]. Osteolysis is a condition in
which the body’s inflammatory response to foreign material, such
as polyethylene wear debris from the acetabular liner, locally
increases the rate of bone resorption and decreases the rate of
bone reformation, resulting in weakening and loss of the bone
around a prosthetic hip implant [15]. For that reason, reducing poly-
ethylene wear remains critical to increasing the longevity and stabi-
lity of prosthetic hip implants.
With increasingly younger patients receiving THR surgery [2]

and, simultaneously, their life expectancy generally increasing
[16], the fraction of THR patients that will outlive their prosthetic
hip implant will increase with time. Thus, the number of revision
surgeries will increase accordingly. As such, reducing the number
of revision surgeries to improve patient quality of life and decrease
healthcare costs represents a challenge for the orthopedic
community.
Conventional methods to reduce polyethylene wear include

improving material properties and bearing surface design. Increas-
ing the degree of cross-linking in ultra-high molecular weight
polyethylene (UHMWPE) increases strength and rigidity and
decreases wear [17]. However, it may also increase oxidation,
which reduces fracture and fatigue resistance, thus potentially
increasing wear [18]. Anti-oxidant additives such as vitamin-E sca-
venge free radicals to limit oxidation of highly cross-linked
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UHMWPE (HXLPE) [19]. As such, vitamin-E infused or blended
cross-linked polyethylene (VEXPE) exhibits significantly lower
wear and higher oxidation resistance than traditional UHMWPE
material, which has been documented both in-vitro [20] and
in-vivo [21].
Alternatively, changing the bearing surface design by replacing

traditional cobalt-chromium-molybdenum (CoCrMo) femoral
heads with advanced ceramic materials, or coating them with mate-
rials such as diamond-like carbon (DLC) [22], tantalum [23], or tita-
nium nitride [24] increases the hardness and decreases the surface
roughness of the femoral heads, thereby reducing polyethylene
wear of the acetabular liner with which it articulates [25].
The literature documents that texture features on bearing surfaces

can improve lubrication to reduce friction and wear in a variety of
engineering applications [26,27]. Here, we consider only texture
features on the bearing surfaces of orthopedic biomaterials to poten-
tially reduce the friction coefficient and wear in prosthetic hip
implants. We have searched the open literature on textured orthope-
dic biomaterial surfaces using combinations of search terms such as
“surface texture,” “surface dimple,” “surface pattern,” “UHMWPE,”
“CoCrMo,” “ceramic,” “hip implant,” and “knee implant” to find all
publications that documentman-made texture features on the bearing
surfaces of orthopedic biomaterials. Figure 2 shows the number of
publications in this area of research as a function of their publication
year, categorized into experimental (blue), numerical simulations
(red), and combined simulation and experimental (green) studies,
showing increasing research activity since 2010. In addition,
several patents have been issued on textured prosthetic implants.
Despite the promising results documented in many of these

studies, no commercial prosthetic hip implants with textured
bearing surfaces exist. Textured prosthetic hip implants will need
to showcase substantially equivalent or improved safety and effec-
tiveness compared to commercially available prosthetic hip
implants in order to receive regulatory approval. The objective of
this paper is to provide a comprehensive review and analysis of
the existing literature on textured bearing surfaces in prosthetic
hip implants, summarizing the state-of-the-art and discussing
areas of opportunity to enable in-vivo textured prosthetic hip
implants in the future.

2 Surface Texture Features
2.1 Texture Feature Geometry and Functionality. Figure 3

shows a three-dimensional view of a textured bearing surface. We
identify all parameters that describe the geometry of the texture

features and texture pattern. The texture aspect ratio is the ratio of
the depth hp and equivalent diameter 2rp of the texture feature,
i.e., ɛ= hp/2rp. The texture density is the ratio of the textured area
to the entire bearing surface area. For instance, for a circular
texture shape Sp = πr2p/4r

2
1, with 2r1 the size of an imaginary

square unit cell centered around the texture feature. The texture
shape describes the two-dimensional contour of the texture
feature on the bearing surface, whereas the texture floor profile
describes the three-dimensional depth of the texture feature.
Figure 4 shows a cross-sectional view of a hard-on-soft textured

bearing, where the bearing surfaces slide relative to each other with
velocity U. It schematically illustrates the three functions that
texture features can perform [26], depending on their geometry
and the bearing operating conditions, each of which potentially con-
tributing to reducing wear. In general, deep texture features (ɛ> 0.1)
function as lubricant reservoirs to reduce friction and wear under
boundary or mixed lubrication conditions through a so-called sec-
ondary lubrication effect [28] by reserving and supplying lubricant
to the bearing surfaces under starvation conditions (Fig. 4(a)).
Additionally, they accumulate wear debris within the texture

Fig. 1 Schematic of (a) the human hip and (b) a typical prosthetic hip implant. Modified from Ref. [3].

Fig. 2 The number of journal publications on the topic of tex-
tured orthopedic biomaterials as a function of publication year,
categorized into experiments, simulations, and combined simu-
lation and experiment
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features, thus reducing abrasive wear caused by third-body wear
particles. We note that in extreme starvation conditions, deep
texture features may reserve lubricant away from the contact area
and, thus, have a negative impact on lubrication [29] and that accu-
mulating wear debris away from the contact area may increase
adhesive friction and wear under high loading conditions described
in Ref. [30]. In contrast, shallow texture features (ɛ< 0.1) function
as micro-hydrodynamic bearings that increase the lubricant film
pressure and, correspondingly, the lubricant film thickness
between both bearing surfaces for constant bearing load-carrying
capacity. Increasing the lubricant film thickness, in turn, reduces
contact between the bearing surfaces, which again reduces friction
and wear (Fig. 4(b)). Partial texturing the inlet of a bearing surface
produces greater lubricant film pressure than texturing the entire
bearing surface [31,32]. A similar benefit is observed for partial tex-
turing of the inlet and outlet of a bearing surface in reciprocating

motion [33]. However, partial texturing has not yet been applied
to prosthetic hip implants because the inlet/outlet of a sphere rotat-
ing in three dimensions is difficult to define. Finally, texture features
also reduce the nominal contact area between bearing surfaces if
contact occurs under boundary lubrication conditions (Fig. 4(c)).
Surface roughness affects cellular adhesion on the surface of

prosthetic implant materials [34]. Qin et al. showed that surface tex-
turing also has a significant effect on the adhesion, spreading, and
proliferation of cells on the surface of orthopedic biomaterials
[35]. This may impact the formation of biological films on the
bearing surfaces of prosthetic hip implants, which has been
shown to reduce the friction coefficient and wear of orthopedic bio-
materials [36]. The effect of surface texturing on biological lubri-
cant film formation should be studied in the future.
Figure 5(a) shows the texture aspect ratio versus the sliding

parameter, S= μU/W, with μ the dynamic viscosity of the lubricant,
U the sliding velocity between both bearing surfaces, and W the
bearing load-carrying capacity. This shows the texture design
parameters and bearing operating conditions used by researchers

Fig. 4 Cross-sectional view of a textured hard-on-soft bearing,
schematically illustrating the different possible functions of a
textured bearing depending on texture geometry: (a) lubricant
reservoirs and accumulating wear debris, (b) micro-
hydrodynamic bearings, and (c) reducing the nominal contact
area

Fig. 5 (a) Texture aspect ratio versus sliding parameter, identi-
fying different lubrication regimes and showing individual
studies as one or more black circle(s), grouping the studies
based on texture function, and (b) close-up view.

