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PAPER

Design Optimization of Femoral Hip Implants 
with Circular Perforations: Structural and Fatigue 
Evaluation Using Finite Element Analysis

ABSTRACT
Total hip arthroplasty (THA) is an effective solution for osteoarthritis, but the challenge of 
designing lightweight implants without compromising their strength remains. This study eval-
uates the influence of circular perforations in the design of femoral stems using finite element 
simulations in ANSYS Workbench. Eight geometric configurations were modeled based on 
a standard stem, incorporating circular perforations of varying diameters in five strategic 
locations. The analysis considered two materials widely used in orthopedics (Ti-6Al-4V and 
CoCr alloy) and applied physiological loading conditions according to ASTM F2996-20 and 
ISO 7206-4 standards. Boundary conditions included distal constraint and an axial load of 
2300 N on the femoral head. Total deformation, equivalent stresses, static safety factors, and 
fatigue resistance according to the Soderberg theory were evaluated. The results showed 
that, although the V2 and V4 configurations were the most suitable, the titanium V2 design 
emerged as the best alternative, achieving the greatest mass reduction (19.7%) while main-
taining acceptable safety margins. This paper offers a viable and low-cost solution for the 
design of more sustainable prostheses aligned with the sustainable development goals (SDG 3).

KEYWORDS
stem implant, hip prosthesis, finite element analysis (FEA), prostheses, optimization

1	 INTRODUCTION

Hip osteoarthritis is one of the leading causes of disability among the adult 
population, with a growing global trend that has resulted in a significant increase 
in total hip arthroplasties (THA) performed over the past decades [1]. This surgi-
cal intervention has proven effective in relieving pain, improving functionality, and 
restoring patients’ quality of life [2]. Nevertheless, the durability and mechanical 
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strength of implants remain critical issues, especially in young or active patients, 
where the goal is to extend the prosthesis lifespan beyond the usual 15–20 years [3].

One of the main biomechanical challenges in femoral implants is the phenom-
enon of stress shielding [4], caused by the discrepancy in the modulus of elasticity 
between the bone and the metal implant, which can lead to proximal bone loss and 
long-term failures [5], [6]. Several studies have shown that stem geometry, material 
selection, and its internal distribution directly influence the mechanical response 
under static and dynamic loading conditions. [7], [8]. In this context, the use of 
finite element analysis (FEA) is a method for evaluating the design and predicting 
the mechanical behavior of femoral prostheses under different loading scenarios 
that are closest to real-life conditions [9].

One of the most relevant strategies for improving the structural and functional 
efficiency of femoral stems is reducing their weight through geometric modifications 
that preserve the mechanical strength of the implant. In the current literature, the 
use of ovoid cavities, porous structures, and especially topological optimization 
techniques has been widely explored to achieve lighter and biomechanically com-
patible designs [4], [10], [11], [12], [13], [14], [15]. However, these approaches often 
require metal additive manufacturing, a costly process that remains largely inacces-
sible in many clinical or industrial settings. Although circular perforations represent 
a geometric alternative that is easier to implement, since they can be produced using 
conventional processes with machine tools, there is a notable lack of studies eval-
uating their influence through parametric optimization. This gap in the scientific 
literature limits the development of viable solutions for contexts where metal 3D 
printing is not available. Therefore, it is necessary to investigate the impact of such 
perforations on stiffness, maximum stress, fatigue resistance, and safety factors in 
order to validate their structural and functional effectiveness. Moreover, research 
in other applied technical fields has demonstrated the usefulness of incorporating 
behavior-focused analysis and iterative refinements to improve the performance of 
complex systems under real-world constraints [16].

The present study aims to evaluate, through finite element analysis in ANSYS, the 
impact of different geometric configurations of circular perforations in the femoral 
stem on its static and fatigue behavior. Two materials commonly used in orthopedic 
prostheses were considered, Ti-6Al-4V titanium alloy and cobalt-chromium alloy, to 
compare their structural strength. The methodology includes analysis of deforma-
tion, stress distribution, safety factor, and fatigue life, with the goal of proposing 
an optimized design that contributes to improving the structural strength of the 
implant, in line with sustainability principles and sustainable development goal 3 
(good health and well-being).

