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Abstract

It has long been known that articular cartilage exhibits a surface microtexture with shallow
indentations. By contrast, prosthetic joints consist of ultra-smooth bearing surfaces, the longevity
of which does not reach that of natural cartilage. We show that adding a microtexture to the
smooth femoral component of a prosthetic knee joint reduces friction by increasing the lubricant
film thickness between the bearing surfaces of the knee. We have implemented an
elastohydrodynamic lubrication model to optimize the geometry of the microtexture, while taking
into account the deformation of the polyethylene tibial insert. We have manufactured several
microtexture designs on a surrogate femoral component, and experimentally demonstrate that the
microtexture reduces friction between the surrogate femoral component and tibial insert.
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1. Introduction

Avrticular cartilage covers the articular surfaces of skeletal joints, which are lubricated by
synovial fluid to provide smooth joint motion and resistance to wear [1]. In large joints such
as knees and hips, the cartilage sustains high loads and great cumulative sliding distances as
a result of everyday activity, yet the tissue is extremely durable, and for most people it lasts
a lifetime. Figure 1 schematically depicts a natural knee joint. Although articular cartilage is
nominally quite smooth, it has long been known that its surface exhibits a microtexture
consisting of shallow spherical indentations [2-7]. For instance, Longmore and Gardner [6]
quantify the dimensions of the indentations on natural articular cartilage as 20-50 pm in
diameter and 0.5-2.0 um deep, which is distinctly different from surface roughness features
(1-4 um in diameter, 130-275 nm deep), and waviness (wavelength of 100-500 um). The
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effect of the indentations, particularly in light of lubrication and longevity, is not fully
understood.

By contrast, state-of-the-art prosthetic knee joints, as introduced by Gunston in the 1960s [8,
9], consist of ultra-smooth bearing surfaces. A prosthetic knee bearing comprises a metal
femoral component typically made of Cobalt-Chromium (CoCr), attached to the femur,
articulating with a polyethylene tibial insert that is constrained on a tibial plateau, which is
anchored in the tibia. The most common failure mechanisms of prosthetic knee joints
include mechanical loosening and instability, often resulting from osteolysis (“weakening of
the bone™), which is driven by a biological response to polyethylene wear particles that
causes bone resorption [10]. Manufacturers of prosthetic knee joints combat implant wear by
attempting to improve the mechanical properties of the polyethylene tibial insert [11] and by
increasing the smoothness of the bearing surfaces, witnessed by the increased interest in
ceramic prosthetic knee joints [12-14]. However, the longevity of these man-made bearing
surfaces still does not replicate, or even approach that of natural articular cartilage [15].
Prosthetic knee joint designs that mimic properties of natural articular cartilage, such as the
cushioned knee design proposed by Auger and Dowson [16, 17] have been attempted, but no
bio-inspired design approach has been successfully implemented in a commercial product.

It is well-known that adding a specifically designed patterned microtexture to otherwise
smooth bearing surfaces can increase the load-carrying capacity and lubricant film thickness
between these bearing surfaces and, thus, reduce friction and wear [18, 19]. On the basis that
surface microtexture improves performance of other man-made bearings and also inspired
by the microtexture existing on natural articular cartilage, we hypothesize that a patterned
microtexture optimized for a prosthetic knee bearing will reduce friction and wear by means
of improved lubrication.

