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Ramirez, T., Hilerio Cruz, I, Doiiu Ruiz,

M.A., Lépez Perrusquia, N., Garcia Bustos, ~ Ultra-high molecular weight polyethylene (UHMWPE) has been used in or-
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Science, 10, 1-14. lems is the average life time of the UHMWPE due to wear, and the particles

https://doi.org/10.4236/mnsms.2020.101001  generated by the friction of the metal on the articulation of the polymer are
the most common inducer of osteolysis, generating a loosening of the implant

prostheses, most of the implanted joints are designed so that the metal of the
prosthesis is articulate against a polymeric material, however the main prob-
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1. Introduction

Wear by contact between surfaces is one of the main causes in the reduction of
the life time of the components in industrial machinery, tools and specifically in
biomedical parts [1].

Wear is a process that occurs on the surfaces of solid bodies due to the friction
of another body; modifying the macro and micro surface geometry of the struc-
ture and the properties of the surface layers; with or without loss of material [2].

In the work, abrasive wear is simulated; this happens when a surface is dam-
aged by the introduction of a material harder than the base material. The harder
material is introduced into the system in the form of particles, which enter ex-
ternally or can be generated internally by oxidation or other chemical processes.

Previous studies of problems related to wear in knee prostheses suggest that
wear debris is capable of initiating inflammatory responses, causing peripros-
thetic osteolysis and bone resorption at the implant-bone interface [3]. These
responses can induce pain and loosening of the implant which leads to revision
surgeries and in most cases the total change of the prosthesis.

The biological response to particles in suspension depends on several factors,
such as: the number of waste particles of wear, size and shape, the morphology
of the wear surface and the speed at which they accumulate in the periprosthetic
tissues [4]. Therefore, one of the applications of the tribological tests is to serve
as an effective preclinical tool to investigate the wear characteristics of the de-
vices and improve the performance of the implant after surgery [5].

In the last decade, bio-tribological simulations have been investigated in the
areas of knee implants [6], including simulations of finite element models by
computer, and mechanical tests.

Ali M. Alsambhan in his research focused on the control of the duration of life
of the artificial knee, with the optimal thickness variable of the polyethylene
layer (the commercially available thicknesses are 8, 9 and 10 mm), elaborated a
3D digital model of the prosthesis, and then performed stress concentration
analysis in the contact area between the tibial insert of UHMWPE and the metal
material of the prosthesis. Predict the maximum effort of Von Mises in the area
determining that the thickness of 10 mm is the most advisable to take into ac-
count by orthopedist that most times they do not find a decision parameter to
select the thickness [7].

Volodymyr Pakhaliuk and Alexander Polyakov in their article published in
2015, analyzed the wear of the spherical joint of the total hip prosthesis in the
acetabular cup of UHMWPE in combination with the metal by means of finite
elements, used a model of the classic equation Archard-Lancaster to predict
wear. Compared the results obtained from the numerical analysis, the mathe-
matical model and the data obtained from the laboratory tests on the polymeric
material. Obtained very close results with the three criteria, showing that the
developed method is a very useful tool for the application of the most accurate

classification analysis of the design, allowing to reduce the use of expensive ex-
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perimental studies using physical simulators [8].

In 2014 Marcin Nabrdalik presented an article of numerical analysis of the
stress analysis in the wear zones of the knee joint, working with the geometric
modification of the tibial insert suggesting a spherical insert [9].

Marjan Bahraminasab used a biomaterial for the femoral component of the
total knee replacement of NiTi material with shape memory alloy to analyze the
contact with the joint, the Von Mises stress distribution of the femoral bone was
evaluated through the methods of elements finite. Compare results with com-
mercial alloy materials: Cr-Co and Ti-6Al-4V. The results obtained that the NiTi
indicates that it reduces the effort eliminating the shielding effect that originates
the loosening of the prosthesis in the implant. However, the study has its limita-
tions, the geometry of the implant was not modified and the studies were limited
to the condition of static load and not in real conditions of loading in progress
[10].

