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Abstract

Purpose: This study investigates the static mechanical behavior of a non-modular metallic
hip prosthesis through Finite Element Method (FEM) simulations, assessing compliance
with ASTM F2996-13 standards. The analysis specifically evaluates how key geometric
parameters, such as trunnion extension and orientation angles (adduction and flexion),
affect stress distributions within the prosthesis. Methodology: A three-dimensional finite
element model of a Ti6Al4V alloy hip stem was developed. Boundary and loading con-
ditions were defined according to the standard: the distal portion of the stem was fully
constrained 90 mm below the head center, and a static load of 2300 N was applied at the
head center along the directions defined by the adduction and flexion angles. A mesh
sensitivity analysis was conducted to ensure convergence, and stresses were evaluated.
Parametric analyses varying trunnion extension and orientation angles were performed
to quantify their impact on local stress concentration. Results: The findings revealed that
even minor deviations in the adduction and flexion angles significantly impact the stress
distribution, with the potting-level region being particularly sensitive. Additionally, the
extension of the trunnion led to notably increased stress concentrations, especially at the
prosthesis neck, highlighting its critical influence in implant design. Conclusions: Compar-
ison with existing literature and standard reference data exposed discrepancies primarily
attributed to variations in FEM model setups and parameter selections. This emphasizes
the necessity of clearly specifying trunnion extension and orientation angles in numerical
analyses to ensure consistent stress predictions, supporting the development of safer and
longer-lasting hip implants. Future research should extend these analyses to different
prosthesis geometries, aiming to develop generalized predictive frameworks applicable to
diverse biomechanical scenarios.

Keywords: hip prosthesis; prosthesis design; finite element analysis; technical standards;
ASTM F2996-13

1. Introduction
The Finite Element Method (FEM) is a key computational tool in the design and

optimization of both orthopedic endo- and exo-prostheses, providing a robust framework
to simulate the complex mechanical interactions between artificial components and biologi-
cal tissues [1,2]. By accurately predicting stress distribution, deformation, and potential
failure under physiological or operational loads, FEM enables virtual prototyping and
patient-specific design [3], thereby reducing the reliance on costly and time-consuming
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experimental testing. In this study, the analysis was conducted on a non-modular metallic
orthopedic hip stem to evaluate stresses in a static configuration. The numerical simulation
adheres strictly to guidelines provided by ASTM F2996-13 standard [4], closely related to
the experimental ISO 7206-4 (2010) [5].

ISO 7206-4.

The geometric setup of the prosthesis is guided by this experimental standard. Re-
garding orientation, the hip stem is rotated by two angles: α in the frontal plane and β

in the lateral plane, both depending on the stem length (CT). The standard also defines
the embedding depth of the prosthesis in bone cement. However, since this study focuses
exclusively on numerical simulation, not all parameters from the experimental protocol are
relevant. Among the pertinent parameters, the inclination angles significantly influence the
simulation outcome.

ASTM F2996-13.

The numerical standard emphasizes extracting the Maximum Principal stress from
three critical regions: the neck, driver hole, and potting level. To achieve accurate results,
the simulation model employs boundary and load conditions precisely aligned with ASTM
standard specifications for stem lengths in the considered range (120 mm ≤ CT ≤ 250 mm).
The essential imposed conditions include the following:

• A fixed region located 90 mm below the head center;
• Potting level defined at distance D = 80 mm;
• A static load of 2300 N applied at the center of the head.

Additionally, the trunnion can be extended to simulate worst-case scenarios, where
the head is mounted onto the hip stem.

1.1. State of the Art

Several studies have adopted ASTM F2996-13 and ISO 7206-4 standards to evalu-
ate various aspects of hip prostheses, including geometry, loading, material properties,
wear, and fatigue behavior. However, many works adapt these guidelines to suit specific
research aims.

Taqriban et al. [6,7] assessed different manufacturing processes and geometries of
316L stainless steel implants, calculating safety factors and stress distributions. Despite
concluding all designs were statically safe (SF > 1), the load application was simplified,
neglecting adduction and flexion angles. Celik et al. [8] designed a narrowed proximal
stem region to reduce stress shielding but applied loads based on muscle force estimations
from Duda et al. [9] and Bergmann et al. [10], rather than standard-defined conditions.

