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As the current obesity epidemic grows, an increased number of obese patients undergoing Total Hip Arthroplasty
(THA) can be expected in the coming years. The National Health Service of the UK (NHS) recommends that an
obese patient should undergo weight loss before THA. It is understood that an increased body weight would
increase the wear rates on the prostheses, however, the extent of increased wear and the impact on the longevity
of the prosthesis is unclear. The NHS found that 45% of THA failures in 2019 were caused by wear which led to a
multitude of failures such as infection, aseptic loosening and dislocation such that a revision surgery is then
needed. In this study, a finite element model was created to model a walking cycle and a newly developed wear
algorithm was used to perform a series of computational wear analyses to investigate the effect of different
patient weights on the evolution of wear in THAs up to 5 million cycles. The wear rates shown in this study are
closely comparable to previous literature. The XLPE volumetric wear rates were found to be between 15 and 35
mm?/yr (range: 1.5-57 .6mm®/yr) and femoral head taper surface volumetric wear rates were between 0.174
and 0.225 mm®/yr (range: 0.01-3.15 mm®/yr). The results also showed that an increased weight of 140 kg can
increase the metallic wear by 26% and polyethylene wear by 30% when compared to 100 kg body weight. As
increased wear can lead to a multitude of failure such as aseptic loosening, dislocation and metallosis, from this
study, it is recommended that obese patients undergo recommended weight loss and maintain this lesser weight

to reduce wear and prolong the life of the THA.

1. Introduction

In recent years, there have been a rise in obesity in adults and is now
being described as reaching epidemic proportions [1]. Generally,
obesity is measured based on the body mass index (BMI) which divides
the body weight in kilograms by the square of the body height in meters.
According to the National Health Service, UK (NHS), the classification
for an overweight person is someone with a BMI over 25, an obese
person has a BMI over 30, and a morbidly obese person has a BMI over
40. Between 1993 and 2019, the Health Survey for England (HSE)
showed an increase of 11% of adults who are either overweight or obese
[2]. It can also be seen that, during the COVID-19 pandemic, approxi-
mately 27% of the 7,753 participants in a study have had an increase in
their body weight [3].

It is projected that just under 5 million people across the UK will be
classed as morbidly obese by the year 2035 which is a 165% increase
from 1.9 million in 2015 [4]. With increasing numbers of people being
obese, it is also expected that the number of obese patient’s receiving
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total hip arthroplasty (THA) will also increase in the coming years. It
was found that the mean age of a THA recipient was 10 years younger for
morbidly obese patients when compared to those with a normal BMI [5].
Morbidly obese patients would normally be advised to undergo weight
loss before a THA is performed, however, it may depend on the cir-
cumstances [6]. Several studies in the literature have examined the
impact of obesity on the longevity of THAs, which all found that there
was no significant difference in the rates of complication or revision
surgery between obese and non-obese patients [7-11]. Although, it has
also been shown that obese patients would have a lower satisfaction and
range of movement when compared to non-obese patients, arthroplasty
would still be advised [11,12].

Traina, Bordini [13] investigated the revision rates of THAs with the
BMI and body weight as the main categories. The BMI category was
subdivided into normal, overweight, obese, and morbidly obese while
the body weight category was subdivided into less than 80 kg and above
80 kg. The statistics showed that BMI had no effect on the revision rates,
however, the revision rates were higher for patients above 80 kg. This
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showed that weight rather than BMI influences the survival of hip
prostheses. Other studies have also suggested that BMI should not be an
indicator of hip arthroplasty risk, but rather their weight as the loading
applied to an implant depends on the weight of the patients [7,9-11,
13-19].

