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ABSTRACT

Ultra High Molecular Weight Polyethylene (UHMWPE) has been consumed
in human hip implants for the last decades. Improving the reliability of hip
joint implants can reach by the understanding of wear behavior and
morphology of the polyethylene. The purpose of this investigation was to
determine the effect of the manufacturing process UHMWPE on the wear
behavior of acetabular cups for hip implants. Tribological tests of UHMWPE
acetabular liner on AISI 316L stainless steel femoral head were carried out
with a tribometer test configuration in a dry condition. In this study, wear
testing was examined with constant applied load of 800 N. The superficial
injures that occured during the test were assessed by coordinate measuring
machine (CMM) and roughness measurements. A correlation between the
surface roughness from machining process and wear mass loss was assessed
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and discussed. Based on the results of the test data and observations on the
specimens it can be concluded that the machining UHMWPE acetabular cups
using milling CNC significantly affected the UHMWPE surface roughness
developing its wear act, in terms of, the rate of wear depth and wear coefficient
produced. The results show high linearity.
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Introduction

Total Hip Replacement (THR) has greatly upgraded the condition of life of
patients influenced by hip osteoarthritis or rheumatoid arthritis. The
replacement of the natural yet injured hip joint by an artificial appliance,
common as the hip joint prosthesis is a clinical way extensively implemented
in orthopedics with a outstanding success in the last decades [1]. The most
commonly used prosthesis in hip implant design is a combination of metal
femoral head articulates against a UHMWPE acetabular cup [2]. Implant
malfunctions are often induced by wear and tear that affects permanent
orthopedic implants [3] requiring revision surgery [4].

The wear behavior of hip implants rely on their surface condition,
which is mostly created through the machining process chain. The scientifict
works exhibits numerous reports attending either the impact of the
manufacturing condition on the gained surface characteritics, or the perform of
the surface characteristics on the existence of implant. Bruschi et al. [5]
investigated the machining conditioning of Ti6Al4V acetabular cups for
human hip implants and tested the wear in vitro using a commercial tribometer.
The result shown that the implementation of multiple passes and the
consumption of cryogenic cooling for reaching the ultimate contour of
TiBAI4V acetabular cups signify an raised strategy to acquire advanced wear
performances. The effect of the surface quality of the implant pair on several
types of materials such as MoM bearings [6] was also observed on the wear
[7] and fatigue [8] resistance through in vitro tests.

The major challenge connected to wear is the production of debris,
which can stimulate an extremely inflammatory biological response that can
conduct to following contained periprostetic bone loss, and finally make a
revision operation necessary [9]. For this reason, wear testing and wear
analyses are thus still acting critical parts in development and research of hip
joint designs for enhanced functioning and endurance before implantation. Hip
simulator experiments have become an effective tool for fundamental
investigation and for preclinical testing to minimize patient’s danger when
accepting new implant types. A hip joint simulator is a device, which is
employed to measure wear or tribological properties [10] of the biological
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prosthesis under simulating the biomechanics of hip human joints remarked in
vivo, based on the gait of a typical patient.

Numerous reports have been achieved by researchers, engineers, and
scientists to assess the involve the wear behavior of UHMWPE acetabular cups
involving design, material, amount and type of protein lubricant, suitable
implant positioning applying simulators, the applied force and the direction of
motion. Niemczewska-wojcik [11] analyze the pattern of surface topography
and wear mechanism at the following phases of operation activity. Trommer
et al. [12] assessed the wear performance of non crosslinked UHMWPE
articulating versus two metallic counterfaces, specifically stainless steel (SS)
and cobalt chromium alloy (CoCr) by completing tests in a hip joint simulator.
Several other researchers also use the hip joint simulator to analyze wear with
various research parameters such as the type of simulator [13]-[14],daily life
motions [15], implant material pairs [16]. The results showed that the wear
behavior of the artificial hip joint was influenced by motion [17], loading [18],
sterilization approach[19], and hip simulation test approach [20].