Fig. 3 Three-dimensional view of a textured bearing surface
showing the geometry of the texture features
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in the literature. We report each study in the open literature that doc-
umented reduced friction or wear for textured orthopedic biomater-
ial surfaces, and for which we could calculate a sliding parameter as
one or more black circle(s), and identify the circles with the refer-
ence number of the study. We group the different studies based
on the texture function (lubricant reservoirs and accumulating
wear in green, micro-hydrodynamic bearings in blue, and contact
area reduction in red), and link the sliding parameter to different
lubrication regimes. Figure 5(b) shows a close-up view of the
region with a small texture aspect ratio and small sliding parameter
because many data points cluster here. We observe from Fig. 5 that
texture features that function as lubricant reservoirs and accumulate
wear debris display large texture aspect ratios (ɛ> 0.1), as they need
physical space to accommodate lubricant and wear debris. Texture
features that function as micro-hydrodynamic bearings require
small texture aspect ratios (ɛ< 0.1) to increase the lubricant film
pressure. The texture aspect ratio is not crucial to reduce the
contact area, which is determined by the texture density. Further,
this function is only relevant in the boundary lubrication regime
when the bearing surfaces are in contact. In the following sub-
sections, we review the research related to textured orthopedic bio-
materials in the open literature, organized by texture function rather
than chronological history, with the goal of using textured bearing
surfaces in prosthetic hip implants.
We distinguish between experiments and numerical simulations,

as both approaches have merits and limitations. Experiments
attempt to recreate the physical operating conditions of a prosthetic
hip implant but are limited by simplifications in geometry, kinemat-
ics, and loading. Numerical simulations enable fast and inexpensive
evaluation of texture design parameters, but may not account for all
physical mechanisms that occur in reality. We note the conditions
used by each study in this review to qualify the results. Many
studies report “optimum” results that may be misleading due to
an incomplete dataset, or due to constraining a specific texture
parameter. To find the global optimum, a full parametric study
should be performed, as discussed in Ref. [37].

2.2 Lubricant Reservoirs and Accumulating Wear Debris.
Texture features that serve as lubricant reservoirs or to accumulate
wear debris have been studied primarily through experiments with
different texture designs, spatial configurations, and bearing operat-
ing conditions. For example, pendulum hip joint simulators (HJS)
use the actual prosthetic hip implant geometries (spherical
femoral head articulating with a hemispherical acetabular shell/
liner) with a constant load and simplified kinematics restricted to
a single plane. Some studies have textured the hard femoral head
(Fig. 6(a)), and some have textured the soft acetabular liner
(Fig. 6(b)). Researchers have demonstrated reduced friction coeffi-
cients and wear for both texture configurations, compared to smooth
bearing surfaces.
Ito et al. first performed a pendulum HJS experiment with a tex-

tured CoCrMo femoral head and a UHMWPE acetabular liner, and
observed that a textured compared to a smooth femoral head
reduced the friction coefficient up to 36% and wear up to 69%
and that UHMWPE wear debris accumulated in the texture features
on the femoral head [38]. They attributed the reduced friction coef-
ficient and wear to both the texture features dispensing lubricant to
the bearing surfaces, and the texture features accumulating wear
debris that otherwise might cause third-body adhesive or abrasive
wear. Sagbas and Durakbasa performed a similar experiment to
Ito et al. but with the opposite texture configuration, i.e., a
smooth CoCrMo femoral head and textured UHMWPE and
VEXPE acetabular liners, and measured the temperature increase
of the bearing surfaces rather than the friction coefficient and
wear [39]. They found that the lubricant retained in the texture fea-
tures on the polyethylene surface served as a heat sink to reduce the
bearing surface temperature up to 19% compared to the smooth ace-
tabular liners, and they also observed wear debris accumulated in
the texture features. Nečas et al. evaluated smooth metal and

ceramic femoral heads articulating with textured UHMWPE acetab-
ular liners and measured a friction coefficient reduction of up to
40% with the textured as opposed to the smooth acetabular liners,
which they attributed to the lubricant retained in the texture features
[41]. Choudhury et al. used a pendulum HJS to measure the friction
coefficient between textured and DLC-coated stainless steel femoral
heads, articulating with ceramic acetabular liners. They found that a
smooth DLC coating initially reduced the friction coefficient more
than a combined textured and coated femoral head [42], but that the
textured and coated femoral head maintained a constant friction
coefficient over 10 repeated tests (approximately 450 cycles in
900 s), in contrast to the friction coefficient increasing by almost
24% during the same time interval for a smooth coated femoral
head [43]. They attributed this observation to accumulating wear
debris in the texture features, whereas the wear debris increased
the friction coefficient between the smooth surfaces.
Pin-on-disk (PoD) configurations are also commonly used to

measure the friction coefficient and wear between small samples
(pin and disk) of orthopedic biomaterials. They are faster and less
expensive than HJS experiments and, thus, facilitate the screening
of different material pairs and/or texture designs. Nishimura et al.
performed PoD experiments with stainless steel pins articulating
against textured UHMWPE disks, and with UHMWPE pins articu-
lating against textured stainless steel disks [44]. They determined
the optimum texture aspect ratio and density as ɛ= 2.00 and Sp=
0.14, which reduced the friction coefficient by 25% and wear by
33%, respectively, compared to smooth bearing surfaces. They
attributed these results to the texture features retaining lubricant
and accumulating wear debris when the smooth surface experienced
lubrication starvation and accelerated abrasion due to the wear
debris. Young et al. used smooth hemispherical CoCrMo pins artic-
ulating with textured UHMWPE disks and measured that the fric-
tion coefficient reduced by 42% compared to a smooth disk,
because the texture features supplied lubricant to the contact area
and accumulated wear debris [45]. However, they also measured
a 37% increase of wear compared to a smooth disk, which could
be due to plastic deformation at the edges of the texture features.
Sagbas and Durakbasa also used smooth CoCrMo pins articulating
with textured UHMWPE and VEXPE disks and demonstrated that
the friction coefficients decreased by approximately 29% and 22%
and the corresponding wear volumes decreased by 39% and 60%
compared to smooth UHMWPE and smooth VEXPE, respectively
[46]. They attributed these results to the texture features functioning
as lubricant reservoirs. Sawano et al. used smooth UHMWPE pins

Fig. 6 (a) Large texture features designed to function as lubri-
cant reservoirs on the surface of a CoCrMo femoral head [38].
(b) Texture features are designed to function as lubricant reser-
voirs on the surface of a UHMWPE acetabular liner [39].
(c) CoCrMo wear debris trapped in groove texture features [40].
(d ) CoCrMowear debris trapped in spherical texture features [40].
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articulating with textured CoCrMo disks and determined that 1 µm
was the optimum texture feature depth to accumulate wear debris
because texture feature depths smaller than 1 µm could not accumu-
late enough wear debris to protect the surface from abrasive wear,
and texture features deeper than 1 µm exhibited asperities
between the texture features that scratched the UHMWPE surface
[47]. Guo et al. applied a hydrogel to a textured bearing surface
to promote the slow release of lubricant to the articulating surface
of PoD experiments with smooth UHMWPE pins and textured
CoCrMo disks and found the textured disks to reduce the friction
coefficient by 57% compared to the untextured disks [48]. Pratap
and Patra evaluated smooth titanium pins against textured titanium
disks and showed that micro-groove texture features reduced the
friction coefficient up to 34%, whereas spherical texture features
reduced the friction coefficient up to 24% [49]. The micro-groove
texture features led to a greater reduction of the friction coefficient
because they reserved a greater volume of lubricant and showed
greater wettability than the spherical texture features. Lee et al.
used titanium pins articulating with textured and thermally oxidized
titanium disks and reported a 57% friction coefficient reduction and
a 99% wear reduction with a textured and oxidized surface com-
pared to a smooth oxidized surface [50]. Oxidized surfaces
display increased hardness compared to non-oxidized surfaces,
which protected the texture features on the oxidized surfaces from
wearing away and allowed the texture features to accumulate
wear debris. Thus, this work also illustrates how surface treatments
of the bearing surfaces might reduce wear and potentially render
titanium suitable as a bearing material in prosthetic hip implants.
Other friction and wear measurement configurations include