Chethan et al. [11,12] used the standard to optimize cross-sectional geometry, but ap-
plied the 2300 N force axially to the neck, shifting stress away from the neck to the potting
region—diverging from standard specifications. Guzman et al. [13] modified loading and
boundary conditions, extending fixation from 90 mm to 115 mm and using force magni-
tudes and directions derived from dynamic activities, prioritizing geometric optimization
over strict standard adherence. Campioni et al. [14] used ISO 7206 to model various load
and inclination angles, identifying worst-case scenarios for experimental validation and
pointing out that ISO-based conditions may underestimate in vivo stress. Ceddia et al. [15]
investigated wear by varying Morse taper designs under a 4000 N load, extending fixation
up to the neck and excluding potting-level considerations. While several static analyses
introduced modifications to the standard for exploring aspects beyond its original intent,
fatigue studies by Sugano et al. [16] and Corda et al. [17] closely adhered to ASTM guide-
lines, incorporating adduction/flexion angles and precise force magnitude and direction.
Moreover, Guner et al. [18] applied the standard to assess stress shielding, adding a PEEK
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layer coated with hydroxyapatite to the femoral stem surface and evaluating resultant
stresses on both the implant and femoral bone.

In summary, while ASTM and ISO standards provide valuable guidance, their frequent
modification limits cross-study comparability. Systematic analysis of how changes in
parameters like inclination angles, load direction/magnitude, fixation, and trunnion use
affect outcomes could enhance consistency in simulation-based prosthesis evaluation.

1.2. Aim of the Project

This project aims to investigate certain variations encountered in applying the numer-
ical standard, with the objective of explaining discrepancies observed among literature
results. Specifically, attention is focused on two primary modifications: the use and exten-
sion of the trunnion, and the inclination angles of the hip stem in the frontal (adduction)
and lateral (flexion) planes. Additionally, an investigation is performed regarding the
effects of loads applied axially along the prosthesis neck.

The null hypothesis of the study states that variations in the trunnion extension and
stem orientation angles (α, β) do not produce significant changes in the stress distribution
within the hip prosthesis when analyzed under standardized boundary conditions accord-
ing to ASTM F2996-13. Rejecting this hypothesis would indicate that even minor deviations
in these geometric parameters substantially influence the internal stress state, thereby
affecting the mechanical behavior and potentially the long-term clinical performance of
the implant.

2. Materials and Methods
The overall workflow of the study is illustrated in Figure 1. It begins with the def-

inition of the boundary conditions according to ASTM F2996-13 and the experimental
reference from ISO 7206-4, followed by the development of the finite element model and
the subsequent parametric analysis performed to investigate the influence of the trunnion
extension and stem orientation angles (α, β) on the stress distribution within the implant.
The focus was on validating a finite element model of the prosthesis, developed according
to the standards outlined in the Introduction, by conducting a mesh sensitivity analysis.
Once validated, the model was systematically modified to investigate how these changes
affect the results. All numerical simulations were performed using Ansys Mechanical 2023
(Ansys Inc., Canonsburg, PA, USA), while post-processing and data analysis were carried
out in MATLAB R2023a (MathWorks, Natick, MA, USA).

Figure 1. Workflow of the study.

2.1. Benchmark

A stem geometry as specified in the ASTM standard was considered. The 3D model of
the stem was directly provided by the standard. The initial steps involved positioning the
prosthesis at specific inclination angles to replicate standard conditions. The guidelines
indicate two key distances from the center of the prosthesis head: 80 mm, which defines
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the region recommended for calculating stresses and strains, and 90 mm, which defines the
upper limit of the boundary constraints.

Prior to determining these distances from the center of the prosthesis head, a reference
plane was constructed by taking into account the adduction (α) and flexion (β) angles and
imposing the X-axis corresponding to the stem axis.