2	 MATERIALS AND METHODS

2.1	 Geometric design of the femoral stem implant

The femoral stem was modeled in CAD software SolidWorks with anatomy 
that reproduces the natural curvature of the femur’s intramedullary canal. 
Its three-dimensional geometry was designed to achieve a proper fit and stability 
within the bone cavity, allowing for load transfer and functional integration with 
the bone [17]. The design aims to adapt to the patient’s morphology, contributing to 
stable fixation and the long-term performance of the implant.

One of the main biomechanical features of this proposal is its ability to evenly 
distribute physiological loads during dynamic activities, avoiding areas of stress 
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concentration that could lead to bone resorption or implant loosening. By replicating 
the natural load transfer patterns of a healthy femur, it promotes the preservation of 
bone density and minimizes complications associated with stress shielding [17], [18].

This stem, without modifications or cavities, was considered the baseline model 
for this study. From this version, the geometric variants were developed with the aim 
of evaluating the structural strength of a weight-reduction strategy using perfora-
tions (see Figure 1). The baseline stem model served as the foundation for this study, 
representing a standard design without any alterations or hollows. This unmodified 
version provided a crucial reference point for comparing the effects of subsequent 
geometric variations. As part of the present study, geometric variants of the femoral 
stem were developed based on the previously designed base model, which did not 
feature any cavities or perforations.

The primary objective of these geometric variants was to assess the impact of per-
forations on the structural integrity of the stem. By introducing carefully designed 
cavities or holes into the stem structure, the researchers aimed to reduce overall 
weight while maintaining essential mechanical properties. This approach allowed 
for a comprehensive evaluation of how different perforation patterns and configu-
rations affected the stem’s strength, stability, and load-bearing capacity. The various 
designs, as illustrated in Figure 1, likely encompassed a range of perforation sizes, 
shapes, and distributions, enabling a thorough analysis of the trade-offs between 
weight reduction and structural performance.

Fig. 1. Conceptual model of the modular femoral stem of the hip implant

2.2	 Modified femoral stem with perforations

With the aim of optimizing the structural design of the implant and reducing 
both its mass and material consumption, a geometric modification of the femoral 
stem was proposed by introducing circular perforations. These were distributed 
along the longitudinal axis of the stem body at five strategic locations, designated D1 
to D5, situated at 50 mm, 75 mm, 100 mm, 125 mm, and 150 mm from the bottom 
base of the implant, respectively, as shown in Figure 2.
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Fig. 2. Representation of the modified femoral stem with the five perforations (D1–D5)

Eight geometric configurations (V1 to V8) were defined, combining two materials 
used in orthopedic implants with the inclusion or absence of five circular holes dis-
tributed axially. Configurations V1 and V5 correspond to the baseline models without 
perforations for each material, while the other versions incorporate holes in strategic 
positions, with diameters that progressively decrease from the proximal to the distal 
region. This geometric variability allows for the evaluation of the impact of the per-
forations on the structural integrity of the implant and its weight reduction without 
compromising its mechanical strength. Table 1 presents the details of each iteration, 
including the type of material, the number of perforations, and the variable diameters.

Table 1. Description of the geometric configurations evaluated for the femoral stem

Iteration Material No. of Holes D1 (mm) D2 (mm) D3 (mm) D4 (mm) D5 (mm)

V1 Titanium alloy
Ti-6Al-4V

0 – – – – –

V2 5 12 20 15 10 8

V3 5 10 18 13 8 6

V4 5 8 16 11 6 4

V5 CoCr alloy 0 – – – – –

V6 5 12 20 15 10 8

V7 5 10 18 13 8 6

V8 5 8 16 11 6 4
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2.3	 Materials

For the analysis of the femoral stem, two biomaterials commonly used in 
orthopedic applications were selected due to their high biocompatibility, corro-
sion resistance, and good mechanical performance: titanium alloy (Ti-6Al-4V) and 
cobalt-chromium alloy (CoCr alloy) [19], [20]. Both materials have demonstrated 
good outcomes in load-bearing implants, such as joint prostheses. Table 2 summa-
rizes the mechanical properties used in the finite element simulation, which were 
obtained from scientific literature. These properties are important for accurately 
representing the structural behavior of the implant under the applied loading 
conditions.

