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ABSTRACT

The hip femoral stem is vital in ensuring patient support and mobility, and research into the
femoral stem is critical for improving the durability and strength of orthopedic prostheses.
Using the finite element method, this paper evaluates a femoral stem’s static, transient, and
fatigue behaviors using three different materials: Ti-6Al-4V, CoCr alloy, and AIST 316L. ANSYS
Mechanical software was used to perform the static analysis, evaluate deformations and
stresses, and perform the transient analysis to simulate dynamic loading conditions. In addi-
tion, a fatigue analysis was conducted to determine the resistance to repetitive load cycles.
The results showed that the stresses and strains in the transient analysis were higher than in
the static analysis because the transient analysis considers dynamic and time-varying loads.
In addition, the Ti-6Al-4V material exhibits higher fatigue resistance, a significantly longer
service life, and lower stresses in the static and transient range. These findings reaffirm the
importance of selecting materials that balance stiffness, structural strength, and fatigue to
optimize the performance and durability of femoral implants.
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1  INTRODUCTION

The hip is the most essential part of the human body. It supports the body’s
weight, provides stability, and allows various daily activities, such as walking, stand-
ing, sitting, running, climbing, and other movements [1], [2].

Due to various factors, people suffer from degenerative diseases affecting the hip
joints, such as osteoarthritis, rheumatoid and infectious arthritis, lupus, and avas-
cular necrosis. Worldwide, osteoarthritis affects more than 527 million people, with
significant growth in recent decades [3], which is why total hip replacement (THA)
is an essential surgical procedure to relieve pain and restore mobility in people
[4], [5], [6]. More than 635,000 THA surgeries are performed in the USA yearly [7].
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Hip implant designs and materials have evolved significantly. However, the durabil-
ity and reliability of these devices remain critical issues in orthopedic practice and
biomedical research. Hip implants use biocompatible materials, such as metal alloys
and polymers, to improve wear and fatigue resistance [8].

The finite element method (FEM) is a computational tool for numerically
simulating the behavior of mechanisms, such as hip stem implants [9], [10]. This
technique allows the simulation and evaluation of the mechanical behavior of
implants under various static and dynamic loading conditions, providing crucial
data for design optimization. Previous research has demonstrated the importance of
the femoral stem geometry and implant-bone interaction in the stress distribution,
deformation, and implant lifetime [11], [12]. It also allows the simulation of hip joint
wear [13]-[18].

The existing literature evaluating the behavior of femoral stem implants primarily
addresses three areas: static analysis, dynamic analysis, and fatigue analysis. Static
analysis focuses on implant responses under constant body loads [19]-[32], whereas
dynamic analysis considers variable loads during activities such as walking [8], [11],
[17], [20], [21], [26], [33]-[36]. Fatigue analysis, on the other hand, evaluates the resis-
tance of the implant to failure due to repeated cyclic stresses [8], [11], [14], [15], [34],
[37], [38]. However, these investigations did not consider the transient analysis that
is part of dynamic analysis, which allows a more accurate evaluation of the stresses
and deformations due to the impacts of loads on the joint between the hip and the
stem implant; these results cannot be found in static analysis. There is a research gap
to be filled by this study.

This study is crucial because it can improve the safety and durability of hip pros-
theses, directly affecting patients’ quality of life. The expected results will enhance
the design and selection of materials for implant manufacturers to improve their
products. In addition, these findings will contribute significantly to the scientific
knowledge of biomechanics, providing a solid basis for future research, regulations,
and design standards and reducing the need for surgical revisions, thus improving
people’s quality of life.

In this study, the mechanical strength of the hip femoral stem was evaluated in
terms of stress, strain, and safety factors via static, dynamic (modal, transient), and
high cycle fatigue analyses using finite element analysis (FEA) (ANSYS). The mate-
rials used for the femoral stem were Ti6Al4V titanium and cobalt-chromium alloys.
The static, fatigue, and transient analysis results were compared for the two materi-
als. In addition, the dynamic behavior was evaluated against the loads under natural
conditions to which the femoral stem is subjected.

