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This study presents a comprehensive finite element analysis of commercial hip implants, emphasizing the influence
of geometric configurations and material selection on structural performance under static loading. The investigation
considered two distinct stem geometry-oval and mixed profiles and evaluated two biomaterials, cobalt-chromium
alloy and Ti-6Al-4V alloy, in metal-on-metal configurations. Commercial hip implant models were developed using
CREO software and meshed with optimized grid parameters, adhering to ASTM F2996-13 standards for boundary
and load conditions. The primary performance metrics analysed included total deformation, von Mises stress, and
elastic strain, indicating structural stability and load-bearing capacity. The results revealed that the oval CoCr stem
demonstrated superior mechanical characteristics, exhibiting the lowest deformation (0.078 mm), stress (243.24
MPa), and elastic strain (0.00121 mm/mm), underscoring the biomechanical advantage of the optimized geometry
combined with stable biomaterials. The findings highlight that implant geometry significantly affects load distribution
and stress concentration, with oval geometries promoting more efficient load transfer. Furthermore, the study
underscores the critical role of material properties of CoCr alloys, offering enhanced structural integrity over Ti-6Al-
4V. Although the current analysis omits wear, micromotion effects, and surface coating influences, the results lay a
foundation for future dynamic loading models for wear analysis and coating strategies. Integrating these parameters
could further improve implant longevity and patient outcome. Ultimately, this research advances the understanding
of design strategies to optimize implant durability, reduce revision rates, and inform future orthopaedic implant
innovations.
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HIGHLIGHTS

— The study utilized finite element analysis (FEA) to comprehensively assess the impact of geometric
configurations and material selections on the structural performance of commercial hip implants under static
loading conditions.

— Two distinct stem geometries (oval and mixed profile) and two biomaterials (Cobalt-Chromium (CoCr) alloy
and Ti-6Al-4V alloy) were investigated in metal-on-metal (MoM) configurations.

— Results indicated that the oval CoCr stem demonstrated superior mechanical characteristics, exhibiting the
lowest deformation (0.078 mm), stress (243.24 MPa), and elastic strain (0.00121 mm/mm). This highlights
the biomechanical advantages of optimized geometry combined with stable biomaterials.

— The findings emphasize that implant geometry significantly influences load distribution and stress
concentration, with oval geometries promoting more efficient load transfer, and CoCr alloys offering
enhanced structural integrity compared to Ti-6Al-4V.

1 Introduction

The human hip joint, comprising the pelvis, acetabulum, and femoral head, is shown in Figure 1, and plays a critical
role in load transmission and mobility. Hip joint damage can result from conditions such as rheumatoid arthritis,
osteoporosis, traumatic fractures or accidents [1][2]. This often leads to chronic pain, reduced mobility, and
permanent disability [3]. The femoral neck and acetabular region are the most common sites of hip fracture.
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Fig. 1. Structure of Pelvis and Femur [4]

In such scenarios, total hip replacement (THR) has become the standard clinical intervention to restore joint
mechanics, alleviate pain, and improve mobility [5]. However, the long-term success of THR is often compromised
by implant-related complications including wear-induced osteolysis, aseptic loosening, and biomechanical
incompatibility with the host tissue [3].

As illustrated in figure 2, a typical hip implant comprises key components, such as the stem, femoral head, acetabular
cup, and backing cup [6]. These components work together to restore the joint function and stability. The choice
between partial and THR procedures is determined based on the patient’s clinical condition, extent of joint damage
and functional requirements [7][8].

Backing cup
Acetabular cup

Femoral head

Stem

Fig. 2. Exploded full hip implant model [9]

Understanding the causes of hip implant failure is essential for improving implant design and surgical outcomes. The
reasons for failure are broadly categorized into five primary groups: aseptic loosening, infection, component failure,
periprosthetic fracture, and persistent pain [10] as illustrated in Figure 3. In addition to these clinical complications,
implant-related issues such as osteointegration, porous coating delamination, load bearing components wear,
periprosthetic fractures due to mechanical mismatch and manufacturing defects have also been identified as
contributing factors to implant failure [11][12].