Table 2. Mechanical properties of the biomedical materials used in the study

Material Modulus of 
Elasticity (GPa)

Yield Strength  
(MPa)

Ultimate Tensile 
Strength (MPa)

Poisson
Ratio

Density  
(Kg/m3) References

CoCr alloy 200 612 1503 0.3 8500 [2], [21], [22]

Ti-6Al-4V 114 880 930 0.31 4500 [5], [21], [22] [23], [24], [25], [26], [27], [28]

Regarding fatigue resistance, bibliographic information was collected on the 
stress–number of cycles (S–N) curves for Ti-6Al-4V and CoCr alloy materials. 
These curves make it possible to represent the behavior of materials under cyclic 
loads, which is important for assessing their resistance under real conditions. 
The references used to obtain this data come from previous studies [2], [7], [21] 
widely cited in the scientific literature. The corresponding S–N curves are shown 
in Figure 3.

Fig. 3. S–N fatigue curves of Ti-6Al-4V and CoCr alloy materials

2.4	 Boundary conditions and meshing

To define the boundary conditions of the femoral stem in the finite element 
analysis, the guidelines of ASTM F2996-20 standards were adopted [29] and ISO 
7206-4:2010 [30], which standardize both the fixation and the load applied in 
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structural tests of implants. The distal end of the stem was completely restricted to 
simulate its fixation to the bone, while an axial load of 2300 N was applied to the 
femoral head, perpendicular to the axis of the implant. Figure 4 shows the applica-
tion of these conditions in the original and modified models. This methodology has 
been employed and validated in previous studies related to the analysis of orthope-
dic stems [31], [32], [33], [34], [35].

Fig. 4. Boundary conditions and load applied to the femoral stem in the finite element analysis:  
A) Original stem and B) Modified stem

A mesh convergence analysis was carried out with the aim of ensuring the 
numerical validity of the results obtained in the finite element simulation. For this 
purpose, a uniform element size of 1 mm was used, and the relationship between 
the total number of nodes and the maximum von Mises stress was evaluated. The 
original femoral stem model reached a final discretization of 15,900 nodes, while 
the modified model with perforations averaged 19,980 nodes due to the greater geo-
metric complexity introduced by the circular cavities, which generated additional 
internal surfaces and curved edges that required a denser mesh. Despite the reduc-
tion in material volume, this complexity increased the number of elements needed 
for an accurate representation. In both cases, the average element quality exceeded 
0.92, demonstrating reliable meshing. Figure 5 summarizes this process: (A) shows 
the refined mesh of the original stem, (B) the modified model with perforations, and 
(C) presents the convergence curve, where it can be seen that, as the number of nodes 
increases, the von Mises stress values tend to stabilize, validating the adequacy of 
the meshes used in the study.
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Fig. 5. Mesh convergence analysis and refined meshing of the femoral stems: (A) Mesh of the original stem, (B) Mesh of the modified stem  
with perforations, and (C) Convergence curve of von Mises stress as a function of the number of nodes

2.5	 Static analysis

The static analysis was carried out using the finite element method with the 
ANSYS Workbench software. This analysis made it possible to determine the dis-
tribution of stresses, deformations, and the safety factor of the femoral stem under 
physiological loading conditions. A linear-elastic material behavior was assumed, 
using the following equation: [36], [37].

	 {F} = [K]{u}	 (1)

Where, {F} is the force vector, [K] is the stiffness matrix y {u}: displacement vector.