2  MATERIALS AND METHODS
2.1 Hip implant stem model

This study focused on the femoral stem, an important part of the system that
should be evaluated in each patient (see Figure 1). The dimensions of the femoral
stem are shown in Figure 1a. The hip implant system comprises an acetabular cup,
polyethylene inserts, a metal femoral stem, and a femoral stem (see Figure 1b).
The modeling was performed using CAD SolidWorks software, and FEA was
performed.
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Fig. 1. (a) Overall dimensions of the “femoral stem”; (b) Components of the hip implant system

2.2 Materials

The femoral stem should be composed of biomaterials, and our study used
stainless steel (AISI 316L), titanium alloy (Ti-6Al-4V), and cobalt-chromium alloy
(CoCr alloy). Table 1 lists the mechanical properties of the materials, which are
essential for conducting an accurate simulation.

Table 1. Mechanical properties of the Ti-6Al-4V, CoCr alloy, and AISI-316L materials

Ultimate

Material Elx(t)i(ililtl;rlz(?}fa) S tren?t&lzlh(iMpa) Pgi;sizn Tensile ?Iggn/;ll?)’ References
Strength (MPa)

Ti-6Al-4 V 114 880 0.31 930 4500 | [8], [38]-[45]

CoCr alloy 200 612 0.3 1503 8500 | [8],[34], [38]

AISI 316 210 266 0.27 647 7969 (46]

Studies [8], [34] also found references to Ti-6Al1-4V and CoCr alloy materials
regarding the fatigue strength and stress cycle number (S-N) curves of the three
materials mentioned; a reference was also found for AISI 3016L stainless steel [47];
see Figure 2.

iJOE | Vol. 20 No. 16 (2024) International Journal of Online and Biomedical Engineering (iJOE) 91


https://online-journals.org/index.php/i-joe

Anticona-Valderrama et al.

S-N curves Fatigue
1200 e S

—©—Ti-6AI-4V
—3—CoCr alloy
~A—AlsI 316L

1000 — |

o ©
=3 o
o =3

T T
1 1

Alternating Stress MPa

B
o
=5

T
1

D
200 — M |

0 M | C el C el
10° 10! 102 10*

il Ll M | PR | Lol el i
104 10° 108 107 10° 10° 10"

Number of Cycles

Fig. 2. Fatigue curves S$-N de Ti-6Al-4V, CoCr alloy, and AISI 316L

2.3 Boundary conditions and meshing

Some standards standardize the appropriate parameters for stem-edge conditions
to obtain reliable results (see Figure 3a). For example, ASTM F2996-20 [48] addresses
boundary conditions, and ISO 7206-4:2010 addresses loads [49]; (see Figure 3b)
To attach the stem, a line is drawn from the top center of the sphere down to 80 mm;
an additional 10 mm line is drawn. Finally, from this point, a distance of 97.8 mm
was subtracted from the lower tip to determine the fixed part. A load of 2300 N was
applied to the cup perpendicular to the femoral head (see Figure 4). Previous inves-
tigations [27], [37], [50]-[52] have followed this methodology.

C: Static Structural

Static Structural e A
Time: 1.s
16/06/2024 09:27
W Force: -2300.N =
Fixed Support 0
L) p
=
- | _\
«©Q
~ FIXED SUPPORT
[e2]
(A) (B) | v

Fig. 3. (a) Stem boundary conditions for finite element analysis; (b) Dimensions and edge conditions
according to ASTM F2996-13 and applied force according to ISO 7206-4