A THA prosthesis normally consists of 4 components, acetabular cup,
acetabular bearing liner, femoral head, and femoral stem with 2 con-
tacting surfaces. Wear is known to be the main cause of premature
failures in THAs and can cause a multitude of failures such as aseptic
loosening, dislocation, infection or metallosis. The sites of wear can be
found at the contacting surfaces between the femoral head and bearing
liner, and the contacting surfaces at the taper junction between the
femoral head and stem. There are many factors which can influence the
longevity on the implant. Current literature on the impact of body
weight on the wear rates of a THA is unknown. In this study, the effect of
body weight in THAs is investigated to provide a clearer understanding
on evolution of wear damage and wear patterns up to 5 million cycles at
both the bearing surfaces and taper junction. This equates to approxi-
mately 5 years as it is estimated that 1 million cycles are walked by a
patient in one year [20].

2. Methodology
2.1. Finite element model

A finite element model of the acetabular cup with an liner insert,
femoral head and femoral stem was created in a finite element package
(ABAQUS 2019) (Fig. 1a). In this study, a THA prosthesis with a 36 mm
femoral head was considered for this study. The acetabular cup was
modelled to include a 4 mm thick liner and a 3 mm thick metal backing
[21]. The materials used in this analysis are Cobalt-Chromium (CoCr)
for the femoral head, highly cross-linked polyethylene (XLPE) for the
bearing liner and Titanium (Ti) for the femoral stem and acetabular cup
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metal backing. The material and interaction properties are shown in
Table 1 . A body weight of 60 kg is then applied to the model and the
analysis was completed to 5 million walking cycles. An average of 1
million walking cycles per year has been assumed in this study [20] to
compare the results of the study to results from literature. The body
weight applied on the model was then changed to 80 kg and further
increased in increments of 20 kg up to 140 kg.

The computational model has also modelled the initial impaction to
simulate the assembly of the head onto the stem. In a previous study
[23], a 4kN initial assembly force was found to be optimal and as such,
used for all the models subsequently (see Fig. 1a). To replicate a walking
cycle, the walking loadings and rotations following their amplitude for a
gait cycle is shown in Fig. 1b and Fig. 1c respectively [24]. The models
were then meshed using eight-node bilinear hexahedral reduced inte-
gration elements (C3D8R). The model is then submitted as a dynamic
implicit analysis and the analysis time is discretised into 10 equal time
intervals over 1.2 s period. A mesh convergence analysis has been per-
formed with an approximate element size of 0.8 mm for both acetabular
liner and femoral head, and 0.4 mm for the femoral stem.

2.2. Wear law

The “Dissipated Energy” wear law predicts wear across a wide range
of motion and has been used in this study [31,32]. This law considers the
interfacial shear work and relative motion as predominant parameters to
calculate the volumetric wear. Its’ implementation and methodology
into the finite element analysis model has been explained previously by
Toh, Ashkanfar [33] and English, Ashkanfar [27]. Briefly, according to
the “Dissipated Energy” wear law, the total wear depth (W) for p
walking cycles can be determined using Eq. (1), where f is the scaling
factor used, a is the energy wear coefficient, 7; and s; are the surface
contact shear stress, and relative displacement respectively, over the
total time interval, n, and specified time interval i. As the simulation
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Figure 1. a) FE model with mesh, b) Point of loadings and rotations applied associated with a gait cycle ¢) Impaction load, d) Loadings of a gait cycle, e) Rotations of

a gait cycle
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Table 1
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Material Properties for THA with interaction properties, Friction Coefficient (FC), Wear coefficient (WC) and Wear Fractions (WF)

Material Young’s Modulus (GPa) Density (kg/m®) Poisson’s Ratio Interaction properties
Ti 114 4430 0.34 Ti - CoCr FC: 0.21 [25] -
CoCr 210 7800 0.3 WC: 1.31 x 10~ MPa~! [26] XLPE - CoCr FC: 0.11 [28]
WF: 0.9 CoCr: 0.1 Ti [27] WC: 4.84 x 10® MPa~" [29]
XLPE 1 963 0.4 - WE: 0.99 XLPE: 0.01 CoCr [30]

would be performed for up to 5 million cycles, a scaling factor is
introduced to execute the analysis which can vary across a large range. A
previous study on the effect of $ on the calculation of wear demonstrated
that g = 10° modelled the evolution of wear accurately and smoothly
within an acceptable amount of time [27].