2.6	 Fatigue analysis

To evaluate the durability of the femoral stem under cyclic loads, a fatigue anal-
ysis was carried out based on the Soderberg theory. This theory is known for its 
conservative nature, as it combines the alternating stress sa and the average effort 
sm in relation to the yield strength of the material Sy and the fatigue strength limit Se, 
according to the following expression:
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Where:
N: Safety Factor
sa: Alternating Stress
Se: Fatigue Limit Resistance
sm: Average Stress
Sy: Material yield Strength
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Fatigue analysis, complemented by the results of static analysis, makes it possible 
to identify optimal geometric configurations that reduce mass without compromising 
the strength or safety of the implant [21].

3	 RESULTS AND DISCUSSIONS

3.1	 Static analysis

Figure 6 shows the total deformation obtained for configurations V1–V4 in two 
types of alloys: CoCr (top) and Ti-6Al-4V (bottom). In both cases, it can be observed 
that the models without perforations (V1) exhibit the lowest maximum defor-
mations, while these values progressively increase in the optimized configura-
tions (V2, V3, and V4), due to the reduction in stiffness caused by the presence of 
holes. In the case of Ti-6Al-4V, the deformation increased from 0.142 mm (V1) to 
0.2238 mm (V2), and for the CoCr alloy, it went from 0.0916 mm (V1) to 0.119 mm 
(V2). Despite the increase in deformation in the lightweight models, all remained 
within the elastic regime, ensuring safe structural behavior without risk of plastic 
deformation.

Fig. 6. Total deformation in V1–V4 configurations of stems manufactured from CoCr and Ti-6Al-4V alloys

Figure 7 shows the distribution of equivalent von Mises stress in the stems 
made of CoCr alloy (top) and Ti-6Al-4V (bottom). In the models without perfo-
rations (V1), the maximum stress was 372.28 MPa for CoCr and 368.81 MPa for 
Ti-6Al-4V. In the configurations with perforations (V2–V4), an increase in stress 
was observed, reaching a maximum of 533.35 MPa in CoCr and 528.44 MPa in 
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Ti-6Al-4V, with concentrations mainly in areas near the central holes. Despite the 
increase, all values remained below the yield strength of the respective alloys, 
ensuring structural behavior within the elastic regime and no risk of failure due 
to plastic deformation.

Fig. 7. Distribution of equivalent (von Mises) stress in V1–V4 configurations  
of stems manufactured from CoCr and Ti-6Al-4V alloys

3.2	 Fatigue analysis

In the fatigue analysis of the CoCr alloy stems, the configuration without per-
forations (V1) showed the highest safety factors, with a minimum value of 1.55, 
demonstrating excellent structural resistance, as shown in Figure 8. When perfora-
tions were introduced (V2–V4), the factors decreased, especially in V2, where critical 
values below 0.83 were recorded at the edges of the holes. Configurations V3 and V4 
offered progressive improvement, with a minimum factor of 1.10 in V3 and a value 
of 1.25 in V4, indicating that the latter represents an appropriate balance between 
structural lightening and safety under load.

In the fatigue analysis of Ti-6Al-4V stems (see Figure 8), the configuration with-
out perforations (V1) showed the highest safety factors, with a minimum value of 
2.01, indicating high structural resistance under cyclic loads. When perforations 
were introduced (V2–V4), a reduction in the safety factor was observed, with V2 
being the most critical, reaching a minimum value of 1.40. Configurations V3 and 
V4 showed improvements compared to V2, achieving minimum factors of 1.62 and 
1.72, respectively, which indicates that, despite the reduction in material, these 
optimized versions maintain adequate safety margins for demanding clinical 
applications.
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Fig. 8. Fatigue safety factors in femoral stems (V1–V4) manufactured from CoCr alloy and Ti-6Al-4V

3.3	 Discussions

The results obtained in this study show that increasing the number and size 
of perforations leads to a significant rise in von Mises stresses and deformations, 
especially in the V2 configuration of Ti-6Al-4V, which reached a maximum stress of 
528.44 MPa and a deformation of 0.228 mm, with a mass reduction of 19.7%. These 
data are clearly shown in Figure 9A for von Mises stress and in Figure 9B for total 
deformation. Despite these geometric modifications, the V2 configuration remained 
within the elastic regime and showed acceptable safety factors, as demonstrated in 
Figure 9C for static load and in Figure 9D for fatigue.