During the research object’s meshing process, a mesh convergence analysis was
performed to ensure proper discretization of the stem and mesh refinement, thus
avoiding significant deviations in the results. As a result, 15900 nodes and 4297
elements were obtained. The average quality of the elements was 0.93, therefore
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complying with the recommendation of the Reference [53] for a minimum mesh
quality of 0.7. This indicates that the component is of good quality. Figure 4a shows
the stem with the refined mesh, and Figure 4b shows the mesh convergence diagram
relating the stress to the number of nodes.
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Fig. 4. (a) Mesh shank; (b) Mesh convergence in the finite element analysis

2.4 Static analysis

The static simulation performed with ANSYS determines the stresses, strains,
and safety factors by linear analysis within the elastic range based on the relevant
equation (Eq. 1) [54], [55]. This analysis is fundamental for evaluating the strength
and stiffness of components under load; it provides an understanding of how forces
affect the target object.

{F} = [KNu} D

Here, {F} is the force vector, [K] is the stiffness matrix, and {u} is the displace-
ment vector.

2.5 Transient analysis

In the transient analysis of the femoral stem for hip prosthesis, a dynamic simu-
lation was performed to evaluate the implant’s behavior under time-varying loads.
This analysis is governed by the differential equation of motion, which incorporates
the mass, stiffness, damping matrices, and time-dependent forces (Eq. 2).

F,, = [Mii] + [Cu] + [Ku] (2)

Where, F, is the time-varying force vector, [M] is the mass matrix, [C] is the damp-
ing matrix, [K] is the stiffness matrix and i, u and u corresponds to the acceleration,
velocity, and nodal displacement vectors, respectively [56].

Transient analysis provides a better structural view of the femoral stem under
dynamic conditions, ensuring that the design can withstand the impacts of dynamic
loads and vibrations without compromising its integrity. This methodology is essen-
tial for designing and validating safe and reliable hip prostheses and providing
critical information to improve implant durability and functionality.
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2.6 Fatigue analysis

Fatigue analysis is essential for ensuring the durability and safety of the femo-
ral stem in hip prostheses. Soderberg’s theory is the most conservative on fatigue
analysis. It is based on the premise that the combination of alternating stress and
strain is the most critical factor in fatigue analysis o, and the mean stress must not
exceed the material strength. This theory uses the material’s elastic limit S instead
of the ultimate strength S, as in other theories, such as Goodman’s and Gerber’s.
The proposed theory provides a more conservative and safe fatigue-resistance
assessment method.

Soderberg’s theory was applied to evaluate fatigue life; Eq. 3 details this theory.

3
|+ === 3)
S S N
e Yy

Where:

o, Alternating stress

S, Fatigue limit resistance

o, Average stress

S, Material yield strength

The integration of fatigue analysis with the finite element method provides a
detailed and accurate evaluation of the durability of the femoral stem under cyclic
loading, ensuring its reliability and longevity under natural conditions of use and
minimizing the risk of failure [8].

3 RESULTS AND DISCUSSIONS
3.1 Static analysis

The simulation results in Figure 5 indicated that Ti-6Al-4V presented a maximum
deformation 0f0.079239 mm (see Figure 5a), compared with CoCr alloy (see Figure 5b)
and AISI 316L (see Figure 5c), which showed maximum deformations of 0.045245
and 0.043285 mm, respectively. In all cases, the maximum deformation was located
at the base of the shank neck because the force was located there. Formation values
were within the permissible range for this type of femoral implant.

F: Static Structural- CoCr alloy I: Static Structural- AIS| 3161
Total Deformation Total Deformation

Type: Total Deformation Type: Total Deformation

Unit mm Unit mm

; Static Structural-Ti-GAl-4V

nit: m
Time: 1 Time: 1
16/06/2024 20:29 16/06/2024 2033 16/06/2024 21:29

0.079239 Max 0.045245 Max 0.043285 Max
! 0070435 E 0040218 E 0038476
006163 0035191 0033666
| 0052826 [ 0030163 0028857

0044022 0025136 0.024047
0035217 0020109 0019238
0026413 0.015082 0014428
0017609 0010054 00096189
0.0088043 0.0050272 00048095