ball-on-disk (BoD), in which the kinematics may include rolling
and sliding, and ring-on-disk (RoD), in which one bearing surface
rotates around its center axis while sliding over the other bearing
surface. López-Cervantes et al. used a smooth stainless steel ball
and textured UHMWPE disk and measured a 14% reduction of
the friction coefficient for the textured as opposed to a smooth
UHMWPE disk, which they explained by the lubricant being
squeezed from the texture features to areas of local lubrication star-
vation [51]. Similarly, Sufyan et al. performed BoD experiments
using a smooth ceramic ball and a textured UHMWPE disk, and
they measured up to a 44% and 42% friction coefficient and wear
reduction, respectively, when using a square grid of groove
texture features compared to a smooth UHMWPE surface [52].
They concluded that lubricant trapped in the groove texture features
enhanced the lubricant film and decreased contact between the tex-
tured compared to the smooth bearing surfaces. Further, Zhang et al.
performed RoD experiments using smooth stainless steel rings
articulating with textured UHMWPE disks and found the
optimum texture aspect ratio to increase with increasing bearing
load-carrying capacity because larger texture features can dispense
more lubricant to starved regions as the increased load-carrying
capacity squeezes the lubricant from the texture features [53].
They also used textured stainless steel rings articulating with
smooth UHMWPE disks to determine the optimum texture design
parameters [54]. Their experiments demonstrated that both texture
configurations reduced the friction coefficient at low bearing load-
carrying capacity (W= 0.24 MPa) but required a different texture
density (Sp= 0.10 for the textured stainless steel surface and Sp=
0.30 for the textured UHMWPE surface). At high bearing load-
carrying capacity (W= 1.67 MPa), only the textured UHMWPE
surface could reduce friction and wear because the texture features
on the hard surface experience increased contact pressure at the
edge of the texture features, which caused increased friction and
abrasive wear. Wang et al. used textured stainless steel rings artic-
ulating with different polymer disks, including UHMWPE, and they
determined that texture features on the hard surface increased the
friction coefficient, but specific texture parameters (ɛ= 0.05, Sp=
0.20) could reduce the wear-rate under the operating conditions
they evaluated, likely because of wear debris accumulation [55].
Tarabolsi et al. performed RoD experiments of both CoCrMo and
alumina-based material pairs with different texture patterns,

including grooves and spherical texture features [40]. They
observed wear debris accumulating inside the texture features (see
Figs. 6(c) and 6(d )), thus causing the wear volume to decrease by
up to 87% compared to smooth surfaces.
In addition to experimental works, a few numerical simulations

also provide important information to understand the different func-
tions of texture features. Zhang et al. simulated texture features
made of concentric rings on CoCrMo surfaces to visualize the lubri-
cant being squeezed from the texture features to starved contact
areas and validated the results with PoD experiments, showing a
31% reduction of the friction coefficient compared to smooth
bearing surfaces [56].
Table 1 summarizes each paper included in this review that used

texture features as lubricant reservoirs and to accumulate wear
debris. This information includes the experiment configuration,
operating conditions, and the corresponding friction coefficient
and wear results. Note that most values in the table are reported
with standard units and consistent significant digits. However, we
have reported the wear measurements in the units and with the pre-
cision provided by each individual publication.

2.3 Micro-Hydrodynamic Bearings. Several publications
also describe texture features specifically designed to function as
micro-hydrodynamic bearings that increase the lubricant film pres-
sure and, for constant bearing load-carrying capacity, the lubricant
film thickness. Consequently, texture features that function asmicro-
hydrodynamic bearings could alter the lubrication regime of the
bearing, depending on the texture design parameters and the
bearing operating conditions. Figure 7(a) shows the local lubricant
film pressure as a function of the length coordinate along the center-
line of a typical spherical texture feature designed to function as a
micro-hydrodynamic bearing. We show the floor profile along the
centerline of the spherical texture feature for reference. The lubricant
flow encounters a diverging geometry at the inlet, followed by a con-
verging geometry at the outlet of the texture feature, which causes the
lubricant film pressure to locally decrease and subsequently increase
if the lubricant mass flow remains constant (steady-state). Repeated
over many texture features, this increases the average lubricant film
pressure and, correspondingly, either the lubricant film thickness for
constant bearing load-carrying capacity or, alternatively, the bearing
load-carrying capacity for constant lubricant film thickness.
Figure 7(b) shows lubricant flow lines inside infinitely wide
texture features with increasing texture aspect ratio to illustrate
how a vortex forms at the bottom of texture features with increasing
texture aspect ratio. Shallow texture features are most desirable to
function as micro-hydrodynamic bearings because a vortex inside
the texture feature effectively reduces the converging lubricant
flow and, thus, reduces the increase in lubricant film pressure.
Interferometry has long been used to measure the lubricant film

thickness [60]. Choudhury et al. performed pendulum HJS experi-
ments with textured CoCrMo femoral heads and glass acetabular
cups and used interferometry measurements to show that shallow
texture features (ɛ< 0.03) increased the lubricant film thickness
almost 3.5 times compared to smooth femoral heads [61]. Dong
et al. also performed pendulum HJS experiments with textured and
carburized CoCrMo femoral heads articulating with glass acetabular
liners [58] and similarly demonstrated that for shallow texture fea-
tures (ɛ< 0.05) the lubricant film thickness increased up to 560%
and the friction coefficient decreased by 43% compared to using
smooth CoCrMo femoral heads. Figure 7(c) shows interferometry
images of the smooth (left) and textured (right) CoCrMo femoral
heads, at the instances of minimum (top) and maximum (bottom)
sliding velocity. The graph below shows the lubricant film thickness
measured using interferometry, as a function of sliding distance cor-
responding to each image (1–4), showing that the lubricant film
thickness increases because of the texture features functioning as
micro-hydrodynamic bearings, modified from Ref. [58]. Another
study by Choudhury et al. using pendulum HJS experiments found
that textured CoCrMo femoral heads reduced the friction coefficient
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Table 1 Data summary of publications that describe using texture features as lubricant reservoirs and to accumulate wear debris

Reference

Texture
aspect ratio,

ɛ
Texture

density, Sp
Experiment
configuration Lubricant

Load-carrying
capacity [MPa]

Sliding
velocity [m/

s]

Friction
coefficient
(smooth)

Friction
coefficient
(textured) Wear (smooth) Wear (textured)

Ito et al. [38] 0.200 0.136 Pendulum HJS Water 0.554–3.695 0.027–0.408 0.058–0.077 0.037–0.064 1.1–23.1 mg 0.7–7.2 mg
Sagbas and
Durakbasa [39]

1.000 0.049 Pendulum HJS Bovine serum 0.325–2.436 0.088 — — — —

Nečas et al. [41] 0.017 0.150 Pendulum HJS Model synovial
fluid

3.600 0.050 0.096–0.422 0.077–0.380 — —

Choudhury et al. [42] 0.230 0.049 Pendulum HJS Bovine serum 3.565 0.039 0.084–0.119 0.107–0.121 — —
Choudhury et al. [43] 0.230 0.049 Pendulum HJS Bovine serum 3.565 0.039 0.104 0.107 — —
Nishimura et al. [44] 1.000–5.000 0.049–

0.545
PoD Saline 12.369–N/A N/A 0.005 0.003 12 µm 8 µm

Young et al. [45] 2.000 0.087 PoD Bovine serum 30.000 0.110 0.060 0.035 0.791 mm3 1.251 mm3

Sagbas and
Durakbasa [46]

1.000 0.049 PoD Water N/A N/A 0.090–0.170 0.070–0.120 3.38 × 10−5–4.54 ×
10−5 mm3/Nm

1.34 × 10−5–2.75 ×
10−5 mm3/Nm

Sawano et al. [47] N/A N/A PoD Water 5.200 0.019 — — 0.42 mg 0.18 mg
Gou et al. [48] 0.540 0.162–

0.401
PoD Bovine serum

and hydrogel
3.600 0.010–0.017 0.100 0.043 — —

Pratap and Patra [49] 0.115–0.210 0.066–
0.918

PoD Bovine serum 106.700–151.000 0.010–0.100 0.198–0.297 0.146–0.201 — —

Lee et al. [50] 0.500 0.160 PoD Bovine serum 5.000 0.015 0.610–0.670 0.290–0.800 130.0–255.0 mg 0.4–280.0 mg
López-Cervantez
et al. [51]

0.500–1.000 0.649 BoD Water 19.000–24.000 0.005–0.055 0.024–0.026 0.0221–0.0225 — —

Sufyan et al. [52] 0.550 0.490 BoD Bovine serum 12.200–26.680 0.012 0.018–0.180 0.019–0.090 12 µm 17 µm
Zhang et al. [53] 0.025–0.300 0.050–

