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Abstract: Total hip arthroplasty (THA) is a common surgical procedure used to treat hip osteoarthritis
and other joint conditions that cause pain and functional limitation. Traditionally, THA has been
performed most often in elderly patients, but in recent years, there has been an increase in hip
arthroplasties in young patients. Femoral prosthesis rupture is a rare but significant complication
that can also occur in young patients undergoing total hip arthroplasty (THA). Some of the factors
that can contribute to femoral prosthesis ruptures include abnormal overload, defects in the design,
lack of geometric fit, and type of materials used in the stem and femoral head connection. The aim of
this study is to analyze the criticalities in the contact between the femoral head and the stem neck. In
particular, two types of contacts will be taken into consideration: proximal and distal, and through
the finite element method (FEA), the criticalities will be defined. The results show that in the proximal
contact, the stress levels exceeded 500 MPa in certain areas of the prosthesis. This stress could
potentially lead to structural failure, such as rupture or deformation of the prosthesis. In addition, to
prevent bacterial infiltration or debris from the outside, the distal connection is recommended.

Keywords: total hip arthroplasty; modular conical junction; materials; fem analysis

1. Introduction

Total hip arthroplasty (THA) is a standard surgery that helps many patients relieve
pain, regain mobility, and improve their quality of life. Most modern THA implant designs
use a modular conical junction in which the surfaces of the head hole cone and femoral
stem cone fit together and, thus, friction-controlled locking is generated. This ensures
both axial and rotational stability [1]. The characteristic of modularity has become quite
widespread since the 80s, as it simplifies the intervention and/or subsequent revisions.
The modular components give the surgeon a high degree of freedom in the operating
phase regarding the choice of components, offset, biomaterials constituting the head, and
acetabular insertion. Thus, it is possible to better adapt the acetabular components, neck,
and stem of the prosthesis to the patient’s anatomy and hip biomechanics [2]. Modular
femoral prostheses offer several advantages over standard prostheses. First of all, they
allow the surgeon to customize the prosthesis according to the anatomical characteristics of
the patient, ensuring better adaptation and greater stability. In addition, they can be used to
address specific clinical conditions, such as hip dysplasia or femoral bone abnormalities [3].
The modulation of these prostheses also allows greater flexibility in treating patients with
prosthesis wear or laxity problems, as components can be easily replaced or adjusted
to improve the long-term effectiveness of the prosthesis. However, it is important to
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emphasize that the use of modular femoral prostheses requires specialized skills and
knowledge on the part of the surgeon. It is critical that the surgeon is trained in the use of
such prostheses and has a thorough understanding of the patient’s specific anatomy and
needs to ensure proper placement and stability of the prosthesis. In conclusion, modular
femoral replacements offer a personalized treatment choice for patients who need hip
replacement surgery. They allow greater flexibility in adapting the prosthesis to individual
needs and can help improve long-term clinical outcomes. Despite this surgical advantage,
in recent years, attention has focused on mechanically helping interstitial corrosion caused
by agitation and accompanying corrosion resulting from micromovement to the modular
connection. It is a process of deterioration of the prosthesis material due to interaction
with body fluid, saline solutions, and other elements present in the biological environment.
Corrosion of the femoral stem neck can occur when there is an unwanted reaction between
the metal neck of the stem and other components of the prosthesis, such as the prosthesis
head or other components that meet the neck. This situation is often associated with
metal-to-metal hip replacements (MOMs) but can also occur with other types of prostheses,
depending on the design and materials used. Corrosion of the femoral stem neck can lead
to problems such as pain, joint instability, inflammation of surrounding tissues, damage to
the surrounding bone, and other complications. Other problems include metal ion release:
Corrosion can cause metal particles to be released in the surrounding area. These particles
can provoke an inflammatory response in surrounding tissue and can potentially damage
bone and other tissues. Formation of deposits: Corrosion can lead to the formation of
deposits of oxides and other corrosive substances on the surfaces of the prosthesis [4]. These
deposits can adversely affect the functioning of the joint and cause irritation or damage to
surrounding tissues. Material loss: Corrosion can cause a gradual loss of material from the
prosthesis, compromising its structural integrity and reducing its durability. To reduce the
risk of corrosion of femoral prostheses, several strategies have been developed:

Use of corrosion-resistant materials: Materials such as titanium alloys or ceramics
have been introduced that show greater corrosion resistance than traditional materials,
such as metal-chrome-cobalt. Femoral stem neck corrosion is a current concern. This
concern has recently been highlighted by the high failure rates of large metal-on-metal
THAs attributed to adverse local tissue reactions from exposure to corrosion debris [3,4].
The National Joint Registry (NJR) documented 138,0472 hip replacements, of which 90%
were first replacements and 10% were revisions. In addition, 12.5% of implant revisions
were performed due to implant joint failure due to wear [3]. In addition, metal ion-related
complications, such as inflammatory reactions and pseudotumors, have been linked to
the head—neck junction of hip replacements [5,6]. Several aspects influence head-to-stem
corrosion, including the angular discrepancy between the head and the stem pin [7,8], the
assembly process in surgery [9,10], the geometry of the pin [11,12], the size of the acetabular
head [12,13], the combination of articular materials [11,12,14], the roughness of the contact
surface [15,16], and possible contamination at the interface [17,18]. The stability of the
coupling is achieved by forcing the head on the morse cone of the neck at the time of
implantation; therefore, some studies have found that a forcing of 6000 N was sufficient to
ensure some stability [18].

Theoretically, the contact between the conical hollow of the head and the morse cone of
the neck should be extended along the entire length of the coupling. On the other hand, due
to machine tolerances, contact does not take place along the entire length of the coupling
but usually in a single limited area (Figure 1). Once the semi-angle of the ¢1 morse cone of
the neck and the semi-angle of the conical ¢ slot of the head is defined, we can calculate
@3 = @2 — @1. If @2 > @1, there will be limited contact at the apex of the morse cone with a
reduction of the surrounding tensions inside the ceramic that constitutes the head [19]. If
@2 < @1, there will be contact in the lower area of the morse cone. In a load condition, such
that the vector changes direction with respect to the conicity, both the proximal and distal
contact conditions could cause separation at the conical junction and later entry of corrosive
fluids into the cone. The ingress of liquids, in conjunction with the hypoxic conditions
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prevailing at the junction, would aggravate corrosion. Therefore, a conical junction that
does not allow the ingress of fluids can be considered a desirable design feature (Figure 2).

Initial Contact Location
Taper Diameter

Taper Coverage

Half of Taper Angle
Mismatch

Half of Male Taper Angle
Half of Female Taper Angle

Figure 1. Coupling between morse cone and head.

@) e
Taper engagement position
Trunnion length Contact area
Open end of taper junction
Taper gap < f
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Engagement length

Engagement length

Fluid environment Fluid environment

Figure 2. Geometric parameters of conical contact (a), proximal contact (b), and distal contact (c).

Conic geometry itself has evolved, including a reduction in both taper diameter and
pin length. Reducing the taper length from 20 mm to less than 10 mm resulted in an
increase in the range of motion without impact (ROM), although it also reduced the surface
area available for conical contact (Figure 3). This change reduces the stability of the taper
but increases the relative movement of the coupling cone under load.

The aim of this study is to evaluate, with finite element analysis (FEM), the influence
of the conical contact situation in terms of differences in taper angle and contact area on
the stability of the conical connection of a titanium alloy stem and ceramic head for two
different conditions (Figure 4). What we want to understand is whether, as shown in other
studies, a distal connection is more stable.
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Figure 3. Increased range of motion for a smaller cone (a) compared to a wider cone (b).

proximal distal

Figure 4. Model with proximal contact (left), model with distal contact (right).