However, none of the aforementioned studies be found in the literature
presented a clear specific machining UHMWPE for acetabular cup
requirements to get good surface quality that of great importance in the wear
behavior of the hip joint components. Therefore, the objective of the present
research is aimed at investigating the influence of the machining process of
UHMWPE on the wear bahavior of UHMWPE of biomedical interest for
acetabular cup of artificial hip joint. To this aim, UHMWPE acetabular cups
were machined under dry condition using CNC milling machine to obtain great
surface roughness; afterwards, their wear actions under specifications imitating
the ones feature of the human body was evaluated using an in vitro wear test.
In this study, a hip joint simulator was used to test the wear on the acetabular
liner. The wear of the UHMWPE acetabular liner was tested for 30,000 cycles
with a constant loading of 800 N.

Material and Method

Specimens preparation steps using CNC milling

The acetabular liner specimens made from UHMWPE in this study were
manufactured using a 3 axis CNC Milling machine type YCM 1020 EV 20 in
dry conditions (without lubrication). The steps of the UHMWPE acetabular
liner manufacturing process with a CNC Milling machine are shown through
the flow chart in Figure 1. Based on the ASTM F2033-12 standard [21],
acetabular cup products produced from the manufacturing process must have
a roughness value below 2 micrometers, and dimensional accuracy in the range
of +0.3 and -0.0. To achieve this standard, manufacturing optimization is
carried out with cutting parameters in the form of toolpath strategy, spindle
speed, feed rate, and step over [22]-[23]. Based on the optimization results
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obtained 3 samples that have the best level of surface roughness (Table 1). The

3 samples were then tested for wear to see the effect of the surface roughness
level on wear behavior.

Table 1: Three samples of acetabular liner from machining process

Acetabular Surface Roughness Accuracy Dimensions
Liner (pm) (mm)
Specimen 1 0.926 14.439
Specimen 2 1.161 14.470
Specimen 3 0.848 14.354

Measurement of surface roughness
Start . .
and dimensional accuracy
Y
Study of Literature

Whether according
to ASTM standard
(F 2033-12)

Y

Design and Simulation
using CAD/CAM

Results and
Discussion

\

Manufacturing using CNC — ( Finish )

Figure 1: Acetabular liner manufacturing process using a CNC Milling
machine

Sample measurement

UHMWPE acetabular liner products produced by the CNC Milling process are
then measured for surface roughness and dimensional accuracy. Dimensional
accuracy measurement is done using a coordinate measurement machine
(CMM). Some researchers also use CMMs to measure wear on biomedical
components such as hip and knee implants [24]-[25]. The surface roughness
measurement was carried out using the Mark Surf PS1 surface roughness
measuring instrument. Roughness measurement with this tool is carried out
using a stylus with 3 repetitions of measurements for each point. From the
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measurement results, the average value is then taken. The results of measuring
surface roughness and dimensional accuracy before and after the wear test are
shown in a Table 2.

Table 2: The results of measuring surface roughness and dimensional
accuracy before and after wear testing

Acetabular  Surface Roughness (um)  Accuracy Dimensions (mm)

Liner Before After % Before  After %
different different

Specimen1l 0.926 0.7756 16.24 14439 14331 0.75
Specimen?2 1.161 0.7182  38.14 14.470 14.134 2.32
Specimen3  0.848 0.6786  19.98 14.354 14.228 0.88

Hip joint simulator test

The tribometer machine used to test the acetabular liner wear in this study is
shown in Figure 2. The working principle of this machine is like the human
hip joint, there is the femoral head which is an analogy of the human thigh
bone and the cup which is the human pelvis. This test machine is made with a
maximum load of 3000 N. According to Hua et al. [26] the resultant constant
hip joint contact force is 2500 N which corresponds to about 70 kg for 3-4
times body weight.

The acetabular liner test parameters refer to the 1SO 14242 standard, as
well as previous studies [19][20][22][27] as shown in Table 3. The parameters
tested are the number of cycles and loading. The ISO 14242 standard states
that wear tests can be performed on cycles of up to 5 million cycles. Previous
studies run between 1 to 5 million cycles [24]. In this study, the number of
cycles given was different from previous studies. This study focuses on the
influence of the UHMWPE machining process on acetabular liner wear. The
amount of force on the acetabular liner is determined by the weight of the
human body. In this study, an artificial hip joint was tested under a constant
vertical load of 800 N on the counterbody which is considered to be an artificial
hip joint receiving the burden of the entire human body. An average patient
can be assumed to weigh 800 N [28].

