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Abstract: Total hip replacement is one of the most successful orthopedic operations in modern times.
Osteolysis of the femur bone results in implant loosening and failure due to improper loading. To
reduce induced stress, enhance load transfer, and minimize stress, the use of Ti-6Al-4V alloy in
bone implants was investigated. The objective of this study was to perform a three-dimensional
finite element analysis (FEA) of the femoral stem to optimize its shape and analyze the developed
deformations and stresses under operational loads. In addition, the challenges associated with the
manufacturing optimization of the femoral stem using large strain-based finite element modeling
were addressed. The numerical findings showed that the optimized femoral stem using Ti-6Al-4V
alloy under the normal daily activities of a person presented a strains distribution that promote
uniform load transfer from the proximal to the distal area, and provided a mass reduction of 26%.
The stress distribution was found to range from 700 to 0.2 MPa in the critical neck area of the implant.
The developed computational tool allows for improved customized designs that lower the risk of
prosthesis loss due to stress shielding.

Keywords: hip replacement; femoral stem; bone implant; finite element analysis; topological optimization

1. Introduction and General Background

The healthcare industry is constantly seeking new materials and techniques to provide
better treatments for patients and improve their quality of life. In recent years, titanium
alloys have replaced cobalt–chromium alloys and stainless steel in the manufacture of
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mechanical implant devices. This shift has generated greater interest in titanium and its
alloys and expanded their range of applications.

Hip prostheses are mechanical implants designed to replace damaged hip joints,
playing a critical role in restoring joint function and improving the quality of life for
patients. These implants must allow proper joint movement, stabilize the articulation,
and support the body’s weight. The primary goal of hip arthroplasty is to achieve a pain-
free, highly mobile joint with sufficient surrounding muscle quality to facilitate natural
movement. There are various types of hip prostheses available, including total, partial,
and resurfacing implants, which can be fixed to the bone using cemented, cementless, or
hybrid fixation methods. A proper surgical technique is crucial for ensuring successful
long-term implant fixation and integration. Cemented hip prostheses involve injecting
bone cement to create a durable interface [1], while uncemented implants rely on a porous
or coated surface to promote stability and bone ingrowth, a process that takes longer to
fully achieve [2]. Femoral implants in particular can utilize a range of surface coatings
that are categorized by their roughness scale; this includes macroscale, microscale, and
nanoscale treatments, which have been shown to significantly impact the bone–implant
integration process [3,4].

Titanium and its alloys have emerged as the material of choice for biomedical appli-
cations, particularly in the design of orthopedic implants, due to their superior corrosion
resistance, biocompatibility, and mechanical properties [5]. Among the various titanium
alloys, low-modulus β-type titanium alloys have gained significant attention in recent
years as they address the critical issue of stress shielding, which is a common problem
associated with traditional titanium alloy implants [6]. In particular, Ti-6Al-4V, known
as grade 5 titanium, has proven to be highly compatible with the human body for use in
prostheses and orthopedic implants. This alloy has a low density, high hardness, and, most
importantly for these applications, high biocompatibility. This material is known for its
bioinert quality, which ensures a stable chemical response when in contact with tissues or
living cells. This reduces the likelihood of the body rejecting it. Its combination of strength,
light weight and corrosion resistance makes this an ideal material for use in a variety of
applications, including the aerospace, automotive and medical industries. Furthermore, it
is reported as a material that has adequate osseointegration, which is required not only for
the correct regeneration of the bone around the prosthesis in the early phases, but also to
ensure its stable long-term use.