2. Materials and Methods

The model of the head-to-stem pin, a conventional hip prosthesis, and its components
used in this study are shown in Figure 5. Subsequently, the finite element model with
standard boundary and load conditions is illustrated.

Acetabular

Acetabular
Shell

Hip Stem 4

]

Figure 5. Components of a femoral prosthesis.
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2.1. Modelling of Hip Implants

First, a hip prosthesis with smooth head-stem pins was designed. In this experiment,
titanium alloy, Ti-6Al-4V [20], was selected for the stem material, and cobalt chromium
alloy, Co-Cr-Mo, was selected for the acetabular head material because they are widely used
in the manufacture of hip replacement systems [20-22]. Table 1 summarizes the physical
characteristics of the material alloys evaluated in this study [23,24]. A 3D model of the
hip implant was created using Inventor Autodesk (San Francisco, USA), a 3D modeling
software platform.

Table 1. Mechanical characteristics used for this study [25].

Elastic Modulus (GPa)  Yield Strength (MPa) Ultimate Strength (MPa) Density (kg/m3)
Ti6Al4V 110 910 1000 4400
Co-Cr 220 840 1280 8500

Autodesk 2023 and a 3D, CAD, and CAM modeling software platform were used to
build the 3D model in this study. The 2D geometry and 3D CAD model view of the hip
implant with 2D geometry and the 3D CAD model view are shown in Figure 6.

.;:'i\ ’f_""ﬁl l’.":ll"‘:l‘ v

— G
f—i - ™\ e
]

Figure 6. The size of the prosthesis analyzed in this study. Where (A =39.5,B=32,C=108, D =42,
E=135F=11,G=30) mm.

In the case of contact between the head and the femoral stem, it is important to consider
several aspects in FEA analysis:

Physical contact: It is necessary to define the type of contact between the head and
the femoral stem, for example, a complete contact where the entire surface is in contact
or a partial contact where only one party of the surface is in contact, which can be either
the proximal zone or the distal area of the femoral neck. You must also specify the friction
or adhesion properties between the two surfaces. For this analysis, a contact between
the head and femoral stem with friction equal to 0.3 was considered [24-26]. Applied
loads: It is important to define the loads and load conditions that simulate the physical
activity of the patient. These can include compression loads, bending loads, or torsion
loads, depending on the specific analysis you want to conduct. Constraint conditions: It
is necessary to establish the constraint conditions of the model, for example, by fixing the
lower end of the femoral stem to simulate fixation in the bone. Once all these aspects have
been defined, FEA simulations can be performed to evaluate the stresses, deformations, and
behavior of the contact between the head and the femoral stem. FEA analysis results can
provide useful information about stress distribution, contact stability, and the possibility of
micro-movements or potential problems, such as stress concentration.
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2.2. Boundary and Loading Conditions with the Finite Element Model

In this study, boundary conditions include the fixed support zone of the plant and load
conditions to estimate mechanical performance using a finite element computational model.
This study follows the ISO-7206-6:2013 standard for building a mechanical fatigue test
system for hip head-to-stem pin joints in computational model environments. Walking is
the most common activity, while jogging is one of the most physically demanding activities.
This study examines the impact of walking and jogging on subjects aged 50 to 68 years
weighing between 70 and 120 kg (AVG 75 kg). The mechanical characterization of the
functional load conditions of hip prostheses was presented. Figure 7 shows the resulting
force of walking and jogging [27]. For 10% to 55% of each gait cycle, walking required
more strength, while this was between 25% and 55% for jogging. Figure 8 shows the model
where a load of 4000 N was applied at an angle of 20° on the head of the stem [28,29].
Refers to a person of 80 kg according to ISO-7206-6:2013 [30].