Table 3: The acetabular liner test parameters

Specimens Parameters

Load Cycles
Specimen 1
Specimen 2 800 N 30.000
Specimen 3
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Figure 2: Tribometer machine

The specimens were tested up to 30000 cycles. All acetabular liners or
cup samples were matched with AISI 316L stainless steel femoral head (28
mm) and encapsulated in specimen chambers. Prior to gravimetric
measurement of wear, the acetabular liner and femoral head specimens were
brushed with 70% alcohol using cotton to remain sterile. After wear
examination, these activities were iterated under equal terms, and gravimetric
wear was computed by the transform in mass. This test is carried out in dry
conditions without using a lubricant, and the temperature chamber is not
controlled but is measured periodically. The temperature of the room at this
test is 20 °C. The experimental set-up for testing the acetabular liner made from
UHMWPE is shown in the flowchart in Figure 3.
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Start Preparation of the tribometer and
acetabular liner
: , R 4.{ Validation of tribometer
CAD and CAM design of the

acetabular liner

Is the tool
running
correctly?

Manufacturing acetabular liner
» using milling CNC

Acetabular liner wear
testing with variations in
Ra and loading 800N

esults

Analysis and discussion

Conclusions

Measurement of
Ra and dimensions
accuracy based on
ASTM F2033-12

standards

Figure 3: Flowchart of the testing procedure of the UHMWPE acetabular
liner using tribometer

Results and Discussion

The outcomes of the existing studies will be exploited to improve the
prototypes of a hip implant. The research that has been done produces data in
the form of number of cycles and wear depth. The data is then processed and
graphed the relationship between the number of cycles and the depth of wear
that occurs in three specimens. The test results also get the value of changes in
acetabular liner volume by weighing. The weight changes in these three
specimens prove that wear occurs during the test which is simulated for the
walking cycle. Based on the results obtained in this study, it showed that
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specimen 2 had the highest difference in weight, which was 0.0296 grams. The
specimen 1 and specimen 3 have the same difference in weight, which is
0.0014 grams.

The wear rate was determined by linear regression of wear (mm) vs
number of cycles. The wear depth (mm) of the UHMWPE cups are recorded
as a function of the test length in cycles with 800 N force (Figure 4). Based on
the Figure 4 it can be seen that the trend resulting from the three specimen tests
shows almost the same trend. The specimen 3 shows the lowest result of wear
depth compared to other specimens, and specimen 1 displays the results of the
greatest wear depth. In the trend of the results of specimen testing 1 there was
a difference in the wear depth value from cycle 0 to cycle 3000 compared to
specimen 2 and specimen 3. Then the trend of three test specimens after cycle
3000 to cycle 30000 showed a similar trend.

0.6
specimen 1

0.5 specimen 2
Gy = specimen 3 /
2 04 /
2
T
£ 03
w
[a)
o<
S 02
=

0.1

0

0 5,000 10,000 15,000 20,000 25,000 30,000

CYCLES

Figure 4: Comparison of test results of 1, 2, 3 specimens with 800 N force

The test results obtained, it can be concluded that the testing of
acetabular liner wear with variations in surface roughness shows different wear
depth values for each specimen. From the graph it can be seen that the wear
depth value on specimen 1 reaches 0.52 mm for 30000 test cycles. Specimen
2 shows that the wear depth reaches 0.471 mm and specimen 3 reaches 0.454
mm. Then from the graph, the linear line equation is y = 1E-05x + 0.0645 for
specimen 1,y = 1E-05x + 0.0548 for specimen 2, and y = 1E-05x +0.0307 for
specimen 3. Where y is the mass reduction after x test time.

Validation is needed before testing using a tribometer machine to
determine whether the tool used is good enough. The validation method is to
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calculate the wear coefficient value generated from the test using the Archad
equation with the femoral head radius of 14 mm and the acetabular liner radius
of 14.1 mm. The load used is equal to 800 N with 30000 cycles. In this test the
wear coefficient value is 1.945 x 10 mm3/Nm. This value is then compared
with the research from Dowson et al. [29] by entering parameters in the
formula produced from the study. The results of the validation can be seen in
the Figure 5. The results of the validation show that the two charts have almost
the same trend. However, there are differences in the test results where the
wear value obtained is higher than the results of the equation Dowson et al.
[29] when the cycle runs more than 4500 cycles. It can be concluded that the
tools used to carry out testing are good enough to produce the same wear trends
as the research.