1.7 08
= Aseptic Looseing- 52.4% .

= Dislocation of prosthesis -13.5%
« Osteolysis - 10.5%
Fracture - 7.3%
= Infection - 6.8%
= Implant breakage acetabular - 3.5%
= Wear acetabulum - 2%
= Pain - 1.7%
= Implant breakage stem - 0.8%
= Others -1.5%

Fig. 3. Statistics on the causes of hip implant failure [13]
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Failure in hip implants is predominantly influenced by the femoral stem geometry, material selection, and tribological
characteristics of articulating surfaces [14]. Improving implant performance requires a multifactorial approach that
combines geometric optimization with the application of advanced biomaterials [15]. A review of the literature reveals
a gap in studies that comprehensively integrate stem design, biomaterial properties, and surface-coating strategies
to reduce wear, enhance osseointegration, and improve fatigue life [16][17][18].

Figure 4 illustrates the structural performance analysis of commercially relevant femoral stem geometries,
specifically, oval and mixed profile models, using finite element analysis (FEA) [13]. The mixed-profile stem model
integrates design features from circular, rectangular, and oval geometries, characterized by a straight upper stem,
an anterior curvature at the lower section with a defined collar, and a blended transition at the stem base [19].

o
8 \
(a) (b)

Fig. 4. Two different commercial hip implant models with varying stem geometries, (a) Oval Stem and (b) Mixed
profile stem Implant

The mechanical behavior of commonly employed biomaterials, namely, CoCr alloy and Ti-6Al-4V alloy, was
evaluated in configurations incorporating metal-on-metal (MoM) [20][21][22], as listed in Table 1.

Table 1. Various material combinations (MC) of hip implant assembly [23]

Material Combination Stem shape Stem Head Acetabular Liner Backing cup
MC 1 CoCr
Oval
MC 2 Ti—6Al-4V
CoCr CoCr CoCr
MC 3 CoCr
Mixed Profile
MC 4 Ti—6Al-4V

The primary objective of this study was to establish a computationally driven framework for understanding the static
structural behavior under standardized loading conditions, serving as a precursor to the study of implant components
under dynamic loading conditions and future coating treatments [6]. Key performance metrics, such as total
deformation, von Mises stress, and elastic strain, were extracted to determine the structural stability and load-bearing
efficiency across different configurations.

2 Materials & methods

Two commercial stem geometry-oval and mixed profiles were selected based on the National Joint Registry-NJR
21st Annual Report 2024 and their anatomical compatibility with the proximal femur [24]. Figure 5 illustrates 2D
drawings of various hip implants based on the specifications provided by reputed manufacturers [25]. Accurate 3-
dimensional models of the implants were developed using CREO 11.0, incorporating critical design features such as
collars and lateral curvatures of the stem [26].
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Fig. 5. Detailed drawing of the hip stem and assembled hip implant, (a) Oval stem Implant and (b) Mixed profile
stem implant [25] (All dimensions are in mm)

The selected materials were assumed to be homogeneous and to exhibit linear elastic behavior, ensuring consistent
mechanical performance across implant components. Material selection was guided by a combination of mechanical
strength, biocompatibility, and clinical durability, based on established literature and commercially available
data[27][28]. CoCr alloy and Ti—6Al-4V were selected because of their well-established use in orthopedic
applications [29]. CoCr exhibits one of the highest elastic moduli among commonly used arthroplasty materials, along
with excellent wear resistance and high ultimate tensile strength, making it ideal for load-bearing implants [17][27].
Ti-6Al-4V, on the other hand, offers a favorable balance between low density, high tensile strength, and exceptional
corrosion resistance [30]. The mechanical properties of both materials, including the Young’s modulus, density,
Poisson'’s ratio, and ultimate tensile strength, are listed in Table 2 [31][32][33][23].