0 Min 0 Min 0 Min

(A) B) (©)

Fig. 5. Static analysis: (A) Maximum deformation Ti-6A1-4V, (B) Maximum deformation CoCr Alloy,
(C) Maximum deformation of AISI 316L
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€: Static Structural-Ti-6AI-4V F: Static Structural- CoCr alloy 1: Statie Structural- AISI 3161
Equivalent Stress Equivalent Stress Equivalent Stress
Type: Equivalent (von.Mises) Stress Type: Equivalent (von- Mises) Stress Type: Equivalent (von-Mises) Stress
unit: MPa Unit: MPa Unit: M
Time: 1 Time: 1
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(A) (B) ©

Fig. 6. Static analysis: (A) Maximum stresses Ti-6Al-4V, (B) Maximum stresses CoCr Alloy, and
(C) Maximum stresses AISI 316L

The maximum stresses (see Figure 6) in the simulation results for the Ti-6Al-4V (see
Figure 6a) material presented a maximum stress of 215.55 MPa. In contrast, the CoCr
alloy (see Figure 6b) and AISI 316L (see Figure 6¢) reached maximum stresses of 217.79
and 223.91 MPa, respectively. In all cases, the highest stress concentration was observed
at the base of the shank neck. This stress distribution indicates that this zone is critical
for the structural integrity of implants. The analysis reveals that although all three mate-
rials withstand significant static loads, AISI 316L exhibits the highest maximum stress,
followed by CoCr alloy and Ti-6Al-4V. These results are fundamental for selecting the
most suitable material and ensuring that the implant can withstand the applied stresses
without compromising its durability and functionality under natural conditions of use.

3.2 Transient analysis

A transient analysis (see Figure 7) of the femoral hip stem was performed using
the finite element method to evaluate the behavior of three materials: Ti-6Al-4V, CoCr
alloy, and AISI 316L. The total strain results indicate that Ti-6A1-4V (see Figure 7a)
recorded a maximum strain of 0.086404 mm, CoCr alloy (see Figure 7b) recorded the
smallest maximum strain of 0.049134 mm, and AISI 316L (see Figure 7c) recorded a
maximum strain of 0.053103 mm. These results suggest that the CoCr alloy exhibits
the best structural stiffness with the least degree of deformation. This is crucial in
femoral stem design because less deformation could imply better implant stability
and less risk of micromovement that can affect osseointegration.

K: Transient Structural- AIS| 3161
Total Deformation
Type: Total Deformation
i Unit: mm
Time: 8:9888e-003 Time: 6.7416e-003 Time: 2.e-003
16/06/2024 20:30 16/06/2024 2035 16/06/2024 21:30

E: Transient Structural-Ti-6Al-4V
ion

formation

0.086044 Max 0.049194 Max 0053035 Max
H 0076483 F 0043728 H 0047142
0066923 | 0038262 0041249
[ 0057363 [ o075 | 0035356
002733

0047802 0.029464
0038242 0021864 0023571
0028681 0016398 0.017678
0019121 0010932 0011785
00095604 00054661 0.0058927

0 Min 0 Min 0 Min

(GY) B) (©)

Fig. 7. Transient analysis: (A) Maximum deformation of Ti-6Al-4V, (B) Maximum deformation
of CoCr alloy, (C) Maximum deformation of AISI 316L
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For the von Mises equivalent stresses (see Figure 8), Ti-6Al-4V (see Figure 8a)
reached maximum stress of 245.74 MPa, CoCr alloy (see Figure 8b) reached a maxi-
mum stress of 224.3 MPa, and AISI 316L (see Figure 8c) presented the highest maxi-
mum stress of 275.42 MPa. These results indicate that despite its higher deformation
resistance, AISI 316L is more susceptible to fatigue under transient loading condi-
tions because of its higher maximum stresses. On the other hand, the CoCr alloy
exhibited the lowest strain and relatively low stress, suggesting an excellent combi-
nation of stiffness and stress resistance, making this material an attractive option for
the design of femoral hip stems.