Hongtao Liu performed tribological analyzes of ultra high molecular weight
polyethylene self-reinforced with UHMWPE powder of high strength and high
modulus of fiber and hot pressing, an M-2000 tester was used. With the previous
methodology, the coefficient of friction and wear was reduced in comparison
with pure UHMWPE [11].

Feng Liu used a computational model for the prediction of wear in hip joint
prostheses, it is simulated full cycle to reproduce the wear of the physiological
bearing in vitro [12].

Bernardo Innocenti developed and validated a finite element methodology to
predict the wear of ultra high molecular weight polyethylene. The wear model
was developed applying an experimental roll-on-plane wear test. Subsequently,
the model was developed to predict patellofemoral wear under the same contour
conditions of the experimental tests. The developed model assumes importance
for its use in the development in the orthopedic clinical field in order to help pa-
tients to predict after a knee surgery, in addition to improve the materials of the
tibial inserts [13].

Jonathan Netter used a computational model to predict knee wear, generated
in vitro under different conditions. We used reverse engineering with finite ele-
ment analysis to generate two different designs of total knee prosthesis to deter-
mine the wear factors in the polyethylene material [14].

Rodriguez Martinez R. and collaborators developed a simple methodology for
modeling and analyzing using FEM of the contact areas in the metal femoral in-
sert and the tibial insert UHMWPE where the stress values are higher, according
to the normalized walking cycle. They solved the geometric modeling of the bo-
dies that are in contact through computerized axial tomography (CAT) of the
bones, processed in a CAD system for the construction of the solid model.

Ali M. and Marcin Nabradalik only Von Mises concentration was analyzed to
perform thickness modification and topological modification depending on the

patient’s weight.
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Marjan Bahraminasab studied the geometry of the implant and the studies
were limited to the static loading condition and not under actual loading condi-
tions in progress or dynamic simulation. The numerical model of Pakhaliuk and
Polyakov presents excellent results, however, it is very limited only to the aceta-
bular cup of the hip prosthesis without being flexible for other applications since
only contact pressure was used to determine the areas of greatest volume loss of
wear Bernardo Innocenti similar to the numerical model of Pakhaliuk and Po-
lyakov are the most complete to use in the prediction of wear, however they have
little flexibility because they used only as a parameter the contact pressure and
cannot be extended to other applications. Again Feng Liu performed the simula-
tion of wear limited to the hip prosthesis without being flexible for application in
other joints. Hongtao Liu used only the experimental part in a physical simula-
tor for knee prostheses. Jonathan Netter predicted wear through a computation-
al model and compared it with in vitro tests without using programming. The
model is very rigid and, like others, has no flexibility.

Rodriguez, similar to other authors, is only based on the concentration of ef-
forts for topological modification of the knee prosthesis with the innovation of
the development of geometry by axial tomography [15].

The present investigation refers to the insert in knee and hip joint prostheses,
of UHMWEP material and the dynamic simulation in finite element of the abra-
sive wear mechanism in squat activity condition, a Fortran program of finite
element (FE) was created based on Archard’s wear law [16]. An adaptive mesh
technique was used to simulate wear on the polymer core of the implant. Adap-
tive meshing captures changes in the articulation surface as the surface wears
and deforms. The FE analysis was performed based on the existing wear stan-
dards and then compared with simulations performed experimentally. The wear
coefficient derived from experimental data was used to calibrate the numerical
model.

The difference of our project to the previous ones is that Fortran language
programming will be used to predict the wear rate, where the variables to be
used will be: sliding distance, normal load and the wear constant. Thus the si-
mulation program could be applied to various types of joint prostheses or ex-
tended to parts of industrial machinery.

The literature review concludes that numerical analysis is a powerful tool for
modeling and obtaining reliable results quickly, establishing a new methodology
to develop implants based on the most common use in health institutions to

produce models compatible with the anthropometry of Mexican race.