3500
AVG75 —3— Walking

3000 - —>—Jogging
Z 2500
£
"= 2000 4
g
(=]
k -
1500
3 1000 4 \%\“

500-' ‘K\‘i

LT TR
0 T T T T
0 20 10 60 80 100

Load Cycle [%0]

Figure 7. Resultant force values for walking and jogging loading conditions [31].

4000N

|
/: 20°

|

|

|

Figure 8. On the left, the application of the load on the head; on the right, the tetrahedral mesh used.
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For this work, the FEM analysis was performed with an ANSYS 2023 R23 calculation
program. The 3D geometry was created in Inventor and later imported into ANSYS 2023.
The mesh used to discretize the 3D into small elements to facilitate resolution was 0.5 mm.
Mesh thickening is a technique used in finite element analysis (FEA) to study the contact
between two surfaces more accurately. When analyzing the contact between the head and
the femoral stem of a prosthesis, the thickening of the mesh can help to obtain more precise
results on the stresses and behavior of the surfaces in contact. In finite element analysis, the
mesh is the discretization of the three-dimensional model into finite elements. A denser
mesh is characterized by a greater number of smaller elements, which allows you to better
approximate complex geometry and stress variations within the model. In the case of the
study of contact between the head and the femoral stem, the thickening of the mesh can be
conducted in areas of interest, such as the interface between the two components. By using
a denser mesh in these regions, contact behavior can be more accurately captured, including
local effects of pressure, stress, and deformation. Mesh thickening can be carried out by
increasing the density of elements along contact surfaces or using localized refinement
techniques, such as mesh refinement based on solution error criteria. This can take longer
to compute as the number of items in the contact area increases. However, results obtained
with a denser mesh can provide greater accuracy in the evaluation of contact and local
stresses. Recent research on finite element studies based on hip replacements has used
quadratic tetrahedral mesh elements [31-34] more than any other form. According to
ANSYS [34], the preferred choice for complicated nonlinear geometry is tetrahedral mesh
elements (Figure 8).

3. Results

The following finite element study, as can be seen in (Figures 9 and 10), shows the
results obtained in the two configurations of proximal and distal contact for a femoral neck
head pair in Co-Cr/Ti under a forcing load equal to 4000 N. It can be seen that in the distal
contact, the stresses on the neck are limited to a small area and vary between 80 MPa and
150 MPa, while inside the hole made on the Co-Cr head, stress values of about 60 MPa are
reached. However, the most stressed to bending as a result of contact in the distal area
is the lower part of the head, where about 500 MPa is reached; this value could trigger
cracks and risks of breakage. In the proximal contact, on the other hand, the circumferential
tensions are higher and distributed over the entire surface of the neck because the contact
area has decreased as a result of the same load applied, which, therefore, leads to an overall
increase in tensions.

We can also observe that distal contact induces less von Mises stress on the stem neck
(484 MPa) than (512 MPa) if a distal contact is considered.
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Von-Mises
stress MPa

574.97
484.36
393.75
294.38
178.48
154,16
| 134.91
113.56
91.793
77.034
62.274
1.390

Figure 9. Results of FEM analysis of the prosthesis with head and stem contact in the distal area. ((1):
stress von Mises on the upper stem area, (2): stress von Mises on the stem neck, (3): section showing
the distribution of contact stresses between stem and head, and (4): von Mises stress in the conical
hole of the head).

Von-Mises
stress MPa

649.02
537.71
. |500.6

| |426.39
| 1304.63
219.98
- |164.21
| |108.43
- | 75.464
- | 60.215
30.671
1.1274

Figure 10. FEM analysis results of the prosthesis with the stem head contact in the proximal zone.
((1): stress von Mises on the upper stem area, (2): stress von Mises on the stem neck, (3): von Mises
stress in the conical hole of the head, and (4): section showing the distribution of contact stresses
between stem and head).