2. Theoretical model

2.1 Texture geometry and density optimization

We have implemented an elastohydrodynamic lubrication model to simulate a simplified
prosthetic knee bearing. In this model, we account for axial loading and flexion/extension,
which are the most important loading and kinematic components during gait. Figure 2
depicts a schematic of the model, showing a smooth, deformable surface representing the
tibial insert, and a rigid microtextured surface with an array of N-by-N indentations,
representing a small section of the femoral component. Each indentation is a spherical cap,
i.e., a segment of a sphere (referred to as “spherical indentation” in the paper). The radius of
curvature of the femoral component is several orders of magnitude larger than the size of the
indentations on the microtextured surface. Thus, we can approximate the joint in the contact
region as two parallel sliding surfaces in relative motion, separated by a thin layer of
incompressible joint fluid of minimum thickness c. Neglecting the wedge-shaped channel
between the femoral component and the tibial insert allows focusing entirely on the effect of
the microtexture pattern on the lubricant film thickness. An array of 64 (N = 8) indentations
is representative of the entire femoral component, because boundary effects decay quickly.
While joint fluid is shear-thinning, the shear rate dependence of the viscosity decreases
considerably in prosthetic joints compared to natural joints [20]. Additionally, bovine serum,
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which is used as an analog for joint fluid in laboratory experiments, displays Newtonian
viscosity [20]. Hence, we use a constant dynamic viscosity 4 = 1.0 Pa-s. The large value of p
is to ensure stability of the numerical simulation. However, the viscosity is believed to have
little influence on relative performance of different microtexture designs [21]. A knee gait
cycle consists of time-dependent loading, motion and lubricant film thickness [22]. We
optimize the microtexture geometry for constant loading and a constant sliding velocity (U =
0.10 m/s) between the femoral component and the tibial insert. First, the optimal
microtexture geometry and pattern is almost independent of the bearing sliding velocity
[21], similar to the effect of lubricant viscosity. Second, in our experiments (see section 3)
we impose a reciprocating motion with constant load and sliding velocity between a
surrogate femoral component and tibial insert. Figure 2 shows that each spherical
indentation has a radius rp and depth h, and is centered in a unit cell of width 2r;. The
texture aspect ratio ¢ is defined as the ratio of indentation depth and diameter, and the
texture density Sy is defined as the ratio of the area covered by indentations and the total
bearing area. The elastic modulus of CoCr and polyethylene is Ecocr = 230 GPa and Epqly =
1 GPa, respectively [23]. The Poisson's ratio of polyethylene vyqjy = 0.4 [23]. Hence, in our
model we assume a rigid metal femoral component, but a polyethylene tibial insert that is
subject to deformation as a result of the bearing pressure. The load-carrying capacity of the
lubricant film per unit area, W, is computed as the average bearing pressure in the solution
domain Q with area A, i.e.,

1
W —fop(x,ydxdy. )

Q

The steady-state incompressible Reynolds equation relates the local bearing pressure p(x,y)
to the local lubricant film thickness h(x,y) for given operating conditions (U, y, W) and
microtexture geometry (&= hp/2rp and Sp = ﬂ(rp/2r1)2) [18].

o op o dp Oh
— (A= h? U—.
or ( 8x> +8y ( 8y> =0u or @

ctd(z,y), if 22442 >r2

h(l‘,y): 2\ 2 2 )
Here, c+ %(hp—i—;—’;) — (22+y2)+3 (hp — ;—’;) +d(z,y), if £?+y?>r]

within the local coordinate system of one unit cell. d(x,y) is the polyethylene deformation,
computed from the local pressure p(x’,y’) of all (x’,y’) in the solution domain €.
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Ambient pressure, pg, is maintained on all the four edges of the solution domain, as
indicated in Fig. 2. The Reynolds cavitation boundary condition is enforced, which dictates
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that the pressure cannot drop below the ambient pressure in the cavitation region, and the
pressure gradient is zero at the boundary of the cavitation region [24].

We have used a finite difference formulation in combination with the Effective Influence
Newton (EIN) method [25] and the Multi-Level Multi-Integration (MLMI) method [26], to
simultaneously solve Egs. (1), (2), and (3). A uniform grid with 129 by 129 nodes per unit
cell is selected based on a mesh convergence study.

2.2 Simulation results

Using this lubrication model, we have computed the geometry and density of the
indentations to maximize the thickness of the lubrication film between the bearing surfaces
in relative motion under a constant bearing load. Maximizing the lubricant film thickness
minimizes contact between the bearing surfaces. We find that a sparse pattern of extremely
shallow indentations yields optimal results. Figure 3 shows the minimum lubricant film
thickness of the bearing for fixed operating conditions (u = 1.0 Pa-s, U =0.10 m/s, W = 0.5
MPa), which represent realistic in-vivo conditions, as a function of the texture aspect ratio
and the texture density Sp. The largest minimum lubricant film thickness in the bearing
occurs for 0.20 < S, < 0.40 and £~ 0.025. We observe that the minimum lubricant film
thickness is more sensitive to the texture aspect ratio than to the texture density. Figure 3
also indicates three microtexture designs with solid white dots, which we have implemented
and evaluated in experiments.

3. Experiments

3.1 Methodology and specimens

We have implemented three different spherical microtexture designs, selected based on the
simulation results (geometry indicated as solid white dots in Fig. 3), on 25 mm radius
convex CoCr cylinders (ASTM 1537-F) polished to R, = 50 nm surface roughness. The 25
mm radius of the cylinder represents the main radius of curvature of the femoral component
of an average sized prosthetic knee joint. Each spherical microtexture feature has a radius r,
=50 pm and is manufactured with laser surface texturing [18]. We have verified with white
light interferometry that the laser manufacturing does not alter the surface roughness of the
CoCr cylinder outside the texture features. The CoCr cylinder is mated with a flat ultra-high
molecular weight polyethylene (UHMWPE) specimen with a surface roughness of R = 500
nm. The surface finish of both bearing surfaces is similar to that of commercial prosthetic
knee joints. Both specimens are shown in Fig. 4. The convex-on-flat contact in the surrogate
bearing is a simplification of the complex three-dimensional convex-on-concave contact that
occurs in a commercial prosthetic knee joint. Convex-on-concave contact would result in a
larger contact area than convex on flat (our experiment), reducing the contact pressure. It is
also noted that while with the steady-state lubrication model identical results would be
obtained when placing the microtexture on the CoCr or UHMWPE specimen, in practice it
is advisable to texture the CoCr specimen, since the UHMWPE is subject to wear, which
could alter the microtexture geometry.