2. Methodology

The most commonly used wear model is Archard. This model has been used by
Molinari [17], Podra [18], Cantizano [19], Agelet [20], Hegadekatte [21]. In the
implementation of the wear simulation, the Archard wear model proposal has

been selected to simulate the friction wear that occurs in the contacts between
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polyethylene and the grade 5 titanium alloy (Ti6Al4V) in the knee prosthesis.
The Archard wear model is given by Equation (1)

FRLL M
A*s H A

where:

V: volume of wear;

A: apparent area subject to wear;

F: normal force exerted on the specimen;

s sliding distance;

K: is the wear coefficient of Archard (which is obtained experimentally);

H: it is the hardness of the softest material.

By design, the wear depth 4 is more convenient than the wear volume V. If we
define the depth, A = V/ A, and the contact pressure P = F/A. Equation (1) ex-

pressed in terms of depth of wear is as follows.
h=Eusup @)
H

The wear coefficient K was taken from the results of the experimental tests
carried out in the laboratory, by definition the Archard wear coefficient, is the
fraction of the roughnesses that produce the wear particles, the ratio between the
worn volume and the deformed volume [22].

If both sides of Equation (2) are divided by the sliding time, we obtain the

wear rate W.
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where:

h o
— = w: it’s the wear rate;
t

. itis the sliding speed;
t

P is the contact pressure.

Equation (3) is the classic wear model developed by F. Archard in 1953 [23], it
does not consider the hardness A of the material, important for the wear be-
tween metal surfaces, but it is not an important factor for the wear of polymers
[24].

The wear equation developed by Archard was used by a subroutine of finite
element software. The subroutine called UMESHMOTION, defines the move-
ment of nodes in an adaptive mesh domain. The magnitude of movement of
these nodes is controlled by Archard’s wear law. UMESHMOTION is a subrou-
tine written in fortran language, which has the following configuration and
structure provided by the finite element software subroutine library.

SUBROUTINEUMESHMOTION (UREF, ULOCAL, NODE, NNDOF) &
LNODETYPE, ALOCAL, NDIM, TIME, DTIME, PNEWDT, & KSTEP, KINC,
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KMESHSWEEP, JMATYP, JGVBLOCK)
INCLUDE “ABA_PARAM.INC”
CHARACTER*80 PARTNAME
DIMENSION ARRAY(3), JPOS(15)
DIMENSION ULOCAL(NDIM)

DIMENSION ALOCAL(NDIM,*), TIME(2)

DIMENSION JMATYP(*), JGVBLOCK(*)

DIMENSION JELEMLIST(50), JELEMTYPE(50)

ULOCAL

PNEWDT

RETURN

END

The main variables used for the analysis of wear are the following:

o CSLIP, contact slip variable provides information about the sliding distance
relative to the tangential movement of the nodes at the contact interface be-
tween the surfaces.

o CPRESS, is the variable of the normal force of contact pressure between the
surfaces.

o CSHEAR, friction cutting tension variable, which defines an abrasion con-
tact.

The following flow diagram in Figure 1 shows the steps incorporated into the
wear program written in Fortran code.

Equation (3), s/tis the relative slip distance, this parameter is calculated in the
model as the tangential movement of the nodes in the contact interface, is

CSLIP. Its maximum value is calculated from its CSLIP1 and CSLIP2 compo-

nents as follows:
1
CSLIP = ; = {(csup1y’ +(csLp2)’ |2 (4)

The structure of the program developed in Fortran during the simulation of
the abrasive wear test is as follows.

The structure generated by the UMESMOTION subroutine integrates the
value of the wear constant K, obtained in the abrasive wear tests in the laboratory,

this constant changes depending on the conditions of the test, load, sliding distance

Finite element - . .
analysis using Extraction of data CSLIP, Equation of Archgrd i Climb to the
ABAQUS CPRESS and CSHEAR Law WEARATE=K*t/s*P numbers of cycles

(‘_:omplt_ete number of complete Mesh update
simulation cycles

Figure 1. Flowchart representing the steps involved in the custom UMESHMOTION wear code to si-

mulate the wear of a micro-abrasion test.
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or number of cycles and concentration of the percentage of the abrasive liquid.
The program also integrates the variable N that defines the number of cycles
used in the tests, the data were entered into the program as radians, 1000 cycles
equals 6283.18 rad, 2000 cycles at 12,566.57 rad and 4000 cycles at 25,132.74.
The Nodesmax parameter indicates the value of the node where the CSLIP,
CPRESS and CSHEAR values will be obtained.