Wy=p i ar;s; (€H)

As the wear depth is the total wear on both the interacting surfaces, a
wear fraction is introduced as different fractions of wear would be
removed from the individual parts. The wear fraction is dependent on
the material interaction properties. The wear fractions and wear co-
efficients used in this study are shown in Table 1.

In previous studies, an in-house Python algorithm was developed to
simulate micromotion wear (fretting wear) [27]. Utilising the frame-
work of the fretting wear algorithm, a new algorithm was developed to
simulate wear at the bearing surfaces of the prostheses [33]. This al-
gorithm was validated against over 50 clinical retrievals. The algorithm
was used to investigate different factors which contribute to fretting
wear such as manufacturing tolerances resulting from taper mismatch
[34], surgical techniques during assembly of the prostheses [23], and
different surface roughness [35]. In this study, we have further devel-
oped the wear algorithm to combine both fretting and the bearing
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surface wear within the same analysis. Further add-ons have also been
developed for this wear algorithm in order to calculate the total volu-
metric material loss and volumetric wear rate for each individual part to
investigate and compare the material loss individually at each surface
pairs.

3. Results

The linear and volumetric wear rates at the bearing surfaces and
taper junction of THA shown in this section were presented at each
million cycles as the solution progressed. In order to investigate the
effect of body weight on the wear evolution damage, the wear patterns
are only shown on the XLPE bearing liner (Fig. 2) and head taper sur-
faces (Fig. 3). This is mainly because these surfaces carry 99% and 90%
of the wear fraction calculated respectively.

It can be seen in Fig. 2 for the XLPE bearing liner, by increasing the
body weight the maximum linear wear increases also. For 60 kg BW, the
maximum linear wear was found to be 0.083 mm at the end of 5 million
load cycles, while for 140 kg BW it had increased by 2.7 times to 0.221
mm. However, the maximum linear wear at the femoral taper surface for
all body weights is almost constant at approximately 0.004 mm as seen
in Fig. 3.

Fig. 4 shows the volumetric wear and volumetric wear rates over 5

Max:0.083mm

Max: 0.111mm

Max: 0.139mm

Max: 0.166mm

K > .
~———" Max: 0.221mm
Z WearDepthTOTAL(MM)
0.221000
0.202583
0.184167
0.165750
0.147333
0.128917
0.110500
0.092083
0.073667
0.055250
0.036833
0.018417
0.000000

4 millio 5 million

Figure 2. Evolution of wear pattern on the XLPE bearing liner during wear analysis for different patient’s weights
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Figure 3. Evolution of wear pattern on the femoral head taper surface during wear analysis for different patient’s weight
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Figure 4. :XLPE liner a) total volumetric wear b) volumetric wear rates over 5 million cycles

million cycles at the XLPE bearing liner. It can be seen in Fig. 4a that the
volumetric wear in all cases increases linearly. The total volume loss for
60 kg BW is 75 mm® while for a 140 kg BW, it increases to 175 mm®. This
linear behaviour is further highlighted in Fig. 4b which shows a constant
volumetric wear rate of 15 mm?/Mc for 60 kg BW and increases to 35
mm3/Mc for 140 kg BW.

As shown in Fig. 2, although the wear damage for all BWs has a
similar pattern, the linear wear for 140 kg BW is 2.7 times higher than 60
kg BW. It can be seen in Fig. 4a, increasing the BW from 60 kg to 140 kg
in 20 kg intervals, the volumetric wear of the XLPE bearing liner in-
creases linearly by 25 mm? at each interval over a 5 million load cycle.

Fig. 5 shows the volumetric wear and volumetric wear rates over 5
million cycles at the bearing surface of the femoral head. The total
volume loss for 60 kg BW is 0.7 mm? while for 140 kg BW, it increases to
1.65 mm?®. The linear behaviour of the volume loss is further highlighted

in Fig. 5b which shows a constant volumetric wear rate of 0.14 mm®/Mc
for 60 kg BW which increases to 0.33 mm®/Mc for 140 kg BW.