Table 2. Materials used and properties for stems

Sl . Young's modulus . @ . . . Ultimate Tensile strength
No Materials [GPa] Density [Kg/m?3] Poisson's ratio [MPa]

1. Ti-6Al-4V 114 4500 0.31 930

2. CoCr Alloy 200 8500 0.30 1503

The FEA was conducted using ANSYS 2023 R2. An quadratic mesh was adopted to ensure optimal accuracy and
computational efficiency [23][34]. A mesh sensitivity analysis was performed on the hip implant model using material
configuration MC1 by testing multiple mesh sizes, which initially exhibited significant variations in the output values.
However, beyond a mesh size of 1 mm, the result variations became negligible, indicating numerical convergence;
thus, a 1 mm mesh size was finalized for subsequent analyses [35]. This validates the fact that the simulations
achieved mesh independence, as illustrated in Figure 6.

T T T T T T

—— von Mises stress (MPa)

;

200 E

150 B

von Mises stress (MPa)

100

0 1 2 3 4 5
Mesh Size (mm)

Fig. 6. Grid Independence Analysis performed on the hip implant model using material configuration MC1 by
evaluating multiple mesh sizes
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A finer mesh comprising hexahedral elements generally provides more accurate results; however, it substantially
increases computational time and resource consumption [35]. For illustration purposes, the node and element count
for the MC1 and MC2 material configurations are presented in Table 3.

Table 3. Mesh statistics for full hip implant assembly

SINo Hip Implant Assembly Number of Nodes Number of Elements
1. Oval 8,76,619 5,83,649
2. Mixed Profile 9,59,760 6,64,273

The complete hip implant and mesh model are shown in Figure 7. The boundary and load conditions were applied
according to ASTM F2996-13 [36]. In this simulation, the load was imposed at the top center of the acetabular cup.

E: CoCr-CoCr-CoCr-CoCr
Transient 5
Time: 1. s i

[B Fixed support
(B Force: 2300. N

(a) (b)

Fig. 7. (a) Meshed FEM of the complete hip implant assembly, illustrating the integration of stem, femoral head and
acetabular cup components. (b) Boundary conditions on hip implant as per the ASTM F2996-13 standards

As per ASTM standards, the hip implant was segmented into three regions along its total length, beginning from the
top center surface of the femoral head, which measured 80 mm. The next incision was made 10 mm below the first.
The bottom portion of the stem was confined to all surfaces distal to the second portion of the stem. This fixation
method ensures that peak stresses are not introduced in the constrained regions. A static analysis was performed
for designs with the same boundary conditions [37].

In this FEA study, which primarily focusing on total deformation, von Mises stress, and elastic strain, serve as critical
indicators and widely recognized for evaluating structural performance and stability of hip implants under static loads.
The focus on these three parameters provides a comprehensive view of the implant's mechanical response in a static
context. While their individual values vary depending on material properties, geometric configurations, and boundary
conditions, the study maintains consistent loading scenarios across models to enable direct comparison. Utilizing
well-established metrics enhances robustness, as they are validated indicators of mechanical performance.

3 Results and discission

The static structural analysis began with a comparison between oval and mixed-profile femoral stem geometries
made of CoCr and Ti—6Al-4V alloys under simulated walking conditions, as shown in Table 4.

Table 4. Structural analysis outcomes of CoCr alloy and Ti-6Al-4V alloy hip stem

Sl. . Total deformation in | Equivalent von Mises Equivalent strain
Stem Material Stem shape ; !

No [mm] stress in [MPa] in [mm/mm]

1. Oval 0.069 316.85 0.00158
CoCr alloy

2. Mixed Profile 0.553 955.58 0.00486

3. Oval 0.126 311.48 0.00283
Ti-6Al-4V

4. Mixed Profile 0.969 950.43 0.00848
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The CoCr Oval stem exhibited the lowest total deformation (0.069 mm), reduced von Mises stress (316.85 MPa),
and lowest elastic strain (0.00158 mm/mm). In contrast, the Ti—-6Al-4V Mixed stem showed the highest deformation
(0.969 mm) and stress (950.43 MPa), indicating inferior load-bearing performance.