The design and simulation of hip joint prostheses using finite-element-based computa-
tional tools for analyzing the complex biomechanical interactions and performance of or-
thopedic implants has been applied to validate the feasibility of materials such as Ti-6Al-4V
and TiNbZrTaFe alloy [7], and even fiber-reinforced polymer composites (CFRPCs) [8].
This has been of continuous interest in biomedical engineering design because achieving
maximum load during walking in simulated conditions and using reduced implant material
with accurate performance requires the advanced modeling of the implant assembly and
the realistic application of forces, moments, and stress projections of the femur model [9]. A
low-stiffness porous Ti6Al4V hip prosthesis has been developed by Naghavi et al. [10] via
selective laser melting (SLM) to minimize stress variations following hip replacement. The
study demonstrates a potential reduction in stress shielding by 70% and bone mass loss by
60%, suggesting a viable alternative to the generic solid implant. The study presented by
Johnson et al. [11] evaluates mechanical behavior under idealized and physiological loading
conditions to compare the femoral fracture risk classifications with metastatic bone disease
using different finite element simulation approaches, demonstrating that the incorporation
of physiological muscle forces significantly affects local deformation. The strategy based
on topological optimization in hip prostheses allows a reduction in stress shielding, an
increase in the strength-to-weight ratio and an improvement in dynamic behavior, which
leads to greater implant durability due to a reduction in aseptic loosening [12].
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Optimization algorithms allow the best bone–implant stability to be determined [13].
In the study Tan et al. [14], a martensitic TiNi biomaterial with a low modulus and mechan-
ical behavior mimicking human bones is studied. The bioinspired structure exhibits both
strength and ductility. Additionally, it is shown that post-processing heat treatments alter
the microstructure, resulting in a hierarchically reinforced multiscale behavior, offering
one of the highest specific strengths (around 70 kN m/kg) among porous biomaterials.
Ceddia et al. [15] analyzed the criticalities in the contact between the femoral head and
the stem neck, showing that in proximal contact, the stress levels can exceed 500 MPa in
certain areas of the prosthesis. Meena et al. [16] studied the changes in stress distribu-
tion in the femur after total hip replacement by providing simulated in vivo loading and
boundary conditions. The loading and boundary conditions were generated using the
musculoskeletal modelling software ‘AnyBody’. The results showed considerable varia-
tions in the stress distribution pattern in the femur before and after total hip replacement,
with the metallic implant taking major loads and transferring very little load to the femur.
Oza et al. [17] investigated the stress–strain and force displacement at the bone–implant
interface using the finite element analysis of implant models. This study demonstrated
that the maximum principal stress generated in the solid hip stem, both with and without
the femoral bone, remains below the safe limit, exhibiting good mechanical properties and
strength. Kebbach et al. [18] showed that a musculoskeletal multibody simulation frame-
work was capable of virtually characterizing the knee joint dynamics for different TKR
designs. Xiao et al. [19] proposed a parallel optimization method to study the topological
structure of a type A femoral stem. Kan et al. [20] compared a rational inner scaffold and the
topology optimization design of an implant by considering the clinical design requirements,
patient customization, weight reduction, and mechanical stability. Sun et al. [21] provided a
comprehensive overview of the modelling procedures for predicting the aseptic loosening
risk, focusing on cementless femoral stems. A femur fixed with different osteosynthesis
plates was simulated using the finite element technique and a statistical analysis of a region
of interest placed in the femur diaphysis showed that the biomechanical effect of using the
dual plate system was smaller in the osteotomy region than at the femur head [22].

Implant stress, bone atrophy and loosening are related to the use of a material with a
Young’s modulus much higher than that of cortical bone. This failure of a joint is known
as stress shielding, and to mitigate this effect, the adequate design optimization of hip
prostheses is required. Stress shielding occurs when the alloy inserted into the bone has a
different elastic modulus, and therefore, the stresses are not uniformly distributed over the
bone–implant interface; regions of stress concentration can then lead to inflammation in
the bone, reducing its ability to remodel. For example, the Ti6Al4V alloy exhibits a Young’s
modulus of 109 Gpa, between four to ten times that of cortical bone (10–30 GPa). In addition,
the implant exerting excessive local stress on the bone may even lead to bone atrophy and
the consequent loosening of the implant. Such findings have important implications for
implant design and material selection, as the relationship between material properties and
bone properties must be taken into account to avoid complications. Therefore, further
research in this field is needed to improve the efficacy and safety of implants in the treatment
of various medical conditions.