0.400
RoD Water 0.239–1.670 0.054–0.215 0.045–0.120 0.015–0.020 2.5 µm 0.9 µm

Zhang et al. [54] 0.300 0.050–
0.400

RoD Water 0.239–1.670 0.054–0.215 0.050–0.120 0.010–0.190 2.5 µm 1.0 µm

Wang et al. [55] 0.025–0.050 0.100–
0.400

RoD Water 0.150–0.250 0.440 0.100 0.120–0.250 0.0175 mm3/Nm 0.0090 mm3/Nm

Tarabolsi et al. [40] 0.200–0.400 0.087–
0.660

RoD Bovine serum,
water

9.000 0.015 0.290–0.700 0.240–0.400 0.03–0.40 mm3 0.02–0.16 mm3

Zhang et al. [56] 0.055 0.283 PoD/mixed
simulation

Bovine serum 3.500 0.024 0.233 0.160 — —

Note: The wear results are reported in the units and precision provided by each individual study.
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by 31% and increased the lubricant film thickness 133% when artic-
ulating with CoCrMo acetabular liners, i.e., an MoM material pair.
However, they measured an increase of the friction coefficient by
24% when articulating with HXLPE acetabular liners, i.e., an MoP
material pair [62]. They explained this observation as the soft poly-
ethylene surfaces deforming and penetrating into the texture features
on the hard femoral head.
Chyr et al. [63] and Qiu et al. [64] built and used a hybrid testing

apparatus comprising a textured CoCrMo cylinder that articulates
with smooth UHMWPE specimens and validated their numerical
simulations that showed that shallow texture features (ɛ< 0.1)
reduce the friction coefficient by increasing the lubricant film pres-
sure and thickness under constant bearing load-carrying capacity.
Borjali et al. [65] and Langhorn et al. [66] performed uni-

directional and multi-directional PoD wear experiments of
UHMWPE, HXLPE, and VEXPE pins articulating with textured
and smooth CoCrMo disks and showed that the textured
CoCrMo disks reduced the wear-rate of all UHMWPE, HXLPE,
and VEXPE pin materials, compared to smooth CoCrMo disks.
Borjali et al. also showed that the texture features reduced the fric-
tion coefficient compared to smooth CoCrMo disks and transi-
tioned the bearing from operating in the boundary or mixed
lubrication to the full-film (elasto)hydrodynamic lubrication
regime [67]. Others have also documented that texture features
may transition the bearing from operating in the boundary or
mixed lubrication regimes to the full-film regime, including
Dougherty et al. who used a stainless steel pin articulating with
a textured UHMWPE disk [68], and Cho and Choi who used a

UHMWPE pin articulating with a textured stainless steel disk
[59]. Figure 7(d ) shows a Stribeck curve (friction coefficient
versus Sommerfeld number) obtained by Cho and Choi [59],
which illustrates how a textured bearing (open triangle markers)
reduces the friction coefficient such that it operates in the
(elasto)hydrodynamic lubrication regime where the equivalent
smooth bearing (solid square markers) operates in the boundary
and mixed lubrication regimes, for the same operating conditions.
Kashyap and Ramkumar also used PoD experiments with smooth
UHMWPE pins and titanium disks textured with cross-hatched
groove patterns and found an optimum groove aspect ratio (ɛ=
0.050–0.066) that reduced the friction coefficient by 13% and
wear by 58%, which they attributed to an increased lubricant
film pressure and thickness compared to an untextured bearing
[69]. Roy et al. performed PoD friction experiments using a
ceramic pin articulating with a textured and smooth ceramic
disk and determined that the friction coefficient decreased by
17% and wear decreased by 53% for the textured compared to
the smooth ceramic disks [70,71], which they attributed to the
increased lubricant film pressure in the textured bearing.
In addition to increasing the lubricant film pressure and thickness,

texture features that function as micro-hydrodynamic bearings may
also increase the lubricant viscosity in non-Newtonian lubricants
because joint lubricants exhibit shear-thinning behavior, i.e., their
viscosity decreases with increasing shear rate. Drescher et al. used
RoD experiments of smooth CoCrMo rings and textured CoCrMo
disks lubricated with the bovine serum to show that texture features
locally increase the spacing between bearing surfaces, which

Fig. 7 (a) The local lubricant film pressure as a function of the length coordinate along the centerline of a typical spherical texture
feature with the texture floor profile below. (b) Lubricant flow lines inside infinitely wide texture features, showing increasing
vortex formation with increasing texture aspect ratio [57]. (c) Interferometry images of smooth (left) and textured (right)
CoCrMo femoral heads at the minimum (top) and maximum (bottom) sliding velocity, with the measured lubricant film thickness
below as a function of sliding distance for each femoral head, modified from [58]. (d ) Stribeck curves (friction coefficient versus
Sommerfeld number) showing the transition in the lubrication regime for textured (open triangle markers) compared to smooth
(solid square markers) surfaces [59].
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decreases the local shear rate and increases the local viscosity
[72,73]. They found that the textured disks increased the lubricant
viscosity up to 40% compared to a smooth disk. Increasing the
lubricant viscosity will also increase the lubricant film pressure
when all other operating and design parameters remain constant.
However, not all texture parameters reduce the friction coeffi-

cient and wear of the bearing materials. Few reports document an
increase of the friction coefficient and wear-rate of textured
bearing surfaces compared to smooth ones. For instance, Zhou
et al. used PoD experiments with UHMWPE pins articulating
with stainless steel disks with shallow texture features, but reported
an increase of the friction coefficient and wear rate compared to
smooth stainless steel disks, which they attributed to the build-up
of material around the contour of the texture features that resulted
from manufacturing the texture features [74].
Numerical simulations have also provided insight into how

texture features may function as micro-hydrodynamic bearings,
and they have been widely used to optimize the texture design
parameters in terms of, e.g., minimizing the friction coefficient or
maximizing the lubricant film thickness. Computational fluid
dynamics (CFD) solve the Navier-Stokes (N-S) equations to simu-
late the lubricant film pressure and thickness between two bearing
surfaces in relative motion. Sahlin et al. [57] and Han et al. [75] per-
formed CFD simulations of lubricant films between a smooth and a
textured rigid surface in two and three dimensions, respectively.
They simulated a wide range of lubricants and bearing operating
conditions and determined optimum texture aspect ratios that max-
imize the load-carrying capacity of the lubricant film under different
operating conditions. Sahlin et al. showed that vortex formation
increases with increasing texture aspect ratio, for constant bearing
operating conditions (see Fig. 7(b)).
However, solving the full N-S equations is computationally

expensive and is often not needed to solve lubrication problems
because the lubricant film thickness separating the bearing surfaces
is much smaller than the length scale of the bearing surfaces.
Instead, the Reynolds equation (RE), which represents a reduced
version of the N-S equations based on thin-film assumptions such
as constant pressure and viscosity through the lubricant film thick-
ness, velocity gradient perpendicular to the lubricant film thickness,
negligible inertial effects, laminar flow, and Newtonian lubricant
behavior, can accurately simulate the lubricant film pressure and
thickness in textured bearings [76]. Specifically, Qiu et al. evaluated
each assumption implicit to the RE and determined where each
assumption breaks down in textured bearings by comparing the
solutions of the RE to those of the full N-S equations [77].
Rahmani and Rahnejat solved the RE in two-dimensional hydro-

dynamic lubrication (HL) model of a non-dimensional lubricant
film between a smooth and a textured rigid surface to investigate
flat and sloped texture floor profiles of infinitely wide textured bear-
ings. They found that the optimum depth of the texture features is
proportional to the lubricant film thickness, but depends on the
texture floor profile because the different texture floor profiles
cause the lubricant film to locally diverge/converge at different
rates [78]. Qiu and Raeymaekers used HL simulations to evaluate
the effect of surface roughness inside the texture features on a
rigid bearing surface and found that repeating sinusoidal roughness
increased the bearing load-carrying capacity, but random roughness
inside the texture features had a negligible effect [79]. Zhang et al.
also performed HL simulations of a CoCrMo pin articulating with a
textured UHMWPE disk with different texture feature shapes to
maximize the lubricant film thickness and minimize the friction
coefficient [80]. They found that square-shaped texture features
with ɛ= 0.07 and Sp= 0.20 reduced the friction coefficient more
than 18% compared to circular-shaped texture features. Addition-
ally, Shen and Khonsari numerically optimized the texture feature
shape, unbound to any geometry, to maximize the lubricant film
pressure and bearing load-carrying capacity under HL conditions
[81]. They found that the optimized texture feature shapes increased
the bearing load-carrying capacity compared to standard texture
feature shapes such as circles or squares.