In the program, the output variables are added to be applied in the Archard
equation and obtain the final values depending on the number of iterations as a
consequence of the number of cycles or sliding distance. The output variables
are: the CPRESS which indicates the contact pressure between surfaces, updating
its value depending on the location of the selected node on the slave surface,
which will exhibit the wear, CSHEAR1 which indicates the cutting tension force
due to the friction in the local direction 1 (direction perpendicular to the appli-
cation of normal force on the X axis) and CSHEAR?2 indicating the shear stress
due to friction in the local direction 2 (direction perpendicular to the application
of force normal on the Zaxis).

The application of the Archard wear equation is used with the data obtained
from the variables CSLIP, CPRESS and CSHEAR. With this part of the program
the UMESHMOTION subroutine is finished.

The link between the program developed in fortran language and the finite
element software is made through the integrated interface in the program.

With the use of the subroutine the Lagrangian-Eulerian adaptive mesh (ALE)
technique was used, this tool allows to maintain a high quality mesh throughout
the analysis, despite the great deformation or loss of material, by allowing the
mesh move independently of the rest of the material. The adaptive mesh finite
element software is designed to be used in acoustic domains and to model the
effects of ablation or wear of materials, such as what was done.

The wear analysis by the finite element method created was based on the con-
figuration of the micro abrasive wear experiment performed in the laboratory.

A static analysis was used for the simulation of wear, a sphere model, simple
flat test tube was created to simulate the micro-abrasion test as shown in Figure
2.

The wear program was written based on the geometrical configuration of the
machine, contact surfaces and nodes involved.

The contact surface of the sphere was defined as a hard contact interaction,
due to the mechanical characteristics of the material; the polymer surface was
assigned as the slave surface, and the bottom of the sphere was assigned as the
master surface. The slave-master parameters are characteristic in the interaction
of surfaces in finite element software.

Wear was calculated for the central part of the polymer specimen and the val-
ues of CSLIP (contact slip variable available finite element software) as well as
CPRESS (contact pressure variable available finite element software) were ob-

tained from the nodes of the polymeric surface. It must be taken into account
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12.80 mm _

Figure 2. UHMWPE cylindrical test piece and 52100 steel ball used in the micro abrasion
test. (a) Polyethylene specimen; (b) 3D model of the specimen; (c) 52100 steel ball; and
(d) 3D model of the sphere.

that CSLIP (contact slip) can only be obtained from a slave surface. Therefore, if
we need to model the wear on an articulated surface, that surface must be as-
signed as the SLAVE surface with respect to the other component to extract the
CSLIP values.

It is important to mention that for the adaptive meshing it is essential to mod-
el the wear surface as C3D8 elements. In addition, non-linear geometries should
be used.

These parameters are used together in the Archard wear law equation applied

in the program in Fortran language, being finally as follows:

Wearate = & = K * CSLIP * CPRESS (5)

Another used subroutine that complements the previous one is the UFIELD
was written to show the wear contour as a function of the linear cumulative

depth (As) of the model, which was calculated in each increment of Equation (5).

3. Results

Table 1 shows the depth values of footprint, volume, wear rate and the constant
K, which is the coefficient of wear obtained by the Archard wear equations [23].
The results obtained in Table 1 of the experimental micro-abrasion tests in
the condition of 5N-1000 have a wear depth of 0.0115 + 2.20e—5 mm, the results
of the test in the simulation, the wear depth linear is As = 0.0118 mm. This linear
wear depth was calculated as a function of the magnitude of the total displace-
ment Uy. Obtaining a depth of wear in the direction of “y” (see Figure 3).
Equation (6) is used to obtain the depth of linear wear in the crater, it is based
on the diameter of the rotating ball, and the diameter of the footprint left on the