Figure 5 (A) shows a schematic of the friction experiment. A CoCr cylinder rotates
reciprocally according to a prescribed 1 Hz kinematic cycle over a span of = 90°, while
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pressed against a flat UHMWPE specimen with load F. This simulates the flexion/extension
motion and axial loading of the knee joint, which are the primary motion and load
components, respectively. Figure 5 (B) shows both specimens in contact. The contact
pressure (5.6 — 11.1 MPa) between the CoCr and UHMWPE specimens is calculated using
Hertz theory and falls within the range of in-vivo values [27]. The bearing surfaces are
submerged in bovine serum (HyClone - 20 mg/ml protein concentration). The friction
coefficient is computed from torque T and normal load F measurements, and it is compared
to the friction coefficient obtained with a smooth bearing, which uses an identical
UHMWPE specimen, and a CoCr cylinder without microtexture. The inset of Fig. 5 (B)
shows an optical micrograph of the microtexture (rp = 50 um). Details of the experimental
apparatus are given elsewhere [28].

3.2 Experimental results

Figure 5 (C) shows the kinematic cycle imposed on the CoCr specimen articulating against
the stationary UHMWPE specimen, and Fig. 5 (D) depicts the resulting friction coefficient f
as a function of time, for the three different microtexture designs. The two seconds of data
shown are extracted from an extended-duration experiment, and illustrate the effect of the
patterned microtexture on the friction coefficient. These results do not change as a function
of time during the span of the experiment. In this typical experiment the contact pressure
between the specimens is 11.1 MPa. We observe that the friction coefficient varies
dynamically and is periodic with reversals between counter-clockwise (CCW) and
clockwise (CW) rotation. Moreover, the magnitude variation during each period can be
interpreted to identify the different phases of the kinematic cycle (Fig. 5 (C)). For example, f
is maximum at the end and beginning, and it is minimum in the middle of each cycle, where
there is constant-speed rotation and sliding (U = 0.10 m/s). For all three microtexture
designs, the friction coefficient is lower than the smooth bearing pair. For the microtexture
with S, = 0.15 and &= 0.010, the friction coefficient is approximately 50% lower than for
the smooth bearing pair. This indicates that the microtexture increases the lubricant film
thickness between the bearing surfaces compared to the smooth bearing pair, and that an
increased portion of the bearing load is carried by the lubricant film, thereby reducing
contact and, thus, friction. In addition, we observe from Fig. 5 (D) that at each reversal of
sliding direction in the kinematic cycle, the friction coefficient of the microtextured bearing
decreases almost instantaneously to its steady-state value, whereas that of the smooth one
decreases more slowly. This shows that the microtexture enables a faster increase in the
lubricant film thickness and, correspondingly, the portion of the bearing load carried by the
lubricant film. Because the spacing between the CoCr and UHMWPE bearing surfaces is
smallest around the start and end portions of a kinematic cycle, microtextured prosthetic
knee joints yield their greatest benefit at precisely these instances, emphasizing the benefit
of the microtexture during boundary lubrication. The slight increase in the friction
coefficient in the middle of the kinematic cycle is likely the result of manufacturing
tolerances on the shape and roundness of the specimens.

Table 1 quantifies the portion of the kinematic cycle during which each of the microtextured
CoCr specimens displays a lower friction coefficient than the smooth CoCr specimen, to
evaluate and compare the performance of the three microtexture geometry designs relative
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to each other. The results are shown for three different values of the contact pressure. In all
cases, we find that the microtextured surrogate prosthetic knee joint outperforms the smooth
one, providing a lower friction coefficient over approximately 73% — 100% of the kinematic
cycle, depending on design and contact pressure. During the remaining part of the kinematic
cycle the microtextured and smooth bearing have approximately the same friction
coefficient, i.e., the smooth bearing never outperforms the microtextured one in our
experiments (see also Fig. 5 (D)).