Building upon these initial findings, a comprehensive full hip implant analysis was conducted to further evaluate the
four MoM articulation frameworks, as mentioned in Table 1, to investigate the influence of geometry and material on
overall implant performance. Table 5 summarizes the simulation outcomes for the four hip implant configurations.

Table 5. Structural analysis results for hip implants with various configuration.

Material Stem shape Total deformation in Equivalent von Mises Equivalent strain in
Combination b [mm] stress in [MPa] [mm/mm]
MC 1 0.078 243.24 0.0012
Oval
MC 2 0.141 233.05 0.0021
MC 3 0.663 954.43 0.0049
MC 4 Mixed profile 1.161 949.32 0.0085

When evaluated in full assembly, the oval CoCr stem with the MoM configuration yielded the most favorable outcome
across all models, with the lowest deformation (0.078 mm), stress (243.24 MPa), and elastic strain (0.00121 mm/mm).
Figure 8 illustrates the mixed profile Ti-6Al-4V stem with higher deformation (1.161 mm) and stress values (949.32
MPa).

E: CoCr-CoCr-CoCr-CoCr
Equivalent Stress
Type: Equivalent (von-Mises) Stress

E: CoCr-CoCr-CoCr-CoCr
Total Deformation
Type: Total Deformation

E: CoCr-CoCr-CoCr-CoCr
Equivalent Elastic Strain
Type: Equivalent Elastic Strain

Unit; mm U.nit: MPa A Min 4 Unit: mm/mm

Time: 15 Time=l s ‘ J Time: 1s
0.078 Max 243.24 Max 0.0012 Max
0.07 24.324 0.0011
0.061 24324 0.00095
0.052 074374 0.00081
i 0.024324 6 0083
5 i 0.0024324 hooss
- 0.00024324 ot
0.017 Sidd2nes 0.00027
0.0087 T30 0.00014
0 Min %:Min 0 Min

(a) (b) (c)
Fig. 8. FEA result of the MoM configuration with an Oval CoCr stem - (a) Total deformation, (b) von Mises stress
(c) Elastic strain

3.1 Discussion

The simulation results revealed that implant geometry and material selection play a pivotal role in determining the
mechanical performance of THR under structural static loads [38]. In alignment with the findings from our previously
published study, the oval stem demonstrated the most favorable mechanical response, followed closely by the
rectangular stem. These configurations outperformed circular and mixed-profile stems in terms of reduced total
deformation, lower von Mises stress, and equivalent strain, indicating an enhanced structural efficiency under
simulated loading conditions [19]. Among the materials assessed, CoCr alloys demonstrated lower deformation and
stress, exhibiting superior mechanical strength and higher wear and corrosion resistance than Ti-6Al-4V alloys,
making them more suitable for high-load-bearing orthopedic applications [39].

The oval CoCr stem with the MoM articulation exhibited the lowest deformation (0.078 mm) and stress (243.24 MPa).
In contrast, the Ti-6Al-4V stems showed higher stress values exceeding (954.43 MPa) and deformation above (0.663
mm). Table 6 presents the simulated results in direct comparison with relevant literature findings, highlighting the
percentage variations in the outcomes and validating the consistency and reliability of the current static analysis.
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Table 6. Comparative validation of FEA results with existing literature data

Sl. Material Kev Parameters Current Literature Percentage S
No Combination y Study Study Variations %
L Total deformation in 0.078 0.1036 24.71
mm
MoM with CoCr | Equivalent von Mises
2. alloy Oval Stem stress in MPa 243.24 211.91 1159 2
3. Equivalent strain in 0.0012 0.0035 65.71
mm/mm
" Total del;(q):;nanon in 0.663 0.456 45.39
MoM with
Ti6Al4V alloy Equivalent von Mises
> Mixed profile stress in MPa 954.43 709.64 3449 40l
Stem Equivalent strain i
6. quivalent strain in 0.0049 0.00692 29.19
mm/mm

These outcomes align with previous studies indicating that CoCr alloys, owing to their higher Young’s modulus and
ultimate tensile strength, offer superior stiffness and load-bearing capacity compared with Ti-6Al-4V alloys [39].