While the geometric design of custom femoral implants is critical for their long-term
success, current design approaches often result in inhomogeneous stress distributions,
suggesting a lack of full optimization. Addressing this gap, this work introduces a novel
finite element simulation strategy for optimizing custom femoral implant design. The
geometric design of this implant is widely recognized as a critical factor in determining
the long-term success and performance of the implant, as it can significantly impact the
stress distribution within the implant and the surrounding bone. Several studies have
reported the presence of an inhomogeneous stress field within the implant, suggesting
that the current design approaches may not be fully optimized. Finite element modeling
provides a valuable computational platform to analyze these complex biomechanical
interactions between the implant and the surrounding bone, and to identify specific design
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modifications that can effectively mitigate stress concentrations and improve the overall
biomechanical compatibility. By optimizing the geometric features of the femoral implant,
such as the shape, dimensions, surface textures, and material composition, the mismatch in
elastic modulus between the implant and the surrounding bone can be minimized, thereby
reducing the risk of stress shielding and subsequent bone resorption. In this study, the
critical design challenge addressed with the three-dimensional finite element analysis (FEA)
of a femoral stem is the shape optimization, by analyzing the developed deformations and
stresses under operational loads. Overall, the novel systematic optimization approach and
computational tool presented target the enhancement of the long-term stability, integration,
and functional performance of prosthetic systems.

2. Materials and Methods
2.1. Titanium Alloys

In this work, the femoral implant is designed and manufacturing is investigated using
Ti-6Al-4V. Ti-6Al-4V is one of the most used materials in the manufacture of implants. Its
low density, high hardness, high corrosion resistance and excellent biocompatibility make
it a real option for biological applications. When comparing Ti with other biocompatible
metals such as stainless steel and the Co-Cr alloy, we found that titanium has a much lower
density, being 4.7 g/cm; that of stainless steel is 7.9 g/cm and that of the CoCrMo and
CoNiCrMo alloys is 8.3 g/cm and 9.2 g/cm, respectively. Titanium exhibits mechanical
properties similar to those of these metals and a higher resistance to corrosion. This Ti metal
and its alloys are very difficult to work cold, so it is usually forged hot, at a temperature
close to 800 ◦C.

Both titanium and its alloys have a Young’s modulus of around 110 GPa. This value
is practically half that of other metals such as stainless steel or the Co-Cr alloy, which is
why titanium is the metal most elastically compatible with human bone. Regarding the
mechanical properties of this metal, it is observed that both the elastic limit and the tensile
strength are above that of stainless steel and Co-Cr alloy. Even though some authors provide
warnings regarding the biocompatibility of vanadium in the literature, there is no study
that shows that this element can be harmful when it is combined in the Ti-6Al-4V alloy.

Ti-6Al-7Nb alloy emerged as a commercially available alternative to Ti-6Al-4V due
to concerns about the potential carcinogenicity of vanadium. As Ti-6Al-7Nb exhibits
mechanical properties similar to Ti-6Al-4V [23], its biocompatibility and stress distribution
characteristics should not differ in the proposed design. However, it is essential to conduct
dedicated simulations to accurately assess the performance of Ti-6Al-7Nb implants with
specific identified properties and assess the model constants of the raw material.

2.2. Three-Dimensional Design of the Femoral Stem
2.2.1. Three-Dimensional Geometry

The selection of a commercial hip femoral stem that adapts to the patients’ expectations
was carried out. This is a design approved in the market, as it works with a template that
presents the ideal measurements and thus helps to create an appropriate prosthesis for the
restoration of the length of the leg and its biomedical function.

To create this three-dimensional geometry of the femoral hip stem, SolidWorks 2020
software was used (Figure 1). This stem was generated with respect to the average measure-
ments of a common hip prosthesis. The investigated geometry and proposed optimized
solution, while not directly focused on anatomical design, have the potential to be inte-
grated with patient-specific approaches. This integration could lead to a new generation of
hip implants that are both anatomically matched and biomechanically optimized, ultimately
improving patient outcomes.
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Figure 1. Initial design of femoral implant designed showing (a) assembly and (b) geometry with
dimensions in mm.