0.5 .
Spesimen
Dowsonmodel = g 10x2 + 2E-05x - 0.0007 /|
. 0.4 | Poly. (Spesimen) R2=0.9798 ...
£
= 03
<
o
[«5)
0 o2
<
(5]
=
0.1
0
0 5000 10000 15000 20000 25000 30000
Cycles

Figure 5: Validation of test with Dowson model

Different wear rates can be predictable through in vitro test for bearings
with diverse bearing specifications or with diverse materials. Various wear
rates can also be projected in vivo for patients with dissimilar implant
orientation or with dissimilar activities. Conversely, enormous variances in
wear rate for the equal category of device with same bearing specifications
through hip simulator test are more likely qualified to the diversities in
simulator testing conditions and testing techniques rather than wear properties
of the bearing. In the present study, the tribological behavior of UHMWPE
acetabular cups surface was investigated articulating against femoral heads
using a hip joint simulator based on walking cycle. The difference in specimen
values on wear test is because the surface roughness of each specimen. The
value of surface roughness is obtained from machining process with CNC
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milling machines [22]. Then for this test three acetabular liners were taken
which had the best surface roughness value from nine specimens that was
made.

The wear of UHMWPE acetabular cup is obviously revealed in this
work. Based on the results shows that specimen 1 has a greater wear coefficient
value than the 2 and 3 specimens, they are 2.78 x 10* mm3/Nm, 2.2 x 10*
mm?Nm, and 1.95 x 10* mm®Nm, respectively. This is related to the surface
roughness. As the results of the study [30] tested UHMWPE with a range of
initial surface roughness values of 1-2 um contacted with high density alumina
ceramic the value of surface roughness was 0.02 um in conditions of wet test
(distilled water) and dry test produced a wear value different coefficient. The
value of surface roughness on the UHMWPE acetabular liner specimens for
this test will decrease after the test has become smoother than the initial surface
roughness value (Table 2). The surface roughness reduced after wear
examination as a effect of the flattening of the contacting surface. As the
results of previous studies by tested the UHMWPE acetabular liner which has
a maximum initial surface roughness of 2um contacted with femoral heads
made of stainless steel (SS, ASTM F138) and CoCr alloy (ASTM F75) having
a maximum initial surface value 0.005 pum roughness [11]. After testing with
hip joint wear simulator for 5 million cycles, the surface roughness value was
reduced from the initial value, in the worn area of 0.65 um, the pristine area
was 0.80 um and the average surface roughness of SS and CoCr alloy femoral
heads (0.012 +0.005) pum and (0.008 + 0.002) um. Roussignol et al. [31] tester
four UHMWPE cups which has the initial average surface roughness 0.95 pm.
After 1 million cycles, the average roughness reduced ranging from 0.053 pum
and 0.25 um. The average roughness after 5 million cycles was similar to that
of the XLPE bearings. The results of the wear depth and wear coefficient are
produced in addition to testing affected by surface roughness can also be
affected by the wear mechanism that occurs when testing, such as debris
produced and the presence of third body abrasion.

The amount of wear in vivo is commonly in the variety of 50-100 mg per
year [32]. The value of polyethylene wear in the range of 20-35 mg per 1
million cycles was found in numerous primary simulator experiments [33].
Furthermore, the total wear of the UHMWPE acetabular cups was 6378 mg
(gamma-irradiated cups) and 7672 mg (EtO-sterilised cups) after tested five
million cycles [34]. Trommer et al. [12] obtain about 48 mg/10° cycles of the
UHMWPE wear rate, corresponding to a linear wear rate of 0.16 mm/year,
externally of the femoral head material. Shibo et al. [18] results mass wear
rates of UHMWPE in distilled water lubrication of 31.73 mg/million cycles
and 15.20/million cycles relating to practical loads of 784 N and 392 N,
respectively. In addition, the wear rate of 13.06 mg/million cycles and 6.15
mg/million cycles for employed load 784 N and 392 N, respectively, was
obtained UHMWPE with uni-directional in distilled water lubrication.
Bragdon et al. [35] obtained the average yearly wear rates of 25 mg per million
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cycles from simulator test that similar to the average annual wear rates gained
from assessment of popular MoP total hip reconstruction at autopsy. All
polyethylene components were create of ram extruded UHMWPE and gamma
sterilized, after being machined.