E: Transient Structural-Ti-6Al-4V K: Transient Structural- AIS| 316L
Equi U
Type: Equi
Unit: MPa
Time: 6.7416e-003
16/06/2024 20:31 16/06/2024 2035 16/06/2024 21:31
245.74 Max 234.3 Max 275.42 Max
H 21843 ! 20826 H 24482
191.13 18223 21422
163.82 1562 | 183.62
13652 13017 153.01
100.22 10413 12241
81912 78099 91,808
54.608 52066 61205
27304 2603 30603
2.2108¢-12 Min 1.7263e-12 Min 3.7175¢-13 Min
(A) (B) ©

Fig. 8. Transient analysis: (A) Maximum stresses Ti-6Al-4V, (B) Maximum stresses
of CoCr alloy, and (C) Maximum stresses of AISI 316L

3.3 Fatigue analysis

In the fatigue analysis of the femoral stem (see Figure 9), the results indicate
that the Ti-6Al-4V (see Figure 9a) material has a minimum service life of 10'° cycles,
whereas the CoCr alloy (see Figure 9b) and AISI 316L (see Figure 9c¢) have mini-
mum service lives of 1.85+108 cycles, and 6658 cycles, respectively. In all cases, the
minimum service life was located at the base of the shank neck, which is critical
for fatigue resistance. The CoCr alloy and AISI 316L implants demonstrated lower
fatigue resistance than the Ti-6Al-4V ones, indicating that the Ti-6Al-4V implant is
suitable for ensuring implant durability under cyclic loading conditions by meeting
a minimum cycle count of 10° cycles [37].

C: Static Structural-Ti-6A1-4V  Stati -
Life F: Static Structural- CoCr alloy |L Sttic Structural- AIS] 316L
i ife
17/06/2024 06:39 lY.y:e Life Type: Life
16/06/2024 2033 16/06/2024 21:29
Te+10 Max
I 169 Max ;;z; M;x
1¢+10 Min I 8.2934e8 : ‘7;: )
6878168 e’
5.7043e8 | : 053e6
4.7308e8 3922¢6
3.9234¢8 4782385
1 3.2539%8 1 1.6427e5
I 2698668 = it
. 2.238e8 . 19383 X
1.8561¢8 Min 6658 Min

Fig. 9. Fatigue analysis: (A) Ti-6Al-4V implant life, (B) CoCr alloy implant life,
(C) AISI 316L implant life
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C: Static Structural-Ti-6A1-4V F: Static Structural- CoCr alloy R ——
Safety Factor Safety Factor Satety Factor

Type: Safety Factor Type: Safety Factor ™ m

16/06/2024 2030 16/06/2024 20:34 16/06/2024 2130
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10 1o 10

B > :

B 13223 Min 0.87239 Min :
A o 06381 Min

0

@A) (B) ©

Fig. 10. Fatigue analysis: safety factor (A) Implant safety factor Ti-6Al-4V, (B) Implant safety
factor CoCr Alloy, (C) Implant safety factor AISI 316L

In the fatigue analysis of the femoral stem (see Figure 10), the results indicate
that the Ti-6Al-4V (see Figure 10a) material has a minimum safety factor of 1.3223,
whereas the CoCr alloy (see Figure 10b) and AISI 316L (see Figure 10c) have min-
imum safety factors of 0.87229 and 0.6831, respectively. In all cases, the critical
region with the lowest safety factors was the stem neck base. The distribution of the
safety factors reveals that although Ti-6Al-4V has the highest safety factor, CoCr alloy
and AISI 316L have lower safety factors, indicating higher susceptibility to fatigue
under cyclic loading conditions. These findings are essential for material selection
and ensure implants can withstand stresses without compromising their long-term
structural integrity and functionality in clinical applications. In addition, they pro-
vide a solid basis for future design optimization and experimental validation.