3.3 Discussion

The model we have used includes several simplifying assumptions. We neglect the time-
varying sliding velocity and bearing spacing experienced in prosthetic knee joints during
gait, because the optimum microtexture geometry is believed to be almost independent of
the bearing operating conditions. Thus, we have performed the optimization for a constant
velocity and bearing load-carrying capacity, which allows using a steady-state simulation.
Good agreement between the performance of the different microtexture designs in the
experiments and the simulations is observed. The discrepancy between the experiments and
the model prediction could originate from imperfections in the experimental environment,
such as minor misalignment of the apparatus and manufacturing tolerances of the specimens
and the patterned microtexture. Figure 5 (C) shows that the friction coefficient for the
microtexture with S, = 0.05 and ¢ = 0.020 and the microtexture with Sy = 0.20 and &= 0.020
are almost identical in the CCW rotation but less similar in the CW rotation, which indicates
slight misalignment in the experimental apparatus. This is unlikely to alter the high
percentage of the kinematic cycle during which the microtextured bearings outperform the
smooth bearings, but might affect the relative performance of different microtexture designs.
The elastohydrodynamic lubrication model can be improved by solving the bearing pressure
and spacing for the entire contact region of the prosthetic knee joint. This would improve the
accuracy of the polyethylene deformation, which is dependent on the local pressure
throughout the entire bearing. This would, however, result in excessive computational cost.
In addition, the experimental results indicate that mixed lubrication occurs rather than full
fluid lubrication, i.e., the bearing load is carried in part by the lubricant film and in part by
solid-on-solid contact between the bearing surfaces. Thus, the model could also be improved
by considering contact between the CoCr and UHMWPE bearing surfaces.

Several patents exist [29, 30, 31] that describe different forms of textured prosthetic joints.
However, the critical difference between these patents and our work is that we attempt to
use microtexture to increase the lubricant film thickness between the femoral component
and the tibial insert and, thus, reduce friction. As shown in the results in Fig. 3, very shallow
microtexture features are needed to accomplish this. In contrast [29, 30, 31] describe texture
features meant to serve as lubricant reservoirs and wear particle traps, with a texture aspect
ratio that is an order of magnitude larger than the texture features we have designed.

We have experimentally demonstrated that an engineered patterned microtexture on the
surface of the femoral component can reduce friction in surrogate prosthetic knee bearings.
The microtexture increases the lubricant film thickness and, thus, an increased portion of the
bearing load is carried by the lubricant film, resulting in reduced contact and friction.
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Eventually, when applied to commercial prosthetic knee joints, the microtexture could
improve longevity, which would enable younger patients to qualify for a total knee
replacement surgery and, additionally, would reduce the number of revision surgeries.
Contrary to the current paradigm of maximizing smoothness of prosthetic knee bearings, this
insight may provide inspiration for the design of future microtextured prosthetic knee joints
with increased longevity compared to the state-of-the-art.
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Articular

cartilage ~ Microtexture [6]

Tibia

Figure 1.
Schematic of a natural knee joint showing the articular cartilage on the condyles of the

femur, articulating with the articular cartilage on the tibia. A magnified view of the surface
of the articular cartilage depicts many indentations and microtexture features. The magnified
view inset, obtained with a scanning electron microscope at a 220x magnification, is
reproduced from Longmore and Gardner [6].
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Figure 2.

Model of a microtextured bearing with spherical indentations, (A) top view of solution
domain 2, and (B) cross-section showing the geometry of the microtexture.
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Figure 3.
Simulated minimum lubricant film thickness of the bearing as a function of texture aspect

ratio & = hy/2rp and texture density Sy = ﬂ(rp/2r1)2, forp=1.0Pas,U=0.1m/s, W=0.5
MPa. The microtexture designs used in the experiments (section 3) are marked with solid
dots.
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Figure 4.
(A) CoCr cylindrical specimen, and (B) UHMWPE specimen.
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Figure 5.
(A) Schematic of the experiment, (B) contact of the two bearing surfaces, with a magnified

view (optical microscope) showing the pattern of spherical indentations (light grey circles)
on the CoCr cylinder. (C) Kinematic cycle applied to the CoCr cylinder, and (D) friction
coefficient f between the CoCr and UHMWPE specimens as a function of time, showing that
the microtextured bearing surface outperforms the smooth bearing surface over most of the
kinematic cycle. The data is extracted from a long duration test and the normal load N
creates a contact pressure of 11.1 MPa.
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Table 1

Percentage of the 1 Hz kinematic cycle during which the microtexture design outperforms the smooth bearing,
for different microtexture geometries, and for different values of constant bearing contact pressure. During the
remainder of the kinematic cycle, both bearings perform equally.

Texture design Texture parameters | Contact pressure [MPa]

=300 pm S, € 56 | 89 | 111

Sp=10.05, £=0.020 94% 91% 92%

Sp=0.15,£=0.010 96% 98% 100%

Sp=0.20, £=0.020 91% 73% 85%
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