Fig. 6 shows the volumetric wear and volumetric wear rates over 5
million cycles at the femoral head taper surface. The total volume loss
over 5 million load cycles is similar for body weights from 60 kg to 10
Okg at 0.85 mm?>. While this total volume loss increases by 1.3 times to
1.12 mm?® for a body weight of 140 kg. It can further be seen in Fig. 6b
that the volumetric wear rate at the 1st million load cycle is equal to 0.34
mm?/Mc for all cases regardless of the body weights. While it decreases
to 0.08 mm®/Mc and 0.19 mm®/Mec for 60 kg and 140 kg BW respec-
tively over the 5 million load cycles.

Fig. 7 shows the volumetric wear and volumetric wear rates over 5
million cycles for the femoral stem taper surface. The total volume loss
evolution over 5 million load cycles follows a similar trend for body
weights from 60 kg to 100 kg at an approximate maximum value of 0.08
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Figure 7. :Femoral stem a) total volumetric wear b) volumetric wear rates over 5 million cycles

mm? while it increases to approximately 0.11 mm® and 0.13 mm?® for
120 kg and 140 kg BW respectively.

It can be further seen in Fig. 7b that there is an initial higher volu-
metric wear rate of 0.046 mm>/Mc on average which decreases to 0.015
mm®/Mc at the end of the 2nd million cycle for a body weight of 60 kg
and further decreases to approximately 0.005 mm®/Mc between the 3rd
and 5th million cycle. The decrease in volumetric wear rates between 1
and 2 million cycle can be attributed to the removal of the initial taper
locking effect which is explained further in depth by English, Ashkanfar
[27]. The same exponentially decreasing trend is seen as the body
weight increases to 100 kg, where the initial volumetric wear rate was
0.041 mm®/Mc and decreases to 0.021 mm®/Mc at the end the 2nd

million cycle and further decreases to approximately 0.0088 mm®/Mc
between the 3rd and 5th million cycle. As the BW increases past 100 kg,
the volumetric wear loss for 140 kg BW retains its initial high volumetric
wear rate, however, the volumetric wear rate remains similar at 0.022
mm®/Mc between the 2nd million cycle and 5th million cycle.

4. Discussion

The FE wear model and results presented in this study has clearly
shown that heavier body weight increases the wear damage at con-
tacting surfaces. Due to the Data Protection Act it is not possible to ac-
cess any details about patient’s weight and prostheses from the studies
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performed on retrievals [34,36-40], however, the results obtained in this
study are within range of published literature on retrievals as shown in
Tables 2 and 3 and highlights the amount of increased wear based on
different body weights.

The results highlight that the body weight is directly proportional to
the amount of volumetric wear on the bearing contacting surfaces. The
XLPE volumetric wear rates reported in this study are closely compa-
rable to results in the literature [36-39] (see Table 2). As XLPE liners are
a relatively new material (around 15 years) compared to conventional
polyethylene (around 50 years), many of the primary hip arthroplasty
performed are still in service. Hence, the main method for analysing
wear is through radiography. Khoshbin, Wu [36] analysed a total of 40
primary THA of XLPE liners with CoCr femoral heads and found the
volumetric wear rate was between 7.8 and 31.51 mm®/yr. Devane,
Horne [37] analysed a total of 57 primary THA of XLPE liners with CoCr
femoral heads and found the volumetric wear rate was between 1.5 and
18.9 mm?>/yr. Haw, Battenberg [38] analysed a total of 48 primary THA
of XLPE liners with CoCr femoral heads and found the volumetric wear
rate was between 19.2 and 46.9 mm?®/yr. Atrey, [39] analysed a total of
102 primary THA of XLPE liners with CoCr femoral heads and found the
volumetric wear rate was between 5.82 and 52.76 mmg/yr.