test specimen, depending on the% of abrasive liquid (slurry).
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Table 1. Results obtained from the micro-abrasion test of wear volume and wear coeffi-

cient.
. Wear depth Volume Hutchings Wear coefficient
Specimen R 5
hs [mm)] [mm?’] k [mm’/Nm]
5N-1000 0.0115 + 2.20e-5 0.0005283 + 2.0e—6 2.51e-9 +9.65e—8
5N-2000 0.014 + 6.61e-5 0.0004697 + 4.2e—6 1.19e-9 + 7.8e-7
5N-4000 0.032 +£7.8e-5 0.003264 + 1.52e-5 3.92e-9 +2.3e-7

h=0.0118 mm

ODB: 4N1000_2.0db Abaqus/Standard 6.12-1 Sun Dec 03 21:56:27 GMT-06:00 2017

Figure 3. Displacement, magnitude in the direction of ¥; which is the wear depth of the
simulation under conditions of 5N-1000.

D (DY (aY)
G “

The simulations that were carried out in finite element were of the tests in the
conditions of 5N-1000 and 5N-4000 to take into consideration the minimum
and maximum number of cycles of the test in the micro-abrasion tribometer.
Table 2 shows the summary of the results of the wear depths obtained in the
experimental and simulated tests by means of the link of the Fortran-software
program.

Table 2 shows the wear values of the simulation which are very close to those
obtained in laboratory tests, resulting in a margin of error of 1.69%.

The margin of error obtained by the comparison between laboratory tests and
the virtual analysis of the wear depth is less than 5%, so the wear prediction pro-
gram is validated. The wear depth (mm) was plotted on the Y axis, and the slid-
ing distance (mm) was measured on the X axis.

Graphically (Figure 4) observes a similar trend in experimental wear points
and by finite element analysis (FEA).

The rate of wear in the finite element analysis program is given by the variable
VOLC, which is the change in the volume of a set of elements during adaptive
meshing, specifically in the nodes that are in contact with the ball. wear (in the

specific case of our geometry is the node located in set 88) (Figure 5). VOLC is
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Table 2. Summary of wear depth results in the different test conditions.

Condition of the Experimental wear depth ~ Wear depth simulation Error range
specimen h[mm)] h[mm)] %
5N-1000 0.0115 +2.7e-5 0.0118 3.36
5N-4000 0.0320 + 7.8e-5 0.0310 3.12

0035 -
0030 -
Eouzs|
£ 0025
=
B
Boo2|
g
0015 -
—=— experimental wear depth
—e— finite element wear depth
0010 -
T L T ! T L T ! T ! T |
50000 100000 150000 200000 250000 300000 350000

sliding distance (mm)

Figure 4. Graph of depth of wear with distance traveled.

| Chart-1pis1  Time

= Axis Options ¥ Axis Options
X hods 1 X Axis
[ Mods 1 Title Hods 14 Title
Chart-1.axis-1 Time

| ———  VOLC ELSET SET-68 |

| ———  WOLC ELSET SET-88 f

Scale | Tick Marks | Tt | Axes |
(® Linear () 10dB

Oleg (2048

Maz [ Auto-compute

Tick Mode

Minor: Ticks per increment | 1 %

Min: [ Auto-compute f-em-w&]‘ Min: 9] Auto-compute | -4,84368-005

Major: (® Automatic () By increment ) By count

[ scate | Tick Marks | Title | Awes |
) Linear {_) 10 dB

Oleg 2048

e B comte

Tick Mode
Major ® Automatic ) By increment () By count

Minor: Ticks per increment: | 131

Figure 5. Results of the variable VOLC that gives us the rate of wear (w) in the software
with the conditions: (a) 5N-1000 and (b) 5N-4000.

in the option of output variables of the History Output, which collects the in-

formation of the output variables during the total time that the test lasts. For
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example 25 minutes for the test of 1000 cycles.

The result obtained in the condition of 5N-1000 with the program developed
in Fortran and linked to the finite element software, the wear rate gives a value
of Ws = 2.35e-5 mm’/Nm and the experimental data Wexpe = 2.52e—5
mm’/Nm, with a margin of error of 6.74%. Table 3 gives us the comparison of
experimental results and the simulation program in the different test conditions.

