UDK 620.1:615.477.2:539.92
Original scientific article/Izvirni znanstveni ¢lanek

TEXTURED UHMWPE SURFACE TO REDUCE THE WEAR OF
A KNEE PROSTHESIS
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A morphological modification of the surface texture of ultra-high-molecular-weight polyethylene (UHMWPE) was carried out
to improve its tribological properties. Laboratory tests were conducted with specimens manufactured with 3D printing using a
polyethylene material for knee prosthesis parts, type GUR 1020, with circular geometric textures of 224 micrometers in diame-
ter, at different distances between the centers of the cylinder with respect to a uniform distribution on the surface of a specimen
called geometric density, and at (5, 10, 20 and 40) % saturation of the geometries on the surfaces. The wear was analyzed by
means of 3D profilometry, obtaining the wear rate, while the wear constant was obtained from the laboratory tests and was used
to determine which geometric density is the most suitable. The finite-element method was used to analyze the contact pressure,
which is a great criterion for the selection of the texture. The results indicate that samples with texture densities of 10 % fol-
lowed by 5 % exhibit a decrease in the wear volume.
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Avtorji ¢lanka so izboljsali triboloSke lastnosti polietilena z visoko molekularno maso (UHMWPE) z morfolosko modifikacijo
njegove povrsinske teksture. Laboratorijske preizkuse so izvajali na vzorcih, ki so bili izdelani s tehnologijo 3D tiska. Pri tem so
uporabili polietilenski material primeren za dele kolenskih protez tipa GUR 1020 s kroZno geometri¢no teksturo premera 224
mikronov, z razli¢no medsebojno razdaljo valjckov in z njihovo enakomerno razporeditvijo na povrsini vzorcev, tako da so
dobili razli¢no geometrijsko gostoto nasicenja povrsine (5, 10, 20 in 40) %. Obrabo so analizirali s 3D profilometrijo in pri tem
dolocili hitrost in konstanto obrabe. Na ta nacin so lahko z laboratorijskimi preizkusi dolocili katera geometrijska gostota je
najprimernej$a. Z metodo konc¢nih elementov so analizirali kontaktni tlak, ki je najboljsi kriterij za izbiro teksture. Rezultati
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raziskave kazejo, da imajo vzorci s teksturno gostoto 10 %, katerim sledi 5 % najmanjSo volumsko obrabo.

Kljuéne besede: polietilen z ultra visoko molekularno maso, kolenska proteza, teksturiranje, tribologija

1 INTRODUCTION

UHMWPE has been used in orthopaedics as one of
the materials for artificial joints for 50 years.! However,
the main problem of knee prostheses is the fact that the
half-life of their components made of UHMWPE is ap-
proximately 15 years.>3 The polyethylene particles gen-
erated by the contact and sliding of the metal in a pros-
thesis joint are the most common inducers of osteolysis,
which leads to imminent failure of the piece.* For this
reason, several ways to increase the life of a prosthesis
have been studied; among them the modification of the
surface topography of orthopedic elements stands out,
playing an important role in the contact between the sur-
faces of the pieces and considerably influencing their
wear.’ The most recent research on textured surfaces has

*Corresponding author's e-mail:
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yielded the following results: Menezes investigated the
tribological properties of UHMWPE with textured sur-
faces, obtaining the COF and the formation of a transfer
film by varying the surface texture, reporting that it has a
lower friction coefficient compared to a non-textured
surface.® Lbatan studied the effect of texture on the im-
provement of tribological performance for a lubricated
and non-lubricated system due to the fact that micro-
cavities, which act as deposits of the residue and lubri-
cant, applied to bearing components,’ increase the load
capacity® due to the decrease of the contact area.>!® Tanu
Suryadi worked on the frictional wear of the UHMWPE
implanted in a prosthesis, improving the morphological
structure with the texture of the polymer surface through
nano-impression lithography (NIL). He performed recip-
rocal wear tests, concluding that the COF was reduced,
being between 8 % and 35 %.!!
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2 EXPERIMENTAL PART

The material used for the tests was of the GUR 1020
type, which was supplied by a knee prosthesis manufac-
turer, Break Fix Trauma from Mexico.

Cylindrical holes in the textured surface were used,
leading to notable benefits such as (1) retention of the lu-
bricant,'? (2) the fact that the deposit of the wear residue
could minimize the effect of a greater damage to the sur-
faces due to abrasive wear,'? (3) increase in the hydrody-
namic pressure,'* (4) a decrease in the contact area, re-
ducing adherence'> and (5) easy manufacture and low
costs'¢. Tribological properties depend on the density,
depth and dimension of the geometry.'”-!8

The density of the geometric area is the number of
craters per square area on the surface of a specimen. It is
one of the main parameters for surface texturization, di-
rectly influencing the contact area, the number of lubri-
cant deposits and the amount of material removed as a
result of abrasive wear.!®

Density percentages were used. The length between
the centers (L) and the depth of the crater (hd) were ob-
tained with equations (1) and (2), respectively:!*!0

_ area circular geometry ( 1 )

circle

where L is the length between the centers of the geome-
try, the area of the geometry is 7% and the circular
densityis Ocircle = (5, 10, 20 or 40) %.