From a design perspective, these results underscore the mechanical advantages of pairing CoCr alloys with
anatomically adaptive geometries, particularly oval stems. Such configurations not only reduce the risk of mechanical
failure but also minimize micromotion, which contributes to aseptic loosening [41]. Although MoM articulations exhibit
superior mechanical stability and reduced wear, the associated release of numerous nanosized wear particles and
metal ions raises biological concerns, underscoring the need to evaluate alternative articulations involving polymers,
ceramics and composite materials [42][43][44]. Additionally, this study validates the relevance of FEA as a predictive
tool for preclinical evaluation and informs future directions for optimizing implant coatings.

Overall, this study highlights the importance of integrating material, geometry, and articulation choices into a unified
design strategy. These insights can guide orthopedic surgeons and manufacturers in selecting configurations that
maximize implant longevity and performance, while minimizing revision rates. The findings also establish a baseline
for future studies incorporating dynamic loading in wear analysis and coating thickness optimization to further
enhance the implant reliability of load-bearing hip implant components.

3.1.1

The obtained results from this computational study—hold direct applicability in clinical and industrial practice [45].
For example, identifying that an oval CoCr stem in a MoM configuration exhibits favorable stress transfer and reduced
micromotion can be helpful to orthopedic surgeons during implant selection, particularly for active or high-demand
patients who require enhanced mechanical stability [46]. These findings can also guide implant manufacturers in
optimizing taper design and material pairing to improve longevity and reduce the risk of wear-induced complications
such as fretting corrosion or aseptic loosening.

Furthermore, the validated FEA approach can be integrated into preclinical testing to simulate performance under
patient-specific loading conditions, reducing reliance on costly physical prototypes [47][48]. In regulatory practice,
such computational evidence can support device approvals by demonstrating safety and efficacy under worst-case
scenarios aligned with ASTM standards [37]. Thus, the results not only contribute to fundamental understanding but
also support tangible improvements in implant design, surgical planning, and post-operative outcomes.

3.1.2

Application

Limitations and future scope

This study acknowledges certain limitations. The current static analysis does not account for micromotion effects,
wear simulations, or the impact of advanced surface coatings and treatments. Although finite element methods (FEM)
offer a time-efficient approach for evaluating medical implants, they are associated with challenges such as modeling
complexity and handling material and geometric nonlinearities.

The material properties used in this analysis were derived from validated literature sources and standardized data
sheets. While experimental determination of these properties could add further accuracy, it lies outside the scope of
this investigation. Additionally, experimental validation using 3D-printed prototypes and hip simulator testing is
planned to verify the FEM-based findings.

Future research should focus on overcoming these limitations by integrating dynamic loading conditions, analyzing
the long-term effects of wear and coating performance, and developing patient-specific implant designs. Such
advancements would contribute to enhanced reliability, durability, and clinical success of hip implant systems.
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4 Conclusion

This study established that the implant geometry and material composition critically influence the mechanical
performance of hip prostheses under structural static loading. Among all evaluated configurations, the oval stem
made from the CoCr alloy in a MoM configuration demonstrated the most favorable mechanical characteristics,
exhibiting the lowest total deformation (0.078 mm), von Mises stress (243.24 MPa), and equivalent strain (0.00121
mm/mm). These findings underscore the mechanical advantages of CoCr alloys relative to Ti-6Al-4V, particularly
when combined with oval or rectangular stem geometries that promote efficient load distribution. Future validation
using these models will not only improve the accuracy of simulation-based predictions, but also serve as a practical
framework for advancing implant design standards.
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