The volumetric wear rates reported in this study are closely com-
parable to results in the literature [34,40] (see Table 3). A co-ordinate
measuring machine (CMM) has been previously used to measure the
volumetric wear at 54 retrieved femoral head tapers. It showed the mean
volumetric wear rate was 0.475 mm?’/yr with a range between 0.021
and 1.860 mm®/yr. Additionally, a study by Langton et al. [40] also used
a CMM to measure the volumetric wear rate at the taper surface of 48
retrieved hip prostheses and found the mean volumetric wear rate to be
0.127 mm?®/yr with a range between 0.01 and 3.15 mm?>/yr. Considering
different BWs in this study, the mean volumetric wear up to 5 million
cycles in this study was between 0.174 and 0.225 mm3/Mc for 60-140
kg BWs which is within the range in literature of 0.01-3.15 mm°>/yr.

As there are many variables which could influence the wear rates,
such as patient’s activity level, weight, surgical techniques, and pros-
theses design variations, there is a large range of volumetric wear rates
as shown in the above studies.

Although the femoral head bearing surface accounts for 1% and the
femoral head taper surface accounts for 90% of the total wear between
their respective surfaces, it can be seen in Fig. 8, for a 60 kg BW, the
taper surface accounts for 56% of the total volumetric wear on the
femoral ball and decreases to 40% for a 140 kg BW. This highlights the
relative high amount of wear at the bearing surface despite having a
lower wear fraction.

Metallosis is the adverse reaction to metallic ions in the body which
can lead to a variety of complications such as, infection, dislocation, or
even the death of the tissue surrounding the prostheses [41]. Fig. 9
shows the total metallic volumetric loss of the components in this study
from the femoral head bearing and taper surface, and the femoral stem
taper. It can be seen that approximately 95% of metallic wear loss is
from the femoral head for all different BWs. At lower BW’s, the main
metallic wear loss is from the femoral head taper surface at approxi-
mately 52%. However, as BW increases, this metallic wear decreases to
just 38% and the majority of wear shifts to the femoral head bearing
surface.

Table 2
Volumetric wear rates of XLPE liner in contact with CoCr femoral via
radiography

Literature Volumetric Wear (mm?>/yr)

Khoshbin, Wu [36] 7.8-31.51
Devane, Horne [37] 1.5-18.9
Haw, Battenberg [38] 19.2-46.9
Atrey, E. [39] 5.82-52.76
Range 1.5-57.6
Current Study 15-35
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Table 3
Volumetric wear rates of femoral head taper surface in literature

Mean Volumetric Wear
(rnm3/yr) (range)
0.475 (0.021-1.860)

Literature

Ashkanfar, Langton [34]

J., R. [40] 0.127 (0.01-3.15)
Range 0.01-3.15
Current Study 0.174-0.225

m Bearing Surface B Taper Surface

100%

80%
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120 140
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Figure 8. Percentage of wear between the bearing surface and taper surface at

the femoral ball at 5 million cycles
2
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1
0.5
0 J
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=95%

Volumetric wear (mm3)
Y

Figure 9. Total metallic volumetric wear at 5 million cycles

There are a variety of manufacturing and surgical factors, such as a
taper mismatch or different assembly loads, which may affect the
longevity of the prostheses in terms of wear. Although in this study zero
taper mismatch was assumed, previous investigations showed an
acceptable 6” taper mismatch did not significantly increase the wear
rates [34]. Another factor which could affect the wear rates is the effect
of assembly loads during impaction of the modular head onto the
femoral stem trunnion. It was found that a minimum assembly load of
4kN was needed to minimise wear rates. A lower assembly load below
4kN would severely increase the total volumetric wear loss at the taper
junction [23].

5. Conclusion

To further improve the design and ultimately increase the longevity
of THAs, it is crucial to understand the evolution of wear throughout the
lifespan of these devices. In this study, our previous wear algorithms
have been further developed to investigate the effect of different patient
weights on the evolution of wear at the contacting surfaces of the im-
plants. The result of this study showed that reducing the initial BW from
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140 kg to 100 kg before THA would decrease the metallic wear by 26%
and polyethylene wear by 30%. This can significantly improve the
longevity of the prosthesis. As such losing weight down to 100 kg before
THA can be highly recommended, however, further research is required
to investigate the effect of losing weight on the longevity of these devices
while in service.
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