The results of Table 3 indicate that at cycles greater than 4000 cycles the error
decreases considerably, this as a consequence of the fact that the greater the
number of cycles, the test stabilizes as a consequence of the roughness of the ball
and the test piece, as well as the amount of abrasive substance that is in contact
between the ball and the specimen in the experimental test (Contact of three bo-
dies).

The results of the experimental wear rate and that of the FEA program were
plotted (Figure 6) taking the Y axis (mm’/Nm) as the wear rate and the X axis

(in min) as the slip time.

4. Discussion

The results of the program are based on the data obtained from the depth of the
wear crater, the abrasion test experiments were conducted under a given set of

input conditions at 1000 and 4000 cycles, taking into consideration the minimum

Table 3. Wear rate in different conditions.

. Rate of experimental wear Simulated wear rate Error range
Specimen 5 R
Wiy [mm’/Nm] W, [mm?*/Nm] %
5N-1000 2.52E-05 2.35E-05 6.74
5N-4000 5.00E-05 4.85E-05 3
0.000050 |-
0.000045 |-
0.000040 -
% 0.000035 |-
"E .000030 |
£ 000099,
@ 0.000025 -
=
E 4
+ 0.000020 -
3 J
=< 0.000015 | —a— experimental wear rate
1 —e— finite element wear rate
0.000010 -
0.000005 |-
0_000000-.'.'.'.'.'.'.'.'.'.'.'
0 10 20 30 40 50 60 70 80 90 100 110

Time (min)

Figure 6. Lines of experimental wear rate and simulated by finite element in condition
5N-1000.
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and maximum cycles in laboratory, obtaining the wear coefficient of Archard K,
which has been used as data to be introduced to the program. The wear factor is
found in a wide range of values depending on the lubricant used or if the test is
dry and the surface roughness of the bodies that interact [24]. In the experimen-
tal results the volume of wear is very similar to the 1000 and 2000 so the simula-
tion in FEA was performed in the conditions of minimum and maximum cycles.
The coefficient of friction K decreases by 50% when going to the 2000 cycles as
shown in Table 1. Although there is a difference in the value of the depth As
between the cycles 1000 and 2000 the volume of wear does not change much. At
4000 cycles, the variables of depth, volume and coefficient of wear increase ex-
ponentially, especially the volume of wear to 700% with respect to the value of
the 2000 cycles. The displacements that simulate the depths in low and high
cycles, the values are very similar to the experimental results, the error range of
the simulated discarding rate increases in low cycles. The program in Fortran
language was developed based on the configuration of the experimental mi-
cro-abrasion test machine, taking as a fundamental part the classic Archard wear
equation and the experimentally obtained wear constant. The wear rate obtained
are very close to those made in the laboratory, so the program could be used to
predict the wear of different types of materials by modifying the modulus of

elasticity, the wear constant and the number of cycles desired.

5. Conclusion

The program developed in Fortran code based on Archard’s law for the calcula-
tion of the wear rate at different test distances was validated with the results ob-
tained from the laboratory micro-abrasion tests at cycles of 1000 and 4000, ob-
taining margin of error below 5%. The value used in the wear coefficient pro-
gram (K) was obtained from abrasive tests based on the depth of the wear foot-
print; the program predicts the wear rate with the use of the constants entered
directly as they are: normal load, sliding distance (number of cycles) and indi-
rectly the percentage of concentration of the abrasive liquid (slurry). Therefore,
the results in the Fortran language program agree that the greater the number of
cycles, the less the margin of error with respect to laboratory experimentation.
To improve the reliability of the program, it is recommended that for future
work, laboratory tests are performed at cycles below 500 and compared with
those obtained in the program, which can be concluded that the numerical mod-
el is feasible for the prediction of the rate of wear and could be applied in predic-
tions for obtaining the life cycle of joint prostheses or for the tribological analy-

sis in industrial machinery or cutting tools.
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