In this study, a weight decrease was found after wear testing with the
lowest weight change was 0.0014 g (1.4 mg/30000 cycles). As this research
uses simplified wear mechanism, the data cannot be immediately compared
with wear experiment outcomes from literature that uses the a total hip
endoprosthesis simulator [18]. The light in this study is investigated the
influence of manufacturing process using CNC milling on surface roughness
of UHMWPE acetabular cup. Then surface roughness influence the wear
behavior of acetabular cup for artificial hip joint. Nevertheless, the results if
plotted into agraph and calculated based on the line linear equation of 1 million
cycles, the UHMWPE wear rate of manufacturing results using CNC milling
machines is in accordance with the in vivo wear rate provisions in the literature
[32].

The wear instruments initiate in the current research connecting to surface
roughness largely approve with the literature, but are the fundamental to
describe wear of components formed from this generally applied implant
material under surface environments and loading related to that of a hip joint
replacement. Based on the results of the test data and observations on the
specimens it can be concluded that the acetabular liner milling process results
with variations in surface roughness affect the rate of wear depth and wear
coefficient produced. Then in addition to the roughness variation factor on
acetabular liner, wear mechanism such as third body abrasion, adhesive/
fatigue wear that occurs during wear testing can also affect the test results.

Conclusion

The works displayed the outcomes of an experimental operation intended at
exploring the influence of the manufacturing process of UHMWPE by milling
CNC on the wear of acetabular liner by means of in vitro wear testing. Based
on the results of the acetabular liner wear test on the artificial hip joint made
from UHMWPE resulting from the machining process with CNC milling
machines is as follows:

1. Wear depth in specimen 3 has the lowest wear depth of 0.454 mm
compared to specimens 1 and 2 which have an 800 N loading value of
30000 cycles.

2. The specimen 1 has a greater wear coefficient value than the 2 and 3
specimens. The results of the wear coefficient are produced in addition
to testing affected by surface roughness can also be affected by the wear
mechanism that occurs when testing, such as debris produced and the
presence of third body abrasion.
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Acetabular liner from the milling process with variations in surface
roughness affect the rate of wear depth and the wear coefficient value
produced.

Upcoming exploration will concentration on the authentication of the
wear results. Our supreme goal is to production and assessment an
UHMWPE acetabular cup on the total hip endoprosthesis simulator.

Acknowledgement

The author is grateful to the University of Pembangunan Nasional “Veteran”
Jawa Timur for the support given to this study.

References

(1]

A. Tudor, T. Laurian, and V. M. Popescu, “The effect of clearance and
wear on the contact pressure of metal on polyethylene hip prostheses,”
Tribiology International, vol. 63, pp. 158-168, 2013.

[2] A.Buford and T. Goswami, “Review of wear mechanisms in hip implants:

(3]
[4]

(5]

6]

[7]

(8]

Paper | - General,” Materials and Design, vol. 25, no. 5, pp. 385-393,
2004.

M. S. Uddin and L. C. Zhang, “Predicting the wear of hard-on-hard hip
joint prostheses,” Wear, vol. 301, no. 1-2, pp. 192-200, 2013.

L. Robertsson, Otto; Ranstam, Jonas; Sundberg, Martin; W-Dahl, Annette;
Lidgren, “The Swedish Knee Arthroplasty Register: a review.
Robertsson,” Bone & Joint Research, vol. 3, pp. 217-222, 2014.

S. Bruschi, R. Bertolini, A. Bordin, F. Medea, and A. Ghiotti, “Influence
of the machining parameters and cooling strategies on the wear behavior
of wrought and additive manufactured TisAl,V for biomedical
applications,” Tribiology International, vol. 102, pp. 133-142, 2016.

