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Abstract

Ultra-high-molecular-weight polyethylene (UHMWPE) is one of the most commonly used materials in the
fabrication of artificial hip joints due to its excellent mechanical properties, biocompatibility, and wear
resistance. Despite its advantages, the wear of UHMWPE components over time leads to the generation of wear
particles, which are responsible for osteolysis and implant failure. The Finite Element Method (FEM) has
emerged as a powerful tool to simulate the wear mechanisms of UHMWPE in hip implants, providing a deeper
understanding of the stress distribution, wear prediction, and optimization of implant designs. This review
explores the current state of FEM applications in UHMWPE wear analysis, focusing on the material properties,
wear mechanisms, FEM simulation models, and future directions in this research area.
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1. Introduction

Wear of UHMWPE in artificial hip joints remains one of the most significant factors limiting
the longevity of implants, leading to revision surgeries due to osteolysis and failure of the prosthesis
[1], [2], [3], [4]- The use of FEM in the analysis of UHMWPE wear has increased over recent years,
with several studies demonstrating its ability to predict wear behavior under a variety of loading and
kinematic conditions [5], [6].FEM simulations offer insights into the intricate interactions between
implant components and surrounding tissues, enabling the optimization of material choices, implant
designs, and surgical procedures [7].

The understanding of wear mechanisms such as adhesive, abrasive, and fatigue wear in
UHMWPE components is vital in designing more durable implants [8], [9]. Moreover, FEM models
provide a virtual environment where various parameters, such as loading conditions, implant
geometry, and material behavior, can be systematically varied and analyzed [10], [11]. Figure 1
presents a comparison of predicted volumetric wear rates of ultra-high molecular weight
polyethylene (UHMWPE) under different loading conditions, as derived from the computational
model and validated against hip simulator test results. The graph illustrates that the wear rates
predicted by the modified frictional work-dependent equation closely align with the experimental
data, demonstrating improved accuracy over previous models. Notably, the wear rates increase with
varying contact pressures, highlighting the significant impact of loading conditions on material
degradation. This figure underscores the effectiveness of incorporating both frictional work and
contact pressure in enhancing the predictive capabilities of wear modeling for total hip joint
replacements.
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Figure 1. Comparison of predicted volumetric wear rates averaged
over 5 million gait cycles between the computational models using
frictional work dependent and simulator test (Liu et al., 2021).

This review aims to present a thorough examination of FEM-based approaches used to study
UHMWPE wear, providing a comprehensive overview of the material properties, simulation models,
and the future trajectory of wear analysis for artificial hip joints.

2. Material Properties of UHMWPE

Ultra-high-molecular-weight polyethylene (UHMWPE) is widely utilized in joint prostheses
due to its combination of favorable properties such as high molecular weight, superior toughness,
low friction, and excellent wear resistance. The intrinsic properties of UHMWPE allow it to withstand
high mechanical loads, which are particularly important for joint applications. However, the wear of
UHMWPE, particularly under cyclic loading conditions, can lead to the generation of wear debris.
These particles trigger an inflammatory response in the surrounding tissue, leading to the activation
of osteoclasts (bone-resorbing cells) and subsequent bone loss around the implant. We know this
process as osteolysis. [12].

Fig. 2 depict the radiographic changes in osteolytic zones following head and inlay revision
surgery. They illustrate a significant reduction in the size of these zones, with a noted decrease of
46% within a follow-up period of 33 months. The figures highlight the effectiveness of the revision
surgery in managing osteolysis, showcasing the potential for improved outcomes in patients with
large radiolytic areas. Overall, these visual representations support the study's findings that revision
surgery can halt or even reverse the progression of osteolytic processes around the femoral
component.

Figure 2. Reduction of osteolytic zones by 46% within 33 months [12].
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Recent advancements in UHMWPE material science focus on enhancing its wear resistance
through various strategies, such as cross-linking and the incorporation of additives. Cross-linking,
either through gamma radiation or other techniques, has been found to significantly reduce wear
rates by increasing the material's resistance to plastic deformation [13], [14], [15], [16]. However,
the increased brittleness and reduced fatigue resistance of cross-linked UHMWPE have led to
concerns regarding its long-term mechanical integrity [14].

Additionally, the integration of antioxidants, such as vitamin E, into UHMWPE has been
shown to improve oxidative stability and reduce wear rates under oxidative degradation conditions
[15]. Figure 3 presents a comparative analysis of the wear rates of three types of Ultra-High Molecular
Weight Polyethylene (UHMWPE) samples: conventional UHMWPE, highly cross-linked UHMWPE
(HXL-UHMWPE), and Vitamin E-blended HXL-UHMWPE. The graph illustrates the mass loss (in mm?)
per 0.1 million cycles during wear testing conducted using a hip joint simulator.