Thanks to this procedure, the final axis is aligned with the intended force direction,
accounting for the orientation angles, and the cutting planes are referenced to this axis.
In accordance with the standard’s recommendation to evaluate stresses at 80 mm, two cuts
were made at heights of 75 mm and 85 mm to assess the stress distribution in this region,
deliberately avoiding the area immediately adjacent to the encastre region (located at
90 mm) to prevent potential numerical artifacts. The final configuration used to define the
potting level and boundary regions is shown in Figure 2.

Figure 2. Application of α and β angles. (Left): XZ plane; (Right): XY plane.

After orienting the space, an extrusion was applied at the top of the head. The ASTM
standard does not specify the exact length of the trunnion extension, but only states that it
should represent a worst-case scenario. Since the considered prosthesis presents a reduced
femoral offset (about 30 mm) compared to its length (about 150 mm), it is common to add
a femoral head with a few millimeters offset to best fit the patient’s anatomy. Based on a
review of commercially available designs, +0, +4, and +8 mm are typical cases. Since the
femoral head is not included in the model, this extrusion value is intended to reproduce
that condition, adopting an extension of 8mm in the neck axis direction. The material
selected for the simulation is Ti6Al4V. The choice of titanium alloy was primarily driven by
its widespread clinical use in load-bearing orthopedic components. As the analysis focuses
on the static behavior of the geometry, the parameters defined are the Young’s modulus
and the Poisson’s ratio (which plays a minor role in this context) [19]. The parameters listed
in Table 1 are consistent with the assumption of elastic behavior: the material was modeled
as ‘Isotropic Elastic’. This assumption holds as long as the maximum stresses remain below
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the yield strength of the material, thus avoiding plastic deformation, which is not relevant
to the current analysis.

Table 1. Mechanical properties [19].

Elastic Modulus (E) Poisson Ratio (ν) Yield Strength

Ti6Al4V 114 GPa 0.3 825–869 MPa

After defining the prosthesis sets, the boundary and loading conditions were estab-
lished in accordance with the ASTM F2996-13 standard. Along the distal part of the stem,
the encastre was applied. The load was defined as a concentrated force with a magnitude
of 2300 N, applied at the center of the 8 mm extension. The force was decomposed into
three components, corresponding to the global coordinate system defined by the prosthe-
sis geometry. The formulas are reported in Equation (1), while the force is graphically
represented in Figure 3b, and the Ansys setup is shown in Figure 3a.

Fx = F · cos(α) · cos(β) = 2237.2 N

Fy = F · sin(β) · cos(α) = 354.3 N

Fz = F · sin(α) = 399.4 N

(1)

(a) (b)
Figure 3. Loading and boundary conditions: (a) Ansys setup. (b) Force components.

Mesh and Sensitivity Analysis

To obtain reliable results, the final step involved mesh generation and its validation
through a mesh sensitivity analysis. In this study, a total of seven distinct meshes were
considered, ranging from the coarsest to the most refined. The first two meshes were gener-
ated using a uniform element size across the entire geometry. Starting from the third mesh,
however, spheres of influence were introduced. to allow for localized refinement in specific
regions of interest. A consistent ratio of element sizes was maintained between consecutive
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meshes to ensure a smooth and systematic refinement process. All relevant details are
summarized in Table 2, including the element size ratio, which was kept between 1.5 and 2
to ensure that each refinement stage maintains a consistent relationship with the previous
one. The initial element size was set to 4 mm, and in the final mesh, it was reduced to
0.75 mm in the refined regions.

Table 2. Mesh details.

Mesh Element Size [mm] Spheres [mm] Node Number Element Number Element Size Ratio

MESH 1 4 / 7573 4439 /

MESH 2 3 / 15,101 9334 2.10

MESH 3 3 2 22,564 14,604 1.56

MESH 4 2.5 1.5 45,577 30,700 2.10

MESH 5 2.5 1.25 66,645 45,656 1.48

MESH 6 2.5 1 112,873 79,170 1.73

MESH 7 2.5 0.75 241,050 173,010 2.19

The results obtained from the analysis focus on Von Mises and Maximum (1st) Princi-
pal stresses, computed in accordance with the recommendations provided by the standard.
As previously mentioned, stress evaluation is performed in three critical regions of the
prosthesis: the neck region, the driver hole, and the potting level. The relative error be-
tween the stress values obtained from consecutive meshes is reported to verify whether it
falls below the 5% threshold (convergence criterion). The following tables summarize the
results obtained from the seven simulations with varying element sizes. The last column
reports the final error computed between the two most refined meshes. With regard to the
Maximum Principal stress, Table 3 presents the trend of the values throughout the mesh
refinement process, showing that the final error falls well below the defined threshold in
the last computation.