To calculate the depth of the crater, the following
equation was used:

hd = (6circu1ar) (L)hd = (dcircular) (L)hd = (6circular) (L) (2)

In this investigation, a specimen with a circular ge-
ometry including a constant diameter (d) of 200 um, a
variable depth A4 and an area for printing the geometries
on the surface of the specimen of 9 mm? were used (Fig-
ure 1).

Table 1 shows the values of the variables used for the
calculation of the textures with the constant dimensions
of the diameter and varying density of area to obtain the
distance between the center of the circles and their depth
using equations (1) and (2).

Table 1: Values of the variables used to manufacture the textures of

test specimens

: Distance be-
vy density | DL 0 e geome- DL
6 (%) ence (“m) tI‘y centers hd (um)
L (um)
S 200 1590 79
10 200 1210 121
20 200 800 160
40 200 560 224

With the data from Table 1, 3D specimens were
made on a Polijet Objet 3D 4000 printer, to be used in a
laboratory micro-abrasion test. The printer can print
biocompatible polymers (Figure 1). A UHMWPE bar,
used for the manufacture of knee-tumor prostheses, was
ground into pellets and then molded into 1.75 mm diam-
eter filaments to be used in the printer as the consumable
raw material. At the time of printing, the molding tem-
perature was 200 °C and the deposition speed was
2 mm/s. 3D specimens with different textures were man-
ufactured to be used in the micro-abrasion test (Fig-
ure 1).

Finite-element tests were performed using simulation
software to analyze the contact pressure that occurred
during the micro-abrasion test. The surface texture influ-
ences the contact pressures and deformations, so the val-
ues that do not exceed the elastic limit are sought. The
simulations were carried out based on the configuration
and shape of the wear-test equipment in the laboratory. A
three-dimensional model of a ball and a flat test tube
were used to perform a static analysis of the textures
with the proposed densities. The sphere exhibited the
properties of the 52100 steel with a Young’s modulus of
200000 MPa, a Poisson’s ratio of 0.3 and a density of
7800 ton/mm?3. The UHMWPE specimen had a Young’s
modulus of 1080 MPa, a Poisson’s ratio of 0.4 and a den-
sity of 9.7 e-10 ton/mm?. These properties were config-
ured with the simulation software. A ball-and-cylinder
model was used to perform a static texture analysis of
the proposed densities.

In the simulation tests, a load of 5 N was used at
1000, 2000 and 4000 cycles, equivalent to 79.79, 159.58

Figure 1: Objet 3D 4000 machine and a printed specimen with a circular texture
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and 319.16 linear meters traveled, respectively, at differ-
ent percentages of the proposed textures.

With a 3D profilometry analysis, the profile of the
marks obtained with the micro-abrasion tests was ob-
tained and the volume of wear was calculated for each
condition applied in the abrasion tests. The diameter of
different wear marks was determined by measuring the
wear mark seen in the plane perspective; the depth of the
wear mark was measured with the transversal profile and
a Temporal P15 profilometer was used. With the
wear-volume Equation (3) developed by Hutchings and
derived from the contact model proposed by Archard, the
lost volume was obtained:?!

V=nh2w 3)

where D is the diameter of the ball of the micro-abra-
sion test and h is the depth of the crater resulting from
the test.

The wear coefficient k can be determined with the
classic wear model, developed by F. Archard in 19532
(Equation (4)):

Vv

=— 4
N 4)

where V is the wear volume, S is the sliding distance
and N is the normal force. Three tests were made for
each of the samples under the following conditions: 10
drops of lubricant were added every 100 cycles, each
drop being equivalent to 1.228+0.075 mL of a 5 gm
mixture of alumina with a size of 5 um, with a solution
of 10 g glucose, 1 g sodium chloride and 85 mL distilled
water at an abrasive wheel rotation speed of 1 m/min.

3 RESULTS AND DISCUSSION

3.1 Contact-pressure analysis of the texturing of the
specimens with the finite-element method

The results for the contact pressure show an increase
with the geometric density, achieving 57.35 MPa in the
40 % density condition. The textures with densities of 5
and 10 % were exposed to a lower contact pressure com-
pared to the non-textured specimens. These results agree
with Xiong, who indicated that the texture-density values
below 10 % are optimal for improving the tribological
properties of a piece.?? Therefore, the favorable texture
for improving the wear is 5 %, with a pressure of 33.49
MPa (Figure 2).