2.2.2. Mechanical Models of Ti6Al4V: Model Constants and Physical Properties

The Ti-6Al-4V titanium alloy physical properties used in the simulation are the values
shown in Table 1, highlighting a low density and low Young’s Modulus; it is therefore an
optimal material for applications that require high material resistance, a low weight and
large elasticity. The material model parameters of the Johnson–Cook law of plasticity and
damage are given in Tables 2 and 3. This model is applied in large deformation simulations
such as forging, while for the operational loading behavior of the femur implant, Hook’s
law is employed to assess the elastic behavior.

Table 1. Physical properties of the Ti-6Al-4V alloy.

Properties Value

Density (kg/m3) 4430

Melting temperature (◦C) 1605

Heat capacity (J◦C/kg) 611

Modulus of elasticity (GPa) 109

Poisson’s ratio (-) 0.34

Table 2. Johnson–Cook plasticity law parameters [24,25].

Parameters Value

A (MPa) 927
B (MPa) 877.96

C (-) 0.0137
m (-) 0.594
n (-) 0.795
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Table 3. Johnson–Cook model constants of the plastic deformation model at the onset of damage
until fracture [26,27].

Parameters Value

d1 0.246
d2 186.0
d3 −15.7
d4 0.2582
d5 1.2059

The Johnson–Cook model of plasticity describes the equivalent stress (σ) (Equation (1))
of the material as a function of the equivalent plastic strain (ε), the equivalent plastic strain
rate (

.
ε), and the homologous temperature (T∗ =

(
T − Tre f

)
/
(

Tmelt − Tre f

)
).

σ = (A + B·εn)

[
1 + C·ln

( .
ε

.
εre f

)](
1 − T∗m) (1)

The term A corresponds to the elastic limit at a reference temperature
(

Tre f

)
and

reference strain rate
( .

εre f

)
. The strain hardening coefficient B and exponent n describe the

reference stress–strain curve, while C identifies the material’s strain rate sensitivity. The
thermal softening is described by the m exponent. T is the temperature of the material, and
Tf usin is the melting temperature of the material. If the failure of the material depends on
the strain rate and temperature of the material, the Johnson–Cook failure model can be
used. This expression is given by Equation (2):

ε f =
[
d1 + d2·e−d3·η

]
·
[

1 + d4·ln
( .

ε
.
εre f

)]
·(1 + d5T∗) (2)

where η = p/σ is the triaxiality of the stress state, defined as the ratio of the hydrostatic
pressure p over the equivalent von Mises equivalent stress σ. The parameters di with
i = 1 to 5 are damage-related material constants. Fracture occurs when the damage
parameter D in Equation (3) has a value equal to 1.

D =
∫ dε

ε f
(3)

2.2.3. Load Applications on Femoral Implants

To determine the critical loads that act on the femoral implant, the different movements
performed by a person were analyzed; for this, the hypotheses regarding the critical load
conditions in the human gait cycle were investigated. One of the most relevant hypotheses
is the movement that a person makes when going up and down the stairs; in more detail,
it is the load that is produced on the femur when going down a high step. This load is
considered four times a person’s body weight [28]. In this case, it was considered that the
average body weight of a person is 800 [N]; therefore, the load to be applied was 3200 [N],
with a contact angle of 90◦ on the femoral head. This load produces slight bending in
the implant. On the other hand, another critical load condition is the one generated by a
person rotating the foot 90◦. This effect produces torsion in the coxofemoral joint and is
determined based on a multiplicative load factor. When considering the body weight of a
person of 800 [N], a torsional load of 384 [N] is obtained, applied to the lateral area of the
femoral head.
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2.3. Mass Reduction from Shape Optimization of Femoral Stem

Once the femoral stem model was built using SolidWorks software, recognizing the
loading conditions, materials and their properties, a topological optimization was carried
out using the finite element method to modify the implant design. For this, the CAD model
was imported into the Structural Static Analysis module of ANSYS 2020. In the Engineering
Data section, the properties of grade 5 titanium for the femoral stem and femoral head
were introduced. Next, the Topology Optimization module was added, in which the mesh,
the loading conditions, and the restrictions presented by the stem were added.