The previous paragraph gives an overview of research in which
the bearing surfaces were considered rigid, i.e., their compressibil-
ity is much smaller than that of the lubricant. However, this
assumption is not valid in the case of e.g., an MoP or CoP pros-
thetic hip implant where the polyethylene bearing surface may
deform under the lubricant film pressure and, thus, one must
account for this deformation. Su et al. used an elasto-
hydrodynamic lubrication (EHL) model of a textured UHMWPE
surface articulating with a smooth steel surface by simultaneously
computing the lubricant film pressure using the RE and solving the
elasticity equations to compute the deformation of the soft
UHMWPE surface [82]. They found that the optimum texture
parameters (ɛ and Sp) to maximize the bearing load-carrying
capacity both increase compared to HL simulations. Allen and
Raeymaekers used an EHL model of textured CoCrMo articulating
with smooth UHMWPE to determine the optimum texture design
parameters that maximize the lubricant film thickness for a range
of bearing operating conditions [83]. They found that the
optimum texture aspect ratio varies with the bearing operating con-
ditions such that it is proportional to the lubricant film thickness,
and the stiffness of the UHMWPE surface does not affect the
lubricant film thickness. Allen and Raeymaekers also showed
that flat texture floor profiles produce thicker lubricant films than
round or sloped texture floor profiles and observed that the
volume of the texture features is directly proportional to the lubri-
cant film thickness, independent of the texture floor profile [84].
During in-vivo gait, prosthetic hip implants may operate in the

boundary or mixed lubrication regimes for a portion of the gait
cycle during which either the load is high or the relative velocity
between the bearing surfaces is small. That portion of the gait
cycle cannot be modeled by HL or EHL models that require full-
film lubrication with no solid-on-solid contact. However, mixed
lubrication models combine simultaneous computations of fluid
lubrication and solid asperity contact to account for solid-on-solid
contact. For instance, Basri et al. used a fluid–solid interaction
(FSI) model in a multi-physics computational framework to show
that texture features increase the lubricant film pressure and thick-
ness, thus decreasing the solid-on-solid contact in an MoM pros-
thetic hip implant [85]. Gao et al. used a mixed lubrication model
of an MoM prosthetic hip implant with texture features on both
the femoral head and acetabular liner with dynamic operating con-
ditions of a human gait cycle. They found that the texture features
reduced contact between the bearing surfaces during approximately
80% of the gait cycle (particularly in the boundary and mixed lubri-
cation regimes), but the texture features slightly decreased the lubri-
cant film thickness compared to smooth bearing surfaces when the
bearing already operated in the full-film lubrication regime [86].
This shows that the texture features improve the lubricant film
thickness during the portion of the gait cycle where it will have
the greatest impact on reducing wear. Gao et al. also modeled a
CoCrMo MoM prosthetic hip implant with a textured, spherical
femoral head and an aspherical acetabular liner under dynamic
operating conditions, and found the texture to slightly decrease
the film thickness for the geometry and operating conditions consid-
ered in their work [87]. Gao et al. also established a mixed lubrica-
tion model of an MoP prosthetic knee implant with a rigid, smooth
femoral component and deformable, textured UHMWPE tibial
insert [88]. They found that texture features could increase the lubri-
cant film thickness and reduce wear by 4% in the lateral compart-
ment of the prosthetic knee implant, but that texture features
slightly decreased the lubricant film thickness and increased the
wear in the medial compartment of the prosthetic knee implant
because of the medial compartment experiences higher loads than
the lateral compartment.
Table 2 summarizes each paper included in this review which

used texture features as micro-hydrodynamic bearings. Note that
most values in the table are reported with standard units and consis-
tent significant digits. However, we have reported the wear mea-
surements in the units and with the precision provided by each
individual publication.
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Table 2 Data summary of publications that describe using texture features as micro-hydrodynamic bearings

Reference

Texture
aspect ratio,

ɛ
Texture

density, Sp
Experiment
configuration Lubricant

Load-carrying
capacity [MPa]

Sliding velocity
[m/s]

Friction
coefficient
(smooth)

Friction
coefficient
(textured) Wear (smooth) Wear (textured)

Choudhury et al.
[61]

0.020–0.030 0.170–
0.250

Pendulum HJS Bovine serum 16.000 0.044 — — — —

Dong et al. [58] 0.027–0.050 0.370–
0.580

Pendulum HJS Bovine serum 0.081 0.031 0.190–0.300 0.150–0.170 — —

Choudhury et al.
[62]

0.055–0.120 0.150 Pendulum HJS Bovine serum 3.245 0.044 0.140–0.160 0.110–0.170 — —

Chyr et al. [63] 0.005–0.020 0.050–
0.200

Hybrid tester Bovine serum 0.570–1.130 0.100 0.260–0.280 0.120–0.290 — —

Qiu et al. [64] 0.010–0.020 0.050–
0.200

Hybrid tester Bovine serum 5.600–11.100 0.100 0.200 0.100 — —

Borjali et al. [65] 0.010–0.040 0.050–
0.300

PoD Bovine serum 2.000 0.031 — — 1.3–5.4 mg/M
cycles

0.6–2.6 mg/M
cycles

Langhorn et al.
[66]

0.005–0.020 0.050–
0.200

PoD Bovine serum Dynamic 0.038 — — 6.83 mg/M cycles 2.18 mg/M cycles

Borjali et al. [67] 0.010–0.040 0.050–
0.300

PoD Bovine serum 1.000–2.000 0.031–0.063 0.070–0.090 0.050–0.075 — —

Dougherty et al.
[68]

0.100 0.030–
0.500

PoD Water 44.360–60.100 0.005–0.070 0.075 0.040 — —

Cho and Choi [59] 0.270–1.000 0.050–
0.250

PoD Oil 2.500 0.100 0.262 0.092 — —

Kashyap and
Ramkumar [69]

0.040–0.200 0.100–
0.400

PoD Bovine serum 8.620–15.527 0.020 0.367–0.414 0.319–0.441 0.90–1.27 mg 0.38–2.92 mg

Roy et al. [70] 0.050 0.058 PoD Bovine serum 132.000–187.000 0.010 0.165–0.182 0.14–0.176 — —
Roy et al. [71] 0.075–0.100 0.050–

0.150
PoD Bovine serum 181.450–256.610 0.020–0.080 0.132–0.150 0.108–0.125 0.77 mg 0.36 mg

Dresher et al. [72] 0.020–2.000 0.031–
0.278

RoD Bovine serum — 0.010 — — — —

Dresher et al. [73] 0.330–1.330 0.026–
0.105

RoD Bovine serum — 0.010 — — — —

Zhou et al. [74] 0.003 0.049 PoD Bovine serum 1.600 N/A — — 2.25 × 10−7–2.47
× 10−7 mm3/Nm

2.64 × 10−7–2.93
× 10−7 mm3/Nm

Sahlin et al. [57] 0.015–0.250 0.150–
0.500

HL simulation Non-dimensional — Non-dimensional 3.000 2.770 — —

Han et al. [75] N/A 0.031–
0.503

HL simulation Non-dimensional — Non-dimensional N/A 0.500–5.400 — —

Rahmani and
Rahnejat [78]

N/A N/A HL simulation Non-dimensional N/A N/A 1.000 0.852–0.884 — —

Qiu and
Raeymaekers [79]

0.010 0.200 HL simulation Non-dimensional — 10.000 — — — —

Zhang et al. [80] 0.120–0.600 0.040–
0.400

HL simulation Non-dimensional N/A N/A N/A 1.010–1.280 — —

Shen and Khonsari
[81]

N/A 0.100–
0.300

HL simulation Non-dimensional — 0.010–5.120 — — — —

Su et al. [82] 0.002–0.010 0.100–
0.500

EHL simulation Paraffin oil — 1.200 — — — —

Allen and
Raeymaekers [83]