Table 3. Maximum Principal stress and final relative error.

Regions Neck [MPa] Driver Hole [MPa] Potting Level [MPa]

Mesh 2 398.1 165.4 199.3
Mesh 3 423.1 161.9 199.1
Mesh 4 415.0 162.6 198.4
Mesh 5 423.1 162.9 199.1
Mesh 6 425.1 166.9 197.0
Mesh 7 421.7 163.9 197.0

Final Error [%] 0.81 1.8 0.0032

Regarding the Von Mises stress (Table 4), the trend is very similar, and in this case as
well, the final error remains within acceptable limits. In both cases, the region exhibiting
the highest error is the driver hole set, due to its complex geometry and the associated
challenges in the meshing process, which tend to generate more distorted elements.

2.2. Parametric Study

In order to make sense of the diversity of results obtained from the literature and
to better analyze how they change depending on the geometry setups, this paragraph
examines the trunnion, as well as both angles (α and β), with some combinations of values.
The chosen method to determine the correct angle variation of the prosthesis involves



Prosthesis 2025, 7, 144 7 of 15

manipulating the force components: Fx, Fy, and Fz are calculated for variations of α from 6°
to 12° in intervals of two, and for variations of β in intervals of three. The magnitude of the
force remains 2300 N, while the various components vary as shown in Table 5.

Table 4. Von Mises stress and final relative error.

Regions Neck [MPa] Driver Hole [MPa] Potting Level [MPa]

Mesh 1 382.8 162.7 203.5
Mesh 2 372.3 160.5 201.2
Mesh 3 395.6 162.9 200.0
Mesh 4 390.6 162.1 199.6
Mesh 5 395.6 163.2 200.0
Mesh 6 397.9 170.9 198.3
Mesh 7 399.2 166.1 198.1

Final Error [%] 0.32 2.8 0.10

Table 5. Force components—angle variation. The section highlighted in yellow represents the baseline
case defined by the standards.

ALPHA 6 8 10 12 BETA
Fx 2287.4 2277.6 2265.1 2249.7
Fy 0 0 0 0 0
Fz 240.4 320.1 399.4 478.2
Fx 2274.9 2265.1 2252.6 2237.4
Fy 239.1 238.1 236.8 235.2 6
Fz 240.4 320.1 399.4 478.2
Fx 2259.2 2249.6 2237.2 2222
Fy 357.8 356.3 354.3 351.9 9
Fz 240.4 320.1 399.4 478.2
Fx 2237.4 2227.8 2215.6 2200.6
Fy 475.6 473.5 470.9 467.7 12
Fz 240.4 320.1 399.4 478.2

Since the adoption of the flexion angle β is often omitted, the considered range begins
at 0°, intentionally excluding the intermediate step of 3°. Once the force components were
computed, the simulations were carried out using the same validated model described
in Section Mesh and Sensitivity Analysis. It is important to emphasize that the cutting
planes used in this phase have not been modified, even though they refer specifically to
the standard configuration. Given that the tested angles are close to the reference values,
it was assumed that maintaining the fixed setup does not significantly affect the results.
Particularly, the critical stress area of the potting level is in the lateral portion; therefore,
α is the main source of difference, and it is featured by a variation of maximum 4° from
the standard configuration. Regarding the trunnion, due to the lack of information on
the neck extension used for force application, three cases were considered, as previously
hinted: 0 mm, 4 mm, and 8 mm.

For the computation of results, the reference model adopts the standard orientation,
with α and β equal to 10° and 9°, respectively. Since several studies in the literature apply
the load axially along the neck, this configuration was also tested, even though it diverges
significantly from the standard guidelines.