Mesh Generation, Load Application and Boundary Conditions for Shape Optimization

For mesh generation, a tetrahedral finite element was adopted; this is commonly
used to mesh complete solid models because it presents faster and more efficient meshing
algorithms that better adjust to a complex geometry.

In the numerical study, the identified loading conditions on the femoral head of the
implant were found to have a maximum vertical load due to the person’s weight and
movements of 3200 [N] producing bending and due to a lateral torsional load of 384 [N]
being generated when rotating the foot 90◦.

To perform the analysis of a more realistic model, the forces acting on the implant were
distributed uniformly in the middle of the surface of the femoral head; considering that the
total area of the femoral head is 2394 mm2, the area selected for the loading application
was 1197 mm2. This considers two resulting pressures on the femoral head. The pressure
generated when descending a large step is 2.67 [MPa], with an angle of 90◦ on the middle
surface of the femoral head. The torsional pressure generated by turning the foot 90◦ is
0.32 [MPa], applied to the lateral area of the femoral head. For the analysis of the femoral
implant, a combination of both critical conditions was considered (Figure 2).
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2.4. Modelling the Full-Assembled Optimized Model of Femoral Stem

The components required for a more innovative and realistic structural analysis of
the hip prosthesis are shown in Figure 3. The inside of the femoral head was designed
according to the neck of the femoral stem, and the outside was designed according to the
standard measurement of femoral heads in the prosthesis market (Figure 3a). The design
of the cement coating was carried out according to the requirements of a cemented hip
prosthesis. The cement layer to be considered was 2 mm thick and reached 1 cm below the
tip of the prosthesis. The cement properties can be found in Table 4.
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Table 4. Mechanical properties of polymethylmethacrylate (PMMA) [29].

Modulus of Elasticity (GPa) E = 3

Poisson υ = 0.33

Density (kg/m3) ρ = 1200

To determine the effect that the cortical bone exerts on the hip prosthesis, a design was
created using SolidWorks, generating a bone 20 cm long and 10 cm in diameter, using the
properties of the cortical bone presented in Table 5.

Table 5. Constants according to mechanical tests of a femoral bone [30].

Young’s Modulus [GPa] Shear Stiffness
Modulus [GPa] Poisson’s Ratio Density (kg/m3)

E1 = 11.5 G1 = 3.2 υ1 = 0.3 1800

E2 = 17 G2 = 3.6 υ2 = 0.45

E3 = 11.5 G3 = 3.3 υ3 = 0.3

To perform a structural analysis of the implant after topological optimization, the stem
was redesigned through SolidWorks; in addition, the femoral head, the PMMA cement
coating and a section of the femur bone were designed to provide support for the implant.
These were applied as a boundary condition, as seen in Figure 4. The same critical loading
conditions as those used in the previous section were used on the femoral head; instead,
the fixed support condition was applied to the femoral bone base.

2.5. Finite Element Simulation of the Femoral Stem Forging Process

To carry out the simulation of the process of forging the femoral stem, the variables
that affect the moment of forging were determined: the pressing speed, the temperature of
the piece, and the properties of the materials of both the piece to be forged and the press.

Mesh Generation, Load Application and Boundary Conditions for Forging Process

First, models of the preformed part of the titanium stem and the tungsten press were
designed using SolidWorks software, and then these models were transferred to the ANSYS
program for dynamic analysis. Figure 5 presents the preformed femoral stem; this piece is
made through prior machining to reduce the work in forging.
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piece on the press.

In addition, the complexity of the design of the final femoral stem was reduced; the
press molds did not present a design with very narrow curves in order to reduce the
complexity of the model in the simulation and reduce the simulation times.

For the dynamic analysis, one of the molds of the tungsten carbide press was fixed,
while the displacement was applied on the upper die. Initially, the molds were separated
by a distance of 15 mm and the initial titanium working part for the preforming stage was
14 mm in thickness (Figure 5c). To study the temperature of the forging process, the process
was analyzed from 700 ◦C to 900 ◦C, and the pressing speed was simulated at 0.14 m/s,
0.75 m/s, 1 m/s, 1.4 m/s and 2.8 m/s. The contact between the molds and the piece was
made frictionless to simplify the model and convergence. The material of the press was a
tungsten carbide (Table 6), and the stem was simulated with validated properties and the
model constants of Ti-6Al-4V obtained in a previous work by Tuninetti et al. [24–27], as
given in Tables 1–3.
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Table 6. Mechanical properties of tungsten carbide press [31].