One effect to consider in the case of textured speci-
mens is the detachment of the material by the edges of
circular geometries, which is greater than that of a
non-textured surface. Textured surfaces are exposed to
less friction but greater wear since the crater edges favor
this loss of the material whose surface interacts with an-
other, smooth one, which is confirmed by the results of
contact-pressure stresses.?>?3
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Figure 2: Graph of contact pressure versus density

The depth of the optimal textures is 18 um and 25
um, respectively, determining that low depth values give
a low coefficient of friction.?* Another reason for the
stress increase in the textured samples with a high geo-
metric density is that, due to the circular shape, the crater
perimeters are stress concentrators.

3.2 Tribological tests of micro-abrasion

The specimens with different texture densities were
analyzed with optical profilometry. The wear height was
obtained through the Vision software, processing the
data in .DAT format obtained in with the 3D optical
profilometer. The wear volume was calculated by mea-
suring the diameter and depth of the wear crater and ap-
plying Hutchings’ Equation (3).%

Figure 3b shows the marks of the cylindrical geome-
tries in the light-blue zone left after the SN-4000 cycle
micro-abrasion test. It is possible to see the grooves
made by the particles contained in the abrasive fluid.

Figure 4 of the wear-volume graph shows that the
texture density that improves the tribological characteris-
tics of UHMWPE is 10 %, followed by the density of 5
% for the cycles used. The minimum value of the volume
of wear is 0.0104+1.7e-4 mm? after 1000 cycles for the
10-% texture, and the maximum of 0.00714%9.48e-5
mm? after 4000 cycles was found for the 40-% density

Figure 3: Optical-profilometer images of the sample with a 5 % den-
sity texture: a) SN-4000 cycles and b) craters with a density of 5 % af-
ter the abrasion test
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Figure 4: Graphical wear volume of the textured specimens

textures. Under all the conditions experienced, the den-
sity resulting in the least volume of wear was found for
the specimen printed with a density of 10 % and a depth
of 121 ym.

4 DISCUSSION

Comparing the micro-abrasion tests of the textured
versus non-textured specimens, the main variable of the
wear volume indicates that in the condition of 5 N and
4000 cycles imposed on the 40-% textured specimens,
the maximum wear volume is 0. 00714+9.48e-5 mm>3,
while the non-textured specimen has a wear volume of
0.781 mm? under the same test conditions, indicating
that texturing significantly reduces the wear rate.

The specimens with densities of 40 % have a greater
volume of wear due to distances or numerous long cy-
cles, causing a greater detachment of UHMWPE parti-
cles, which are the main inducers of osteolysis. Berli in-
dicates that the roughness of artificial joints is a
considerable factor. The textures with densities of (5, 10
and 40) % have a high coefficient of friction compared to
the test piece without the texture.® This was confirmed
with the contact-pressure results of the finite-element
analysis.

The textures with a density of 40 % show higher val-
ues of abrasion wear because there is a greater amount of
the material released as a result of the number of cylin-
ders per unit square area and the perimeter of the circular
geometries functions as the stress concentrator affecting
the surface discontinuity.” We can conclude that the vol-
ume of wear depends largely on the density and the nor-
mal load applied. The textures with a 5-% density have a
greater depth of wear (h) compared to the non-textured
sample in the same experimental condition. It should be
noted that 5-% textured surfaces exhibit a significant
contact-pressure-reduction effect compared to 20- and
40-% textures. Surface-texturization studies carried out
by different authors indicate that the most optimal tex-
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tures for reducing the wear are greater than 20 % and
lower than 50 %,*>?3 and according to reference?” and
Figure 4 included in this work, the same result is
achieved by limiting the dimple density for a specimen
exposed to 4000 cycles to between 40 % and 50 %, lead-
ing to the optimum result.

Another task to consider is to improve the durability
of artificial joints with highly wear-resistant coatings as
proposed by Muzamil, which can be achieved using the
methodologies of reinforcement with carbon nano-
particles, leading to an improvement in the functionality
of an orthopedic implant. Likewise, the results reported
in the literature relating to UHMWPE textures showed
that texturization is an important method for improving
the friction and wear resistance of contact surfaces, re-
quiring us to study the influence of textures on the me-
chanical properties and lifetime of a prosthesis.?®

The depths of 79 and 121 pm are most suitable for
improving tribological properties. This result coincides
with Anderson, who says that low depths result in a low
coefficient of friction**. The contact point between the
surfaces of the sphere and the flat sample during the first
cycles in the abrasion test indicates that there is little or
no penetration of the abrasive fluid used in this area.
First, there is adhesive wear, exhibiting low values of the
wear volume, regardless of the load applied. Under the
conditions of more than 2000 cycles, abrasive wear oc-
curs because abrasive particles interact between the two
surfaces causing a three-body abrasive wear.?

5 CONCLUSIONS

The optimal textures for improving tribological prop-
erties, obtained with the finite-element analysis, are
those with densities of 5 % and 10 %.

The contact pressure was lower for the specimens
with textures of densities of 5 % and 10 %.

Under conditions of more than 2000 cycles, three-
body abrasive wear occurs.

Graphically, it can be shown that the geometry with a
density of 10 % is the most suitable for the cycles used
as it leads to low values of the wear volume under sliding
conditions.
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