Prosthesis 2025, 7, 144 8 of 15

3. Results
Figure 4 shows a general view of the stress distribution. The analysis focuses on the

three predefined regions: neck, driver hole, and potting level. As expected, the distal
portion of the stem exhibits no stress due to the fixed boundary condition.

Figure 4. Maximum principal stress distribution.

Figure 5 presents the results from both the Maximum Principal and Von Mises stress
analyses; the stress distribution can be interpreted through a few key observations.

Starting with the neck region, shown in Figure 5A,B, it can be observed that this is the
most highly stressed area, due to its function in transferring loads from the implant head to
the stem. Owing to its narrow geometry, the transition creates a condition of elevated stress,
subjecting the region to significant bending and torsional forces during load application.
This makes it a critical point for stress concentration. The combination of high loading and
unfavorable geometric factors renders the neck particularly vulnerable.

As illustrated in Figure 5E,F, the driver hole also exhibits stress accumulation, primarily
due to its geometry and structural role. This region acts as a geometric notch, interrupting
the continuity of the prosthesis and naturally creating a stress riser under loading conditions.
Consequently, the stress distribution in the driver hole is non-uniform, with localized peaks
concentrated in specific zones.

The potting level, shown in Figure 5C,D, displays a much smoother stress distribution
compared to the more critical regions such as the neck and driver hole. This behavior is
attributable to the more uniform geometry of the potting area, which facilitates a gradual
transfer of stresses from higher to lower values. As a result, the stress distribution in this
region tends to be more balanced, with minimal concentration peaks.
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Figure 5. Stress distribution in the three regions: (A) Neck Maximum Principal; (B) Neck Von Mises
stress; (C) Potting level Maximum Principal; (D) Potting level Von Mises stress; (E) Driver hole
Maximum Principal; (F) Driver hole Von Mises stress.

The stresses shown in the contour map exhibit values significantly higher than those
computed during the mesh sensitivity analysis. For example, in Figure 5A, the Maximum
Principal stress reaches a peak of 532 MPa, which has been excluded by applying the 97.5%
percentile criterion. This approach discards extreme values that are not representative of the
actual stress distribution (see Section Mesh and Sensitivity Analysis). Table 6 summarizes
the final results, highlighting the maximum stress values observed in the key regions of
the prosthesis.

Table 6. Von Mises and Maximum Principal stresses of Mesh 6.

Region Von Mises [MPa] Max Principal [MPa]

Neck 397.9 425.1

Driver Hole 170.9 166.9

Potting Level 198.3 197.0

3.1. Hip Stem Orientation

The considered spectrum of possible combinations for the α and β angle variations
consists of a 4 × 4 matrix, which reflects the force components described in Section 2.2.
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The corresponding results are presented in Figure 6, where the stress behavior in the three
regions of interest is plotted using 3D curves. These curves are constructed based on the
maximum stress values (97.5% percentile) obtained from each simulation.

(a) (b)

(c)

Figure 6. Trend of Maximum Principal stress based on the variation in both angles: (a) Neck.
(b) Potting Level. (c) Driver Hole. In the color scale, yellow corresponds to higher values, while blue
corresponds to lower ones, referred to the single 3D plot.

The graph is composed of two axes representing the orientation angles, and a third axis
displaying the corresponding stress values. The latter is also qualitatively conveyed through
the surface color, which ranges from yellow (indicating higher stresses) to blue (indicating
lower stresses). This surface map reveals a trend associated with the varying orientations
of the prosthesis.

Table 7 reports the force values used to generate the figure above. At first glance,
some differences can be observed between the regions: all exhibit the highest stress values
at the lowest α angle (6°). However, with respect to the β angle, the behavior differs:
the neck (Figure 6a) and the potting level (Figure 6b) reach their maximum stress at the
highest β considered (12°), while for the driver hole region (Figure 6c), the maximum is
observed at the lowest β (0°). It can be inferred that the Fy component (corresponding to
the out-of-frontal-plane direction) does not influence the hole region stress as significantly
as it does in the other two regions. Due to the geometric configuration and the relative
position of the hole with respect to the head center, the torsional effects introduced by Fy
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are less impactful compared to the bending effects caused by Fx. In contrast, for the neck
and potting level, Fy plays a more prominent role.