0.010–0.100 0.100–
0.700

EHL simulation Non-dimensional 0.250–2.000 Non-dimensional — — — —
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2.4 Reducing the Nominal Contact Area Between the
Bearing Surfaces. Texture features also reduce the nominal
contact area between both bearing surfaces in contact, independent
of the texture aspect ratio, and entirely driven by the texture density.
Several experiments have investigated how a reduction of the
nominal contact area in textured bearings may change their friction
coefficient or wear-rate. Such experiments are typically performed
“dry,” i.e., without lubricant, to entirely isolate the function of
contact area reduction by avoiding that the texture features function
as lubricant reservoirs or micro-hydrodynamic bearings.
Cuervo et al. used PoD experiments of a titanium pin with raised

elliptical texture features (to mimic the texture of snakeskin scales)
articulating with smooth UHMWPE disks. They demonstrated that
the friction coefficient of the textured pin against the UHMWPE
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Fig. 8 (a) FEA showing the contact pressure (in MPa) on a tex-
tured CoCrMo surface with ɛ=0.28 and Sp=0.13 in contact
with a UHMWPE surface [93]. (b) Contact pressure along the cen-
terline and near the edge of a texture feature for stiff SiC and soft
UHMWPE [94]. (c) Deformation of a smooth UHMWPE surface (in
m) in contact with a textured stainless steel surface [94].
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disk is lower than that of a machined or sandblasted titanium pin
because it reduced contact between the protruding texture features
[89]. Wei et al. laser-treated CoCrMo disks to fabricate a hardened
surface with a wavy texture pattern with a period of 8 µm [90]. They
performed BoD experiments using a stainless steel ball and the
laser-treated CoCrMo disks and showed that the textured disk
reduced the friction coefficient by 64% compared to an untreated,
smooth CoCrMo disk, which they attributed to reduced contact
from the texture features, increased hardness from the laser treat-
ment, and wear debris accumulated in the texture features to
reduce third-body abrasive contact. Kustandi et al. performed
BoD experiments using a silicon nitride ball articulating with a
grooved UHMWPE surface consisting of 1 µm deep by 1 µm
wide grooves oriented perpendicular to the sliding direction and
measured that the friction coefficient decreased by 35% when artic-
ulating with the grooved compared to a smooth UHMWPE disk
because the groove texture features reduced the nominal contact
area [91]. Choudhury et al. performed PoD experiments using a
UHMWPE pin articulating with a textured ceramic disk and docu-
mented that the friction coefficient and wear increase for the tex-
tured compared to the smooth disk because the soft UHMWPE
deformed into the texture features, increasing the contact area,
and causing abrasive wear between the UHMWPE and the edges
of the texture features [92].
Numerical simulations have also been performed to understand

the effect of contact area reduction of textured bearing surfaces
on friction and wear. Pakhaliuk et al. used finite element analysis
(FEA) to show that spherical texture features on the bearing
surface of CoCrMo femoral heads locally increase the contact pres-
sure at the edge of the texture features but reduce the contact pres-
sure at all other points on the UHMWPE and CoCrMo acetabular
liners compared to smooth femoral heads because the acetabular
liner does not experience compressive stress in the area with
texture features on the femoral head [93]. They also showed that
rounded edges or fillets locally reduce the contact pressure at the
edge of the texture features compared to texture features with
“sharp” edges and determined ranges of texture design parameters
(0.08≤ ɛ≤ 0.25, 0.02≤ Sp≤ 0.46) that maintain a contact pressure
below the yield stress at the edge of the texture features for both
MoM and MoP configurations. Figure 8(a) shows FEA results of
the contact pressure on a textured CoCrMo surface (in MPa) with
ɛ= 0.28 and Sp= 0.13 in contact with a UHMWPE surface [93].
We observe that areas of elevated contact pressure occur around
the edges of the texture features as a result of stress concentrations.
Wang et al. also performed FEA simulations of contact between a

smooth stainless steel surface and UHMWPE and SiC surfaces
with cylindrical texture features and showed that elevated contact
pressure concentrates around the edges of the texture features on
the stiff SiC surface, but smaller stress concentrations exist on the
soft UHMWPE surface [94]. Figure 8(b) shows the contact pressure
along the centerline and near the edge of a texture feature for the
stiff SiC (black line) and soft UHMWPE (red line) [94]. Based on
their simulations, Wang et al. concluded that it is advantageous to
spread out the regions of elevated local contact pressure by design-
ing texture patterns such that the texture density decreases with
increasing stiffness of the textured bearing surface material. They
also simulated contact between a textured stainless steel surface
and smooth UHMWPE surface to show how the soft bearing sur-
faces may penetrate the texture features on the hard bearing
surface. Figure 8(c) shows the deformation of the smooth
UHMWPE surface (in meters) in contact with the textured stainless
steel surface [94]. Dong et al. performed simulations of contact
between a smooth steel femoral head and a textured UHMWPE ace-
tabular liner to compute the contact pressure, temperature increase,
and polyethylene wear [95]. They compared their simulated results
to pendulum HJS experiments of a steel femoral head and textured
UHMWPE acetabular liner and found that surface texture led to
fluctuating local temperature and contact pressure, which led to dis-
continuous regions of wear on the UHMWPE acetabular liner.
Table 3 summarizes each paper included in this review which

used texture features to reduce the nominal contact area between
the bearing surfaces. Note that most values in the table are reported
with standard units and consistent significant digits. However, we
have reported the wear measurements in the units and with the pre-
cision provided by each individual publication.

2.5 Intellectual Property. In addition to journal publications,
several patents have been issued related to different aspects of tex-
tured orthopedic biomaterials with application in prosthetic hip or
knee implants. We categorize these patents similarly to the
journal publications we discussed, i.e., by texture function.
Most of these patents describe embodiments in which textured

surfaces serve as lubricant reservoirs and/or accumulate wear
debris. For instance, Lilley proposed a prosthetic hip implant
made of ceramic materials where the femoral head and acetabular
liner each had at least one small reservoir designed to accumulate
wear debris [96]. Frey described an acetabular liner with a groove
to distribute lubricant to the bearing interface [97]. Legrand also
designed a circumferential groove, or “throat,” in an acetabular

Table 3 Data summary of publications that describe using texture features to reduce the nominal contact area

Reference

Texture
aspect
ratio, ɛ

Texture
density,

Sp
Experiment
configuration Lubricant

Load-carrying
capacity [MPa]

Sliding
velocity
[m/s]

Friction
coefficient
(smooth)

Friction
coefficient
(textured)

Wear
(smooth)

Wear
(textured)

Cuervo et al.
[89]

0.011–
0.037

0.230–
0.300

PoD — 16.330–28.350 1.000 0.140–
0.200

0.060 — —

Wei et al.
[90]

— — BoD — 179.536 5.000 ×
10−4

0.330 0.120 — —

Kustandi
et al. [91]

1.000 0.500 BoD — 300.000 0.010 0.300 0.180 — —

Choudhury
et al. [92]

0.067 0.045 PoD Bovine
serum

17.900–24.700 0.010 0.049–
0.188

0.058–
0.183

0.041–
0.101 mg

0.061–
0.130 mg

Pakhaliuk
et al. [93]

0.050–
0.500

0.002–
0.785

Contact
surface
simulation

— 5.410–6.280 — — — — —

Wang et al.
[94]

0.360 0.200 Contact
surface
simulation

— 1.670 1.000 ×
10−4

— — — —

Dong et al.
[95]

N/A N/A Contact
surface
simulation,
Pendulum HJS

Alcohol 0.124 0.017 — — N/A 1.5 µm

Note: The wear results are reported in the units and precision given in the individual journal publications.
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Table 4 Summary and comparison of manufacturing processes to fabricate texture features on orthopedic biomaterials

Process Molding Optical techniques Conventional machining Electrochemical processes Solid particle erosion

Schematic

Picture

[54] [40] [71] [38] [47]

References

[53,54,91] [40,48,52,56,59,61,63–
67,69,72,73,90]

[39,41,44–46,49–51,58,62,68,70,71,74,92] [38,42–44,54,55,89] [47]

Applicable biomaterials UHMWPE UHMWPE, CoCrMo, stainless steel,
ceramic

UHMWPE, CoCrMo, stainless steel, titanium,
ceramic

CoCrMo, stainless steel, titanium CoCrMo

Range of texture
dimensions

1–200 µm diameter, 1–15 µm
depth

10–250 µm diameter, 0.5–120 µm
depth

55–1000 µm diameter, 1.5–1000 µm depth 50–1000 µm diameter, 3–100 µm
depth

0.25–4.40 µm depth

Dimensional accuracy Good [91] Good [73] Fair [41] Fair [54] Poor [47]

Throughput Slow [53] Fast [40] Medium–fast [41] Slow [42] Medium [47]

Curved surfaces No [54] Yes [61] Yes [39] Yes [38] No [47]