R. K. Whittaker, H. S. Hothi, A. Eskelinen, G. W. Blunn, J. A. Skinner,
and A. J. Hart, “Variation in Taper Surface Roughness for a Single Design
Effects the Wear Rate in Total Hip Arthroplasty,” Journal Of Orthopaedic
Research, vol. 35, no. 8, pp. 1784-1792, 2017.

S. Affatato, N. Freccero, and P. Taddei, “The biomaterials challenge : A
comparison of polyethylene wear using a hip joint simulator,” Journal of
the Mechanical Behavior of Biomedical Materials, vol. 53, pp. 40-48,
2016.

D. Novovic, D. K. Aspinwall, R. C. Dewes, P. Bowen, and B. Griffiths,
“The effect of surface and subsurface condition on the fatigue life of Ti
25V — 15Cr — 2Al - 0 . 2C % wt alloy,” CIRP Annals - Manufacturing
Technology, vol. 65, no. 1, pp. 523-528, 2016.

29



The Effect of The Manufacturing Process UHMWPE on The Wear Behaviour of Acetabular

[9] R. M. Hall and A. Unsworth, “Friction in hip prostheses,” Biomaterials,
vol. 18, no. 15, pp. 1017-1026, 1997.

[10] S. L. Smith and A. Unsworth, “A comparison between gravimetric and
volumetric techniques of wear measurement of UHMWPE acetabular
cups against zirconia and cobalt — chromium — molybdenum femoral
heads in a hip simulator,” Proc Instn Mech Engrs, pp. 475-483, 19909.

[11] M. Niemczewska-wojcik, “Wear mechanisms and surface topography of
artificial hip joint components at the subsequent stages of tribological
tests,” vol. 107, pp. 8998, 2017.

[12] R. M. Trommer et al., “Multi-Scale Evaluation of Wear in UHMWPE
Metal Hip Implants Tested in a hip Joint Simulator,” Biotribology, vol. 4,
pp. 1-11, 2015.

[13] A. Wang, R. Lee, L. Herrera, and L. Korduba, “Wear of ultra-high
molecular weight polyethylene moving along a circular path in a hip
simulator,” Wear, vol. 301, no. 1-2, pp. 157-161, 2013.

[14] V. Saikko, T. Ahlroos, O. Calonius, and J. Kera, “Wear simulation of total
hip prostheses with polyethylene against CoCr , alumina and diamond-
like carbon,” Biomaterials, vol. 22, pp. 1507-1514, 2001.

[15] C. Fabry, S. Herrmann, M. Kaehler, E. Klinkenberg, C. Woernle, and R.
Bader, “Generation of physiological parameter sets for hip joint motions
and loads during daily life activities for application in wear simulators of
the artificial hip joint,” Medical Engineering and Physics, vol. 35, no. 1,
pp. 131-139, 2013.

[16] A. Essner, K. Sutton, and A. Wang, “Hip simulator wear comparison of
metal-on-metal , ceramic-on-ceramic and crosslinked UHMWPE
bearings,” Wear, vol. 259, pp. 992-995, 2005.

[17] V. Saikko and M. Shen, “Wear comparison between a dual mobility total
hip prosthesis and a typical modular design using a hip joint simulator,”
Wear, vol. 268, pp. 617-621, 2010.

[18] W. Shibo, G. Shirong, L. Hongtao, and X. Huang, “Wear behaviour and
wear debris characterization of UHMWPE on alumina ceramic, stainless
steel , CoCrMo and Ti6Al4V hip prostheses in a hip joint simulator,”
Journal of Biomimetics, Biomaterials and Tissue Engineering, vol. 7, pp.
7-25, 2010.

[19] S. Affatato, B. Bordini, C. Fagnano, P. Taddei, A. Tinti, and A. Toni,
“Effects of the sterilisation method on the wear of UHMWPE acetabular
cups tested in a hip joint simulator,” Biomaterials, vol. 23, pp. 1439—
1446, 2002.

[20] A.Essner, G. Schmidig, and A. Wang, “The clinical relevance of hip joint
simulator testing : In vitro and in vivo comparisons,” Wear, vol. 259, pp.
882-886, 2005.

[21] “ASTM F2033-12 - Standard Specification for Total Hip Joint Prosthesis
and Hip Endoprosthesis Bearing Surfaces Made of Metallic, Ceramic,
and Polymeric Materials.” [Online]. Available:

30



W D Lestari et al.

https://webstore.ansi.org/standards/astm/astmf203312 (accessed Mar.
01, 2022).