Table 7. The section highlighted in yellow represents the baseline case defined by the standards; the
values highlighted in bold indicate the maximum stress observed in each region.

ALPHA 6 8 10 12 BETA
Neck 458.2 439.1 419.4 399.1
Hole 189.6 181.8 173.7 165.5 0

Potting 200.7 176.1 151.8 127.3
Neck 457.9 438.1 418.7 400.9
Hole 184.9 176.9 168.7 160.4 6

Potting 217.9 195.3 173.0 151.1
Neck 462.0 442.7 425.1 405.8
Hole 182.2 174.5 166.9 159.1 9

Potting 237.5 216.5 197.0 178.0
Neck 468.5 451.7 433.2 413.2
Hole 180.9 173.2 165.4 157.5 12

Potting 263.3 244.8 227.4 210.1

To quantify the amplitude of stress variation, the two variables (α and β) are alternately
held constant, allowing the dependence of the Maximum Principal stress on each angle to
be analyzed independently across all regions. For example, by fixing α at a given value,
the variation is computed between the stress values obtained at β = 0° and β = 12°; this
procedure is repeated for each value of α. The same analysis is performed in reverse, fixing
β and computing the variation between stresses at α = 6° and α = 12°. The results of these
calculations are summarized in Table 8.

Table 8. Variations of stress depending on angles. The downward arrow indicates a decreasing
variable, while the upward arrow indicates an increasing one.

Region α ↓ (Fixed β) β ↑ (Fixed α)

Neck +12% +2–3%

Driver Hole +13% −5%

Potting Level +20–36% +24–39%

From this table, the effect of the different prosthesis orientations for the three sets can
be summarized in a few points:

• When reducing the adduction angle α, the stress is higher for all three regions;
• The neck is the least affected region, and the maximum change (ca. 12%) is registered

by varying the adduction angle;
• The driver hole behaves similarly to the neck in terms of magnitude of variation, but

it presents an opposite trend with the flexion angle β, albeit with negligible effects;
• The potting level is strongly dependent on both the adduction and flexion angles.

Based on these calculations, it can be concluded that the influence of the orientation
angles is far from negligible when evaluating stress in the potting level region. For the other
regions, the variation is also appreciable, with the α angle playing a predominant role.

When the load is aligned with the neck axis, the stress distribution changes notably
compared to the standard configuration (Figure 7). Bending and torsional effects are mini-
mized, reducing neck region stresses to around 10 MPa, far below values seen previously.
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Slightly higher stresses appear at the potting level, and the location of maximum stress
shifts to the right side of the stem in the frontal view.

Figure 7. Maximum Principal stress distribution for a particular case.

3.2. Trunnion Extension

In this section, the results corresponding to the variations of the trunnion are presented.
As shown in Figure 8, both Von Mises stress and Maximum Principal were computed for
each region: all the cases were obtained with the same approach as that described in
Section 2.1 regarding the 8mm extension.

Figure 8. Stress variations with different trunnion extensions.

As clearly expected, increasing the trunnion extension leads to higher stress values
in all regions. Regarding the Maximum Principal stress, the trend is nearly linear, with in-
creases of approximately 13%, 11%, and 9% for the neck, driver hole, and potting level,
respectively. Notably, the neck is the most sensitive region, showing a substantial increase
of about 24% when comparing the 8 mm extension to the no-extension case. These per-
centage changes refer to the Maximum Principal stress, but the Von Mises stress follows a
similar trend.

In conclusion, the inclusion of the trunnion is a key factor that must be explicitly
specified, as it significantly affects the peak stress values, even though it does not alter the
overall stress distribution.

4. Conclusions
This section summarizes the key results from the stress analysis conducted on the hip

prosthesis, offering interpretations of the observed outcomes, discussing their implications,
and proposing directions for future research.
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4.1. Comparison with the Standard

Following the guidelines of ASTM F2996-13 and ISO 7206-4, the results from this study
were compared with reference data from a round-robin investigation reported by ASTM.