Scalable to macroscale
areas

Fair [53] Good [61] Good [58] Good [38] Fair [47]
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liner to collect lubricant [98]. Mathys designed an acetabular liner
with a single chamber positioned at the point of maximum
loading to promote hydrostatic support and lubrication of the
femoral head [99]. Yuhta et al. documented bearing surfaces with
recessed patterns to retain lubricant in the bearing region and
resist wear and adhesion [100]. Burkinshaw described bearing sur-
faces with evenly distributed “plateaus” and “valleys” to facilitate
lubrication [101]. Grundei and Thomas patented bearing surfaces
with regularly spaced recesses to act as lubricant reservoirs [102].
Schmid described engineered surfaces for prosthetic hip or knee
implants with texture features designed to entrain lubricant in the
loaded region and prevent lubricant escape [103].
Only one patent describes the texture function of micro-

hydrodynamic bearings on the surface of prosthetic hip implants.
Raeymaekers and Sanders proposed the idea of concave features
designed to compress lubricant and facilitate hydrodynamic lubrica-
tion to reduce wear [104].
A few patents describe the idea of modifying the contact area to

reduce the friction coefficient and/or wear of a prosthetic hip
implant. Serbousek and Bono designed an “interrupted” articular
face with grooves or texture features on the surface to reduce the
articulating surface area of a prosthetic hip or knee implant [105].
Salehi et al. proposed reducing the bearing area with indentations
on the surface to reduce the wear [106]. Chan and Ochoa described
applying surface textures to reach an optimum contact area in order
to reduce wear and increase the lubricity of a prosthetic hip or knee
implant [107].

3 Manufacturing Textured Bearing Surfaces for
Prosthetic Hip Implants
Several processes exist to manufacture texture features on the

surfaces of orthopedic biomaterials, including molding, optical
techniques, conventional machining, electrochemical processes,
and solid particle erosion methods.
While metal components of prosthetic hip implants are com-

monly cast and then machined [108], molding texture features
apply only to a soft UHMWPE surface. The UHMWPE is heated
near the glass transition temperature and pressed into a textured
mold, which typically comprises hard silicon or copper surfaces
with texture features fabricated using e.g., photolithography micro-
machining, to reform the UHMWPE to the negative shape of the
mold [53,91]. Advanced molding techniques, such as nanoimprint
lithography, have produced texture features smaller than 1 µm in
UHMWPE [91], and smaller than 10 nm in polymers such as
PMMA [109]. However, molding is time-intensive and requires
special mold designs and process optimization to fabricate texture
features on e.g., curved surfaces [110], which is important in the
context of prosthetic hip implants.
Optical, i.e., laser-based techniques offer flexibility for texturing

orthopedic biomaterials because these techniques are fast and can
cover curved surfaces. Ultra-short pulsed lasers focus on a small
area of the workpiece and locally ablate the material, leaving a
small indentation [111]. Controlling the laser parameters such as
power, pulse duration, and optical focus customizes the process
for different materials and texture designs [112]. Because lasers
are electromagnetic waves, they also enable other techniques,
such as diffraction laser ablation, where the laser beam shines
through a small aperture, resulting in diffraction patterns that
ablate material in concentric ring patterns [56]. Further, laser inter-
ference lithography focuses multiple laser beams on the surface
such that areas of additive interference are ablated, whereas areas
of subtractive interference remain unaffected by the laser, resulting
in a surface with a wave-like texture pattern [90]. Laser-based
methods are fast, precise, and have minimal impact on the surround-
ing material surface (depending on the laser parameters) [113].
However, laser ablation can leave behind a material build-up
around the edges of the texture features because of the re-deposition
of ablated material [114]. This occurs primarily with long pulse-

length lasers, i.e., nano- and pico-second as opposed to femto-
second lasers [115]. Additionally, the high heat may locally affect
the material microstructure and hardness [114].
Conventional machining has also been used to texture orthopedic

biomaterials. Indentation operates by pressing a hard (often
diamond-tipped) indenter into the workpiece [74]. The indenter
can have different shapes, and the combination of the indentation
load and material hardness determines the depth of the resulting
texture features. However, an indentation may cause residual stres-
ses and the build-up of ridges around the texture features from the
displacedmaterial [74,116].Micro-milling operates similarly to con-
ventional milling, but with smaller tools to accommodate the small
dimensions of the texture features. Five-axis computer numerical
control (CNC) machines have been used to manufacture texture fea-
tures on spherical surfaces such as a femoral head or acetabular liner
[39]. Diamond or carbide cutting tools are required when machining
hard material such as ceramic [71], and the cutting tools must be
replaced frequently to maintain accuracy [70]. End-milling is a fast
alternative for machining texture features with a small aspect ratio,
where a spherical shaped end-mill touches the surface, and leaves
a small spherical indentation [41,49].
Electrochemical processes manufacture texture features by selec-

tively etching the material through chemical and/or electrical
means. A mask protects areas where no etching may occur when
the entire surface is exposed to a reactive chemical [89] or an elec-
trolyte bath and direct current voltage [117]. Thus, only the
unmasked areas of the surface are selectively etched until the
desired texture features are formed, and the mask can be
removed. Masks are typically manufactured using photolithography
and are mostly used for flat surfaces [54], but have been applied to
spherical surfaces too [38]. The etchant must be selected for a spe-
cific material and electrolytic etching is only used for metallic sur-
faces. Electrical discharge machining (EDM) operates similarly to
electrolytic etching, but a specific tool geometry is used as an elec-
trode to create sparks that erode the material (“sinker EDM”) [118].
EDM is typically slower than other manufacturing processes but
can produce very precise texture features, depending on the tool
geometry.
Solid particle erosion methods spray small particles of abrasive

media in a high-pressure jet of air or water to cut through or
roughen the surface of a workpiece. The size, shape, and concentra-
tion of texture features after solid particle erosion display a degree
of randomness but depend on the properties of the abrasive parti-
cles, and the nozzle size and jet pressure [119]. We note that
solid particle erosion does not allow for precise control of the
texture feature geometry, density, or location, and it may be used
in conjunction with other texturing techniques to produce multi-
scale roughened texture features [120].
Table 4 shows a comparison of the different categories of manu-

facturing processes of texture features that have been used in the
context of texturing orthopedic biomaterials. For each manufactur-
ing process, we include a schematic of the working principle, a
picture of fabricated texture features, references to publications
where the process has been documented, the type of orthopedic bio-
materials that have been textured, the range of texture feature geom-
etries, and several qualitative metrics to compare the different
processes with each other. Each qualitative metric is described as
follows, and each designation in Table 4 is referenced as justifica-
tion. The dimensional accuracy metric is based on the range of
texture feature geometries produced by each process, where good
dimensional accuracy means the process can produce texture fea-
tures with a diameter smaller than 25 µm, and poor dimensional
accuracy means the process cannot control the texture feature dia-
meter. The throughput metric describes the processing time for
each process, based on descriptions in the references. The curved
surface metric describes whether each process has been used to fab-
ricate texture features on a curved surface (such as a femoral head
and/or acetabular shell/liner), and the scalable to macroscale areas
metric is based on the surface area that has been textured with
each process, where we distinguish between good and fair

Journal of Tribology APRIL 2021, Vol. 143 / 040801-13

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/tribology/article-pdf/143/4/040801/6572345/trib_143_4_040801.pdf by Bart R

aeym
aekers on 12 July 2021



scalability at approximately 1200 mm2, which is equivalent to the
surface area of a 28 mm diameter acetabular liner.