The results indicate that conventional UHMWPE experiences the highest mass loss, reflecting
its greater susceptibility to wear compared to the other two materials. In contrast, HXL-UHMWPE
demonstrates a significant reduction in mass loss, highlighting the enhanced wear resistance
attributed to the cross-linking process. Notably, Vitamin E-blended HXL-UHMWPE exhibits the
lowest mass loss among the three, suggesting that the incorporation of Vitamin E not only improves
wear resistance but also effectively reduces oxidative degradation and inhibits fatigue crack
propagation. This data underscores the potential of both cross-linking and Vitamin E blending in
enhancing the biotribological performance of UHMWPE for artificial joint applications, making it a
promising material for improving the longevity and functionality of hip implants.
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Figure 3. Wear rate of three types of UHMWPE [16].
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Incorporating carbon-based nanomaterials into UHMWPE has also been studied to further
enhance its mechanical and tribological properties [17]. These innovations are aimed at mitigating
wear-induced complications in hip replacements, extending implant lifetimes, and improving patient
outcomes.

3. Wear Mechanisms in UHMWPE

The wear mechanisms in UHMWPE are primarily driven by the joint's complex loading
conditions, which result in different types of wear: adhesive, abrasive, and fatigue wear. Adhesive
wear occurs when there is a transfer of material between the articulating surfaces due to high contact
stresses, leading to the formation of wear particles [18]. Abrasive wear occurs when foreign particles
or rough surfaces scratch and remove material from the UHMWPE surface [19], [20]. Fatigue wear,
on the other hand, is associated with the cyclic loading of the material, which leads to the gradual
formation of cracks and material loss [21], [22].
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The contribution of these wear mechanisms to the overall wear rate depends on several
factors, such as the type of loading (e.g., walking vs. running), the surface roughness of the
components, and the lubricating conditions. FEM-based simulations have proven useful in
quantifying the distribution of stresses across the surface of the UHMWPE, aiding in the identification
of regions with the highest wear potential. By simulating various loading conditions, FEM can predict
the wear behavior under normal and extreme conditions, providing valuable insights into how wear
initiates and propagates over time [10], [23].

4. Finite Element Analysis of UHMWPE Wear

Finite Element Analysis (FEA) of UHMWPE wear provides a computational framework to
simulate and predict material degradation in artificial hip joints under varying mechanical loads and
motion cycles. By incorporating wear laws and material properties specific to UHMWPE, FEA enables
detailed insights into the effects of stress distribution, contact pressures, and kinematics on the wear
behavior of the polymer. This analytical approach aids in optimizing implant design, improving
material selection, and reducing the risk of failure due to wear, ultimately enhancing the longevity of
artificial hip joints.

Avoid hyphenation at the end of a line. Symbols denoting vectors and matrices should be
indicated in bold type. Scalar variable names should normally be expressed using italics. Weights and
measures should be expressed in SI units. All non-standard abbreviations or symbols must be defined
when first mentioned, or a glossary provided.

4.1. Contact Mechanics

The contact pressure and contact area between the femoral head and acetabular cup in hip
joint prostheses are critical factors in determining wear behavior. FEM models allow for the
calculation of contact pressures and the distribution of stresses under different loading conditions
[24], [25]- These simulations have demonstrated that the contact area, joint alignment, and head size
significantly influence the wear rate of UHMWPE. For example, larger femoral heads tend to reduce
peak contact stresses but may increase volumetric wear due to increased sliding distances [26], [27],
[28].

Figure 4 presents the evolution of wear patterns in the XLPE (cross-linked polyethylene)
bearing liner over a simulated duration of 10 million cycles, which approximates to 10 years of
walking activity. The figure compares the maximum wear depth of the XLPE bearing liner for femoral
head sizes of 22 mm and 36 mm. Notably, the results indicate that as the femoral head diameter
increases, the maximum linear wear depth decreases. Specifically, the 22 mm femoral head
demonstrates a maximum linear wear of 0.37 mm, whereas the 36 mm femoral head exhibits a
reduced maximum linear wear of 0.22 mm. These findings suggest that larger femoral heads may
contribute to decreased wear on the bearing liner, highlighting a potential advantage in utilizing
larger head sizes to minimize wear in total hip arthroplasty. The overall wear pattern remains
consistent throughout the analysis, reinforcing the relationship between femoral head size and wear
evolution in hip prostheses.
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Figure 4. Evolution of wear pattern over 10 years at XLPE
bearing liner for different head sizes [28].

Patient-specific anatomical data, such as bone morphology and gait analysis, are increasingly
incorporated into FEM models to create more accurate predictions of wear behavior. These models
help optimize implant geometry and alignment to minimize wear and extend the service life of the
prosthesis [29], [30], [31], [32].