Limitations of the proposed approach: The approach used in this study has
yielded valuable results on the behavior of Ti-6Al-4V, CoCr alloy, and AISI 3161 materials
in femoral implants. However, as with any simulation-based research, it is important
to recognize that the idealized loading and environmental conditions do not include all
real-world variables, such as wear or the biological environment. Even so, these results
provide a solid basis for future experimental investigations and validation of the mod-
els used, contributing to advancing orthopedic implant material design and selection.

3.4 Discussions

The results show that the stresses of the static analysis are higher in the CoCr alloy
stem than in the Ti-6Al-4V material, in agreement with previous research [30], [31].
Furthermore, our results agree that the highest stress was obtained for the AISI
3016L stainless steel stem [35]; this material has the lowest safety factor for loads
subjected to numerical validation. Regarding the deformations obtained, the AISI
316L stem material has the highest stiffness compared with Ti-6Al-4V and CoCr
alloy; these results also agree with previous studies [30], [31], [35].

Table 2. Comparison of the results for Ti-6A1-4V, CoCr alloy, and AISI-316L

Parameter Ti-6A1-4V CoCr alloy AISI 316L
Maximum Static Deformation (mm) 0.0792 0.0452 0.0433
Maximum Static Stress (MPa) 215.55 217.79 22391
Maximum Transient Deformation (mm) 0.0864 0.0491 0.0531
Maximum Transient Strain (MPa) 245.74 224.30 275.42
Fatigue Life (Cycles) 11010 1.85*108 6656
Minimum Fatigue Factor of Safety 1.3223 0.8723 0.6831
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According to our results, the Ti-6Al-4V rod exhibits a higher fatigue resistance
than the CoCr alloy and AISI 316L; these results are in agreement with studies car-
ried out with the CoCr alloy material [34], [38]. However, with AISI 316L, there are
no precedents for fatigue studies on hip stem implants, and these results will serve
as precedents for future research.

Finally, our results suggest that Ti-6Al-4V is the most suitable material for femoral
hip stem applications due to its excellent stress ratio, fatigue life, and safety factor.
Although CoCr alloy shows good mechanical performance, its fatigue life and lower
safety factor limit its potential compared to Ti-6Al-4V. AISI 3161, on the other hand,
has a low fatigue safety level. This work not only reinforces the conclusions of previ-
ous studies but also opens new lines of research on implants with AIST 3161 material
(see Table 2).

4  CONCLUSIONS

In this study, static, transient, and fatigue analyses of the hip femoral stem were
performed using the finite element method with Ansys software, and three materials
(Ti-6Al-4V, CoCr alloy, and AISI 316L) were evaluated. The results showed that CoCr alloy
exhibits the best structural stiffness and the least deformation, making it an optimal
choice for hip implants requiring stability and strength. On the other hand, Ti-6Al-4V
stood out for its superiority in terms of fatigue resistance and implant life, being the
strongest under cyclic loading conditions. AISI 316L, although it exhibited high maxi-
mum stresses, exhibited low fatigue resistance and a lower fatigue safety factor com-
pared to the other two materials. In conclusion, Ti-6Al-4V was identified as the most
promising material due to its excellent combination of durability and fatigue resistance,
which ensures superior performance and serviceable beam time in hip implant design.

Higher stresses and strains were observed during transient analysis than static
analysis, highlighting the importance of considering dynamic conditions in implant
design. This analysis finds dynamic and time-varying loads, which are not consid-
ered in static analysis.

Future research work will be beneficial for investigating the use of coatings
and surface treatments to conduct tribological studies and further evaluate their
corrosion resistance. Finally, clinical studies assessing the performance of these
materials in real patients will provide crucial data for the continued improvement
of hip implant designs.
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