Tungsten Alloy Value

Modulus of elasticity (GPa) 700

Melting point (◦C) 3410

Density (kg/m3) 17,000

Poisson’s ratio 0.31

Compressive yield stress and ultimate stress 1.4 GPa/2.7 GPa

3. Results and Discussions
3.1. Shape Optimization of Femoral Implant

The novel implant design was generated using topological optimization, resulting
in a 26% reduction in mass compared to the standard design. This mass reduction was
strategically achieved by lightening areas of the implant experiencing lower stress levels,
as identified through the optimization process. Importantly, this reduction was carefully
managed to maintain the essential mechanical functionalities of the prosthesis. However,
while topological optimization can achieve a mass reduction in the implant design, it is
crucial to consider the overall impact on the biomechanical performance. Simply being
lighter does not guarantee superiority over other solutions. A comprehensive evalua-
tion should compare this approach to alternative designs, including anatomically fitted
implants, to determine the optimal balance of weight, stress distribution, and long-term
clinical outcomes.

Figure 6 illustrates the redesigned femoral stem, showcasing the section where ma-
terial was removed based on the topological optimization results. Finite element anal-
ysis confirmed that this mass reduction did not significantly impact the prosthesis’s
mechanical performance.
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3.2. Numerical Results of the Computational Structural Analysis

In the structural analysis of the femoral implant, various simulations were carried out,
where an element size of 2, 3 or 5 mm was iterated. Table 7 provides a summary of the
structural analysis of the stem bone at different mesh sizes.
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Table 7. Structural analysis of the stem at different element sizes.

Meshing, Element
Size Displacement (mm) Equivalent Stress

(MPA) Equivalent Strain

2 mm 1.326 724.5 0.006647

3 mm 1.325 715.9 0.006565

5 mm 1.324 708.2 0.006501

The model of the topologically optimized femoral implant is attached to the modeled
bone by PMMA cement (properties in Table 5). Upon the application of operational loads,
the greatest displacement occurs in the section of the femoral head, where the implant is
subjected to loads produced by the body movement of the patient (Figure 7). This region,
in contrast to the stable stem base, exhibited displacement ranging from 1.32–0.01 mm. This
minimum displacement between the base of the stem and the head indicates the stability of
the stem joint.
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and stresses.

The maximum stress occurs in the femoral neck of the stem, produced by the bending
generated by the loads applied to the femoral head. The maximum stress reached 708 MPa,
a stress level more than acceptable for the material, as the yield strength of Ti-6Al-4V
alloy is close to 920 MPa. This maximum stress is concentrated in the areas that have a
reduced section like the neck of the stem, with the stress values ranging between 80 MPa
and 300 MPa (Figure 7). Because the yield strength of Ti-6Al-4V alloy is 1100 MPa, it can be
assumed that the implant design has no critical issues. The maximum equivalent strain
occurs at the neck of the femoral stem with 0.6%, and the maximum value of total deforma-
tion is 1.3 mm in the femoral head. This femoral model shows a low stiffness and provides
a uniform strain distribution, which is advantageous for mitigating stress shielding.
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3.3. Forming Simulation of the Femoral Implant and Current Limitations for Future Directions

Developing forging methods for medical implant components is essential to improve
properties such as the fracture toughness, strength, microstructure, and biocompatibil-
ity, ensuring better performance and durability for successful medical procedures [32].
Research in the literature on the forging of femur stems is currently scarce.