4 Discussion
Texture features may serve three different functions to reduce the

friction coefficient and wear of the bearing surfaces and, thus, must
be designed with a specific application in mind. Prosthetic hip
implants represent a complex engineering application, and manu-
facturing texture features on the bearing surfaces of prosthetic hip
implants show promise for a personalized medicine approach that
customizes prosthetic hip implant bearing surfaces for specific
patient lifestyles. “Personalized medicine” typically refers to tai-
lored pharmaceuticals to match a specific patient’s genetics [121],
but can also apply to customize medical devices to mitigate risks
and improve the success of surgery outcomes by accounting for
the specifics of each individual patient [122]. In the past, customiz-
ing prosthetic hip implants has been limited to different bearing
material choices and modular designs that allow sizing the different
components of a prosthetic hip implant to best reconstruct the
patient’s anatomy [123].
However, this review shows that texture design parameters, in

combination with different bearing operating conditions, affect
the lubrication of the bearing surfaces of a prosthetic hip implant
(or orthopedic biomaterials used in the context of prosthetic hip
implants). For example, Zhang et al. showed for textured
UHMWPE articulating with stainless steel, the optimum texture
aspect ratio to minimize the friction coefficient and wear increases
with increasing bearing load-carrying capacity [53]. Similarly,
Allen and Raeymaekers showed for textured CoCrMo articulating
with UHMWPE that the optimum texture aspect ratio to maximize
the lubricant film thickness increases with increasing flow parame-
ter and decreasing bearing load-carrying capacity [83]. Addition-
ally, changing the bearing surface material combination or
changing which bearing surface material is textured drastically
affects the optimum texture design parameters, as shown by
Zhang et al. [54] and Wang et al. [94]. Thus, by changing the
texture design parameters, a prosthetic hip implant could be tailored
to perform optimally for specific patients’ anatomy, body mass, and
lifestyle activity level. Surgeons could create a personalized medi-
cine decision matrix that considers the texture design parameters
in addition to the size and materials of a prosthetic hip implant to
best suit each individual patient. Figure 9 shows a schematic of
potential input parameters (age, body mass, activity level) and
output parameters (bearing material pair, texture aspect ratio,
texture density) that one may consider in a textured prosthetic hip
implant personalized medicine decision matrix.
Several challenges must be overcome before textured prosthetic

hip implants can be designed and manufactured for in-vivo use,

including dynamic hip joint simulator experiments, manufacturing
concerns, and regulatory approval. To be approved by the US
Food and Drug Administration (FDA), a new medical device
design must be substantially equivalent to an approved predicate
device or undergo thorough and expensive testing to obtain a new
pre-market approval (“De Novo” classification). To show substan-
tial equivalence to an approved predicate device, the new device
must have the same intended use as the predicate device, it must
not raise any new concerns about safety or effectiveness, and it
must demonstrate equivalent safety and effectiveness as the predi-
cate device [124]. While textured prosthetic hip implants have the
same intended use as traditional prosthetic hip implants, they will
likely raise new concerns about safety and effectiveness.
Langhorn et al. tested the corrosion potential of laser-textured

CoCrMo surfaces and found no significant difference to untreated
CoCrMo surfaces, indicating that texture features will not likely
increase the corrosion of biomedical CoCrMo alloys [66].
However, residual stresses from micromachining the texture fea-
tures may locally affect the hardness and fracture toughness of
the material. Roy et al. measured compressive residual stresses
and a reduced fracture toughness inside the texture features on
ceramic surfaces, in addition to tensile residual stresses and a
reduced hardness close to the edges of the texture features [70].
The change of fracture toughness inside the texture features might
not affect the performance of the prosthetic hip implant, as this
portion of the surface will not contact another solid surface.
However, the tensile residual stresses around the texture contour
could cause an increased risk of fracture. Choudhury et al.
showed reduced hardness around the contour of the texture features
on a stainless steel surface and proposed using hard surface coatings
to counteract the problem [42]. Further, Lee et al. showed that a
hardened thermal oxidation layer protected the texture features on
the surface of titanium, while untreated texture features were
deformed and worn away [50].
Also, heat from laser texturing processes may affect the micro-

structure and hardness of the bearing materials. However, laser
operating parameters may be altered to reduce thermal effects,
while avoiding material re-deposition around the contour of the
texture features. In contrast, Wei et al. documented improved mate-
rial properties after laser-treatments reduced the grain size and
increased the hardness of CoCrMo surfaces [90].
A major concern for the longevity of prosthetic hip implants is

wear debris that can affect the tissue surrounding the prosthetic
implant. The vast majority of the literature shows that texture fea-
tures on the bearing surfaces of orthopedic biomaterials reduce
wear debris [38,46,47,65,71]. However, a few data points indicate
increased wear for specific texture features and operating conditions
[45,55]. Thus, it is important to design texture features for the spe-
cific bearing operating conditions to reduce wear and improve pros-
thetic hip implant longevity.
Other key challenges to overcome are specific to the hard-on-soft

configurations. Texture features on the hard surface perform well at
low bearing loads but may experience increased friction coefficient
and wear at high bearing load-carrying capacity, presumably
because the soft material of the counterface can deform and pene-
trate into the texture features [54,63,92]. One solution to this
problem is applying the texture features on the soft surface.
While the texture features on the soft surface require a different
set of optimum texture design parameters, the literature shows
that they reduce the friction coefficient and wear even at high
bearing load-carrying capacity [54]. However, as the soft surface
wears faster than the hard surface, the texture features may eventu-
ally wear away, or have their optimum geometry changed by wear.
Based upon wear-rates published in Ref. [65], it would take approx-
imately 732,000 cycles (less than 1 year for the average adult) to
completely remove 1 µm deep texture features from the surface of
a UHMWPE acetabular liner. For a more wear-resistant VEXPE
acetabular liner, it would take approximately 3,173,000 cycles
(just over 3 years) to wear away these same shallow texture features
and lose the benefit of a textured bearing surface.

Fig. 9 Input and output parameters for personalized textured
prosthetic hip implants
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Another difficulty is a lack of experimentally validated boundary/
mixed lubrication regime numerical models for textured orthopedic
biomaterials. The majority of the numerical simulations of textured
orthopedic biomaterials require the assumption of full-film lubrica-
tion, i.e., no solid-on-solid contact. This simplification enables
using the Reynolds equation to solve for the lubricant film pressure
and thickness, but full-film lubrication is only realistic for a portion
of the gait cycle. For approximately half of a typical gait cycle, a
prosthetic hip implant operates in the boundary/mixed lubrication
regime [125]. Thus, it is important to model realistic surface
contact to accurately capture the lubrication of textured prosthetic
hip implant bearings throughout the entire gait cycle. Only Gao
et al. [86–88] and Basri et al. [85] have incorporated both lubricant
film pressure and solid-on-solid contact into the same model of tex-
tured orthopedic biomaterials. In the future, mixed lubrication
numerical models will greatly assist the design of optimum
texture design parameters covering the entire gait cycle and will
need experimental validation to ensure accuracy.
No friction or wear experiments of textured prosthetic hip

implants have been performed with hip joint simulators using tradi-
tional dynamic loading and kinematic cycles that mimic in-vivo gait
(e.g., Paul’s curve [126]). The guidelines in the ISO 14242 standard
impose a range of sliding parameters approximately between
7.8·10−12 and 3.3·10−10, similar to the most common ranges used
in the literature for pendulum HJS, PoD, RoD, hybrid, and BoD
experiments with simplified geometry, kinematics, and loading
(see Fig. 5). While these studies have evaluated operating condi-
tions within a realistic range, it will be important to evaluate dyna-
mically changing conditions as occurs in an in-vivo prosthetic hip
implant. Experiments with realistic geometries, kinematics, and
loading will be necessary to prove the safety and effectiveness of
textured prosthetic hip implants before consideration for clinical
trials and/or FDA approval.

5 Conclusions
We conclude the following:

(1) Texture features on the bearing surfaces of orthopedic bio-
materials perform three potential functions to reduce friction
and wear: (1) lubricant reservoirs and accumulating wear
debris, (2) micro-hydrodynamic bearings, and (3) reducing
the nominal contact area. Reviewing the literature relevant
to prosthetic hip implants reveals trends to guide the design
of textured bearing surfaces for these different texture func-
tions. Specifically, texture features that function as lubricant
reservoirs have aspect ratios greater than 0.1 whereas texture
features that function as micro-hydrodynamic bearings have
aspect ratios smaller than 0.1. Texture features that only
reduce the contact area operate in the boundary lubrication
regime, and their effectiveness is independent of the
texture aspect ratio and entirely driven by the texture density.

(2) The literature shows that depending on the specific texture
design parameters, textured bearings perform differently
with different materials and different operating conditions.
Thus, this shows promise to tailor textured bearing surfaces
of prosthetic hip implants to account for patient-specific
factors including age, weight, and lifestyle (activity level).

(3) Many techniques exist to manufacture texture features on the
surface of orthopedic biomaterials. Optical (laser-based)
techniques display the greatest flexibility, speed, and preci-
sion for textured prosthetic hip implants.
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