Table 9 presents the average values reported by ASTM, alongside the results obtained
in this study and the corresponding relative errors.

Table 9. Comparison with the standard.

Region Standard [MPa] Results [MPa] Relative Error [%]

Neck 412 425 3.1

Driver Hole 179 167 6.7

Potting Level 166 197 15.7

According to the standard, an acceptable agreement is defined as a relative difference
within 8%. Therefore, the model is considered validated for the neck and driver hole regions.
However, the discrepancy observed at the potting level, approximately 16%, suggests
differences in model setup. Possible sources of this divergence include uncertainties in
orientation angles (α, β) and trunnion extension, aspects only minimally detailed in ASTM
F2996-13. Notably, trunnion length is user-defined, and orientation angles are explicitly
specified only in the experimental ISO 7206-4 standard. Given their influence on stress
distribution, particularly in regions distant from the loading point, such as the potting level,
these parameters were further investigated based on insights from the literature.

4.2. Parametric Study

Variations in stress results reported across studies often arise from differing inter-
pretations of the standard, particularly regarding prosthesis orientation angles, trunnion
extension, and load application methods. Figure 6 clearly illustrates the strong dependence
of potting-level stresses on adduction and flexion angles. Unfortunately, such setup de-
tails were not explicitly reported by the laboratories involved in the ASTM round-robin
study, complicating the interpretation of their experimental conditions. Nevertheless,
the literature provides valuable reference points.

Several studies explicitly applied the orientation angles recommended by the stan-
dard [16,18], especially in fatigue analyses. For example, Campioni et al. [14], in their
investigation of worst-case orientations, reported trends and stress magnitudes consistent
with the present study. They demonstrated non-linear increases in stress when decreasing
α and increasing β, despite using different geometries.

Some studies [7,12,17] applied a purely axial load of 2300 N directed along the stem
axis. When this approach was replicated in the present work, significantly higher potting-
level stresses were observed (approximately 300 MPa). Although consistent with those
findings, this loading condition substantially deviates from ASTM guidelines and is there-
fore unsuitable for identifying standard-compliant critical regions.

With regard to trunnion extension, its length plays a crucial role when the femoral
head is omitted. Since physiological loading originates proximally, increasing the moment
arm, the trunnion extension is essential for realistic simulation. Indeed, some studies
explicitly model the femoral head instead of using a trunnion. Therefore, when analyzing
the stem independently, the inclusion of a trunnion is strongly recommended.

From a biomechanical standpoint, these variations can alter the mechanical stimulus
transmitted to the periprosthetic bone. Changes in stress magnitude and orientation
may lead to heterogeneous bone remodeling, potentially inducing stress shielding in
underloaded regions or excessive resorption near high-stress zones.
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4.3. Limitations and Future Developments

Some limitations affect the generalizability of the present results. First, the computa-
tional model applies a concentrated nodal load at the top of the stem, introducing local
stress artifacts at the point of application. Although mesh refinement amplifies these peaks,
their physical relevance is negligible, as the affected region lies outside the critical zones
under investigation. Future improvements could involve incorporating a femoral head
and applying distributed loads; however, this would require modeling contact mechanics,
significantly increasing computational complexity.

A second limitation is the study’s focus on a single prosthesis geometry, which may
limit the applicability of the findings. While qualitative trends relating stress to orienta-
tion angles may hold across different designs, quantitative outcomes are likely to vary
significantly. To address these issues, future research should consider multiple prosthesis
geometries. This would enable the development of regression-based analytical models
capable of predicting stress variations as functions of orientation angles (α, β). Such models
would provide useful guidance for the design of customized prostheses, especially for
patients with anatomical irregularities or unique surgical constraints.

Eventually, in this study, only static simulations were conducted to ensure conformity
with the standard, but it could also be interesting to explore dynamic configurations and
evaluate other biological aspects, such as micro-motion and the associated wear in the
implant. Then, combining mechanical simulations with computational mechanobiology
would bridge the gap between numerical prediction and clinical outcome, supporting
the optimization of hip implant design toward improved long-term osteointegration and
reduced revision rates.
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