In this study, an analysis of the forging process was performed using numerous
finite-element-based large deformation simulations, reaching strain levels only for the
pre-forming process. Figure 8 shows the preforming results in one stage at 800 ◦C and a
speed of 1.4 m/s, with non-uniform deformation producing local zones of equivalent stress
with a maximum value of 1050 MPa and a displacement of 2.21 mm.
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At this current stage, large simulations of the final femur implant shape require
several improvements and further research to achieve accurate results. In this regard, the
following strategies are recommended. As the speeds of the forging process were low
compared to the general simulations of explicit dynamics, a quasi-static model that does not
include material dynamics or inertia forces in the implementation could be used. Lagamine
numerical tools including the Norton–Hoff model could be a good option; however, this
model requires the implementation of coupled damage for different temperatures or the
use of non-coupled fracture criteria. In addition, the inherent complexities in the plasticity
and damage modelling of processes with large plastic deformations and the effects of
friction, element distortion, velocity and temperature variations should be carefully set and
verified. The complexity of the model includes not only elastoplastic material laws, but
also fracture laws through deactivation elements. Other commercially available software,
such as Abacus, could also be tested for the optimization of this manufacturing process.

4. Conclusions

This study focused on the shape optimization of femoral hip prostheses using finite
element modeling in order to reduce the weight and material usage. The static analysis
of the optimized femoral stem under an operational load included the interactions with
PMMA and the femoral bone.

The resulting maximum local stress of 708 MPA after the mesh sensitivity analysis
occurred in the femoral neck of the stem, confirming the acceptable strength of the Ti-6Al-4V
and that the proposed design had no critical issues.
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A high stress gradient occurred in concentrated areas with a reduced section, such as
the neck range between 80 MPa and the maximum local stress, with an average value of
about 300 MPa.

The maximum equivalent strain occurs at the neck of the femoral stem with 0.6%, and
the maximum value of total deformation is 1.3 mm in the femoral head.

This femoral model shows low stiffness and provides a uniform strain distribution,
which is advantageous for mitigating stress shielding.

Topological optimization can reduce the implant mass, but the overall impact on
biomechanical performance must be considered. Simply being lighter does not ensure
superiority over other designs. A comprehensive evaluation comparing this approach
to alternatives, such as anatomically fitted implants, is needed to determine the optimal
balance of weight, stress distribution, and long-term outcomes.

Investigating the finite-element-based process of forging a femoral stem through
dynamic analysis was challenging. The temperature and punching speed conditions were
studied in different forging processes of a femoral stem. The literature states that the ideal
speed in the forging process is between 5 mm/s and 30 mm/s; however, further research is
required to investigate the optimized forging speed and optimal temperatures of the alloy
under superplasticity to avoid cracking and to ensure an accurate final shape.

Finally, as demonstrated by previous studies, we confirmed that failures in the femur
bone joint may be avoided by the optimization of the design using results from FEA
analysis [33]. However, the results from simulations must be experimentally verified in
order to ensure accuracy. The lack of validation may limit the reliability of the results
obtained through the FEA. Current study is limited to static loadings, and for fatigue
analysis or dynamic behavior, the reader is directed to ref. [34].

To verify the accuracy of finite element simulations and ensure the long-term perfor-
mance of the optimized and tailored femoral implants, extensive biomechanical testing in a
simulated physiological environment is required. Research should consider the use of the
investigated alloy and materials, the respective manufacturing process, the use of cadaveric
or synthetic bone specimens, and the reproduction of the intended surgical procedure.
Physiological loading patterns could be applied and experiments in a temperature- and
fluid-controlled environment could be performed to determine implant stability, the stress
distribution and bone–implant interactions. Measurement techniques should include strain
gauges, digital image correlation and computed microtomography to quantitatively and
qualitatively compare experimental data with simulation predictions. Investigating the
biomechanical compatibility of the proposed implant design will require ethical approvals,
a correct definition of the sample size and possible statistical analysis.
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Nomenclature

A Initial yield stress of the material.
B Hardening coefficient.
C Constant strain rate.
D Damage.
m Softening exponent.
n Strain hardening exponent.
σ Yield stress
εp Plastic deformation
.
ε Plastic deformation rate
.
ε0 Reference plastic deformation rate
εD Plastic deformation equivalent to the onset of damage
d1 Johnson–Cook damage constant
d2 Johnson–Cook damage constant
d3 Johnson–Cook damage constant
d4 Johnson–Cook damage constant
d5 Johnson–Cook damage constant
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