4.2. Wear Simulation Models

Wear prediction models typically rely on Archard’s wear law, which correlates the wear
volume to the normal load, sliding distance, and wear coefficient [23], [33], [34]. Equation (1)
represents Archard's wear law, which is utilized to model adhesive wear in tribological systems [35].
The equation is expressed as follows:

Volume Rate = K,ypqr = —¢t (1)

Heyp

Kwear denotes Archard’s wear constant, a material-specific parameter that quantifies the
wear rate. F represents the normal load applied to the contact surfaces. Vrel indicates the relative
sliding velocity between the two surfaces in contact. Hcup refers to the hardness of the acetabular
cup material.

FEM models integrate this law with material-specific properties to simulate wear progression
over time. The addition of time-dependent properties, such as the change in material behavior with
wear, further enhances the accuracy of these models [35].

Several studies have focused on developing hybrid models that combine FEM simulations
with experimental validation, such as wear testing and mechanical testing. These models incorporate
various loading conditions, lubrication effects, and even patient-specific data, providing more
accurate predictions of wear behavior under real-world conditions [10].

4.3. Multidirectional Wear

Wear in hip joint implants is often multidirectional due to the complex motion of the femoral
head and acetabular cup during normal joint activity. FEM-based simulations have been used to
capture these multidirectional wear patterns, which are difficult to replicate in simple laboratory
tests [36]. These simulations provide insights into how the direction and magnitude of loading affect
the wear progression in the UHMWPE component, allowing for the development of more accurate
wear prediction models [23].

61



Sains Data Jurnal Studi Matematika dan Teknologi v2i2(2024); p. 57-67

ISSN 2986-903X

4.4. Fatigue and Frictional Effects

Fatigue wear is a major concern for the long-term performance of UHMWPE, as repeated
loading cycles can cause material failure. FEM has been instrumental in predicting fatigue failure by
simulating the material’s response to cyclic loading conditions [37]. Additionally, frictional heat
generated during articulation plays a role in the wear process, with studies showing that higher
friction leads to increased wear rates [38].

5. Applications of FEM in Design Optimization

FEM has become an essential tool in optimizing the design of hip joint prostheses to reduce
wear and improve patient outcomes. By simulating different implant geometries, head sizes, and
material choices, FEM models can help identify designs that minimize wear while maintaining
mechanical stability [34], [39], [40], [41], [42]. Additionally, FEM can be used to evaluate the effects
of surgical factors, such as implant orientation and alignment, on wear behavior [43], [44], [45].
Figure 5 presents the new hip joint prosthesis design features uni-directional articulations that allow
for controlled sliding motion, contrasting with the multi-directional movement of conventional ball-
and-socket implants. It incorporates an interlocking mechanism at the cup-flexor and flexor-rotator
articulations, simplifying assembly and enhancing stability during movement. The design eliminates
protrusions and grooves on the articulating surfaces, which reduces wear debris and improves
tribological performance. Additionally, the new design achieves a greater range of motion in
flexion/extension compared to dual-mobility implants, while still meeting ISO standards for hip joint
functionality.

(b)
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Figure 5. The hip implant developed in this work, showing (a) assembly view,
and; (b) an exploded view with the components adopted nomenclature [34].

Emerging techniques, such as additive manufacturing, have also benefited from FEM
simulations, as they allow for the production of patient-specific implants with customized geometries
[46], [47], [48], [49]. This approach can further reduce wear by optimizing the fit and function of the
implant to the patient’s unique anatomy.

6. Challenges and Future Directions

Despite the progress made in FEM simulations of UHMWPE wear, several challenges remain.
One of the most significant challenges is the accurate incorporation of patient-specific data, such as
bone structure and gait, into wear prediction models. Although FEM provides valuable insights, the
real-world complexity of wear is difficult to capture fully in a computational model. Moreover, the
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integration of third-body wear, where foreign particles accelerate wear, and tribochemical effects
remains an area requiring further research [50].

In the future, advancements in machine learning and artificial intelligence may offer new
ways to enhance FEM simulations. These technologies can potentially process large datasets and
optimize models based on real-world clinical data, leading to more accurate predictions of implant
performance and wear progression [48], [51], [52]. Additionally, improving the modeling of
nanoscale interactions between the wear debris and UHMWPE will provide a more detailed
understanding of wear mechanisms at the microscopic level [53].

7. Conclusions

The use of FEM in analyzing the wear of UHMWPE artificial hip joints has proven to be a
powerful tool for improving the design, material selection, and optimization of hip implants. By
accurately simulating wear mechanisms under a variety of conditions, FEM has provided valuable
insights into how wear initiates and propagates over time. While challenges remain, particularly in
integrating patient-specific data and third-body wear, future advancements in computational
modelling and material science are expected to further enhance the longevity and performance of
UHMWPE implants.
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