[22] W. D. Lestari, D. K. Nababan, R. Ismail, J. Jamari, and A. P. Bayuseno,
“Dimensional Accuracy and Surface Roughness of Acetabular Liner with
UHMWPE : Assessment Results between Compression Molding and
CNC Milling,” International Review of Mechanical Engineering
(I.LRE.M.E.), vol. 12, no. 8, pp. 516-521, 2018.

[23] W. D. Lestari, R. Ismail, J. Jamari, A. P. Bayuseno, and P. W. Anggoro,
“optimization of CNC milling parameters through the taguchi and rsm
methods for surface roughness,” International Journal of Mechanical
Engineering and Technology (IJMET), vol. 10, no. 2, pp. 1762-1775,
20109.

[24] B.Morris, L. Zou, M. Royle, D. Simpson, and J. C. Shelton, “Quantifying
the wear of acetabular cups using coordinate metrology,” Wear, vol. 271,
no. 7-8, pp. 1086-1092, 2011.

[25] M. Spinelli, S. Carmignato, S. Affatato, and M. Viceconti, “CMM —
based procedure for polyethylene non-congruous unicompartmental knee
prosthesis wear assessment,” Wear, vol. 267, pp. 753-756, 20009.

[26] X. Hua, B. M. Wroblewski, Z. Jin, and L. Wang, “The effect of cup
inclination and wear on the contact mechanics and cement fixation for
ultra high molecular weight polyethylene total hip replacements,”
Medical Engineering and Physics, vol. 34, no. 3, pp. 318-325, 2012.

[27] C. Liu, S. M. Green, N. D. Watkins, P. J. Gregg, and A. W. Mccaskie, “A
preliminary hip joint simulator study of the migration of a cemented
femoral stem,” Proch Inst Mech Eng H, vol. 217, pp. 127-135, 2015.

[28] V. Saikko, “Adverse condition testing with hip simulators,” Biotribology,
vol. 1-2, pp. 2-10, 2015.

[29] D. Dowson and B. Jobbins, “An evaluation of the penetration
polyethylene acetabular cups,” Wear, vol. 164, pp. 162—-164, 1993.

[30] L. Blunt, P. Bills, X. Jiang, C. Hardaker, and G. Chakrabarty, “The role
of tribology and metrology in the latest development of bio-materials,”
Wear, vol. 266, no. 3-4, pp. 424-431, 2009.

[31] X. Roussignol, C. Siedlecki, F. Duparc, F. Dujardin, and M. Ould-
slimane, “Do temperature variations at the bearing surface during gait
affect polyethylene wear in Charnley low-friction arthroplasty ofthe hip ?
Simulator study comparing UHMWPE and highly cross-linked
polyethylene,” Orthopaedics & Traumatology: Surgery & Research, vol.
102, no. 6, pp. 711-715, 2016.

[32] J. M. Kabo, J. S. Gebhard, G. Loren, H. C. Amstutz, “In vivo wear of
polyethylene acetabular components,” The Journal of Bone And Joint
Surgery, vol. 75, no. 2, pp. 254-258, 1993.

[33] R. J. A. Bigshy, C. S. Hardaker, and J. Fisher, “Wear of ultra-high
molecular weight polyethylene acetabular cups in a physiological hip

31



The Effect of The Manufacturing Process UHMWPE on The Wear Behaviour of Acetabular

joint simulator in the anatomical position using bovine serum as a
lubricant,” Proc Instn Mech Engrs, vol. 211, pp. 265-269, 1997.

[34] V.A. Gonzélez-mora, M. Hoffmann, R. Stroosnijder, and F. J. Gil, “Wear
tests in a hip joint simulator of different CoCrMo counterfaces on
UHMWPE,” Materials Science & Engineering C, vol. 29, no. 1, pp. 153—
158, 2009.

[35] C. R. Bragdon, D. O. Connor, J. D. Lowenstein, M. Jasty, and W. D.
Syniuta, “The importance of multidirectional motion on the wear of
polyethylene,” Proc Instn Mech Engrs, vol. 210, 1996.

32