4. Discussion

In a laboratory study [30], the stability of the connection was measured through a
torque test and an impact test. ISO 7206-13:2016. The torque test measures the torque that
must be applied from the outside to compromise the stability of the cone morse connection
(Figure 11).
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Impaction

Figure 11. Investigation procedure for determining the taper connection strength: starting with the
fixation of the implant components (left), then the impaction of the two taper components (middle),
and finally the torque-off test (right).

As can be seen from the experimental results in Figure 12, a distal contact allows a
higher torque-off, therefore improving the stability.

Influence of contact situation - Metal heads

50
£
i 40 Impaction
=
E 30
= ]
o
& 20 | I
=
23 )
S

10

u]

nitial multiple initial 'nultlple initial miultiple
r-m:-:imal full comtact distal

Figure 12. Influence of the contact situation on the taper strength when using metal heads.

A numerical study was performed by Fallahnezhad et al. [30,31,34] with the aim
of simulating abrasive wear depending on the contact situation; increased wear for the
proximal contact situation was reported. Distal contact revealed less wear. In addition,
a distal contact decreases the risk, according to which physiological liquids can infiltrate
the connection and compromise the re-passivation of titanium with consequences on the
increase in the corrosion rate. The current study investigated the influence of geometric
conic features by FEM finite element analysis considering a load of 4000 N [34]. The contact
state affects stability. The complete contact situation, as can be seen from the result obtained
in the laboratory, led to the lowest stability of the conical connection compared to distal and
proximal contact situations. With a greater conical angular difference (proximal or distal
contact situation), contact occurs over a smaller area, leading to locally increased contact
pressure. A possible explanation for the increased resistance in the distal contact situation
could be that the contact area is distally larger than proximal due to the conical shape of
the connection. Another numerical study was conducted by Fallahnezhad et al. [34], with
the aim of simulating abrasive wear depending on the contact situation (Fallahnezhad
et al.) [34]. They reported increased wear due to the proximal contact situation. Distal
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contact revealed less wear. For this study, we used the von Mises results to analyze the
connection. The von Mises stress is a parameter used to assess the state of stress within a
material or structure. In this study, von Mises stress was used to compare material yield
stress with neck and head stress. Finite element analysis (FEA) can be used to calculate von
Mises stress in the femoral head—stem connection. The von Mises stress assessment can be
combined with other critical factors, such as applied load, constraint conditions, material
properties, and geometric features, to ensure proper design and accurate evaluation of the
performance of the femoral head—stem connection in the prosthesis.

An increase of contact stress between the stem and the femoral head [33] of a prosthesis
can be caused by several factors, including:

Geometric mismatch: If the geometry of the head and the stem is not perfectly matched,
for example, due to dimensional or shape differences, a concentrated load or uneven
distribution of stress at the point of contact may occur. High-applied loads: If the prosthesis
is subjected to high physical loads or high-impact activities, there may be an increase of
stress in the contact between the stem and the femoral head. The use of materials with
different mechanical properties, such as a difference in elastic modulus or coefficient of
thermal expansion, can cause an uneven discharge of stress and an increase in local stresses
in the contact.

Considering the experimental results of Fallahnezhad et al. [34] and those obtained
with the numerical simulation FEA, both state that distal contact is the one in which the
stresses are higher and there is a greater risk of corrosion.

5. Conclusions

A comparative analysis of the tensions exchanged at the femoral prosthesis head-neck
interface using the FEM method is presented. This investigation is conducted if the head is
pressed to the stem with a force of 4000 N [35]. The results of this study, also compared with
a study carried out in a laboratory, indicate in both tests that the distal contact is the one
that guarantees greater stability even if the femoral stem is more stressed in flexion than a
contact in the proximal area. The limitation of this study lies in the fact that it is not possible
to study the effect of roughness on finite elements, as the results are dependent on the type
of contact that is simulated numerically and the size of the mesh used. A further limitation
of this study concerns the fact that the applied load is a static load. The dynamic load, on
the other hand, could cause fatigue failure. Further studies and laboratory validation will
be needed.
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