This behavior is consistent with the findings reported by [5], who, through static 
structural analyses in Ansys under load, observed that the Ti-6Al-4V material exhib-
ited lower stresses and deformations compared to CoCr alloys, which they attributed 
to its lower elastic modulus and a better distribution of maximum stresses.

Additionally, [8] found maximum stresses of 744.91 MPa and a deformation of 
0.37 mm for a homogeneous Ti-6Al-4V model under similar loading conditions. In 
comparison, the V2 configuration in this study exhibited a significantly lower stress 
(528.44 MPa) and less deformation (0.228 mm), indicating stiffer behavior and bet-
ter stress distribution, even with an optimized geometry featuring perforations, as 
shown in Figures 9A and 9B. This confirms that the proposed geometry maintains 
structural integrity within safety limits.

Regarding fatigue behavior, the results for the V2 configuration also align with 
the findings of [2], who, through finite element simulation under cyclic walking 
loads, demonstrated that Ti-6Al-4V exhibits a longer fatigue life and better safety 
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factors compared to CoCr under dynamic conditions, consistent with what is shown 
in Figure 9D.

Although the V4 configuration showed better control of stress concentrations 
and less overall deformation, the titanium V2 configuration offered the best balance 
between weight reduction and mechanical strength under both loading conditions 
(static and fatigue), as summarized in Figure 9E for mass reduction and 9F for the 
total mass of the stem. These results, compared with those obtained by [2], [5], and 
[8] reaffirm the suitability of Ti-6Al-4V as the preferred material in the design of 
geometrically optimized femoral stems.

Fig. 9. Comparison of mechanical parameters in femoral stems according to configuration and material: (A) Maximum von Mises stress,  
(B) Total deformation, (C) Static safety factor, (D) Fatigue safety factor, (E) Percentage of mass reduction, and (F) Stem mass

4	 CONCLUSIONS

The present study has demonstrated that the introduction of circular perforations 
in the design of femoral stems represents a viable geometric strategy to reduce the 
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mass of the implant without compromising its structural integrity. Through finite 
element simulations in ANSYS, the static and fatigue behavior of different geometric 
configurations was evaluated using two materials widely used in orthopedics, 
Ti-6Al-4V alloy and CoCr alloy.

The results obtained show that, although the incorporation of circular perfo-
rations leads to an increase in both maximum stress and deformations due to the 
reduction in structural stiffness, all the analyzed configurations remained within 
the elastic range, ensuring safe mechanical behavior. In particular, configurations 
V2 and V4 were identified as the most suitable. The titanium (Ti-6Al-4V) V2 config-
uration demonstrated an optimal balance between mass reduction and structural 
safety, achieving acceptable safety factors under both static conditions (1.67) and 
fatigue analysis (1.40), together with a notable mass reduction of 19.7%. On the other 
hand, the V4 CoCr alloy configuration offered an intermediate alternative, main-
taining safety factors above the minimum recommended threshold of 1.33 for the 
static range and achieving a mass reduction of 10.4%, representing an appropriate 
balance between lightness and strength. These geometrical improvements aimed at 
weight reduction without compromising structural integrity strengthen the feasi-
bility of the optimized design of femoral stems, contributing to the development of 
lighter, more sustainable, and biomechanically efficient prostheses. This work aligns 
with the sustainable development goals (SDG 3) by contributing to the development 
of more accessible, durable, and functional medical devices.

Future research could address the thermal analysis of the implant in extreme 
climates, evaluating heat dissipation based on the material and the modified 
geometry. Likewise, it is recommended to develop advanced topological optimiza-
tion studies that integrate clinical and manufacturing constraints, with the goal of 
generating personalized designs. Another promising line consists of simulating the 
behavior of the stem under dynamic multiaxial loading conditions or in impact sce-
narios, which would make it possible to broaden the understanding of biomechanical 
performance in more demanding real-life situations.
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