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Abstract

Objective: This study aimed to compare the biomechanical characteristics of Proximal Femoral Nail
Antirotation (PFNA) and PFNA combined with Proximal Humerus Locking Plate (PHLP) in the treatment
of femoral intertrochanteric fractures with lateral wall fractures using finite element analysis. The
biomechanical strength, stress distribution, and displacement patterns of the two internal fixation methods
were evaluated.

Methods: A three-dimensional finite element model of the femur, PFNA, and PHLP was constructed based
on CT scan data from a healthy middle-aged female patient. A simulated AO 31-A3.3 femoral
intertrochanteric fracture was created, and two internal fixation models (PFNA and PFNA+PHLP) were
assembled. The von Mises stress and displacement distributions were analyzed under static and dynamic
loading conditions.

Results: Compared to PFNA , PFNA+PHLP fixation reduced the maximum von Mises stress by
approximately 40%, with minimal changes in maximum displacement. Stress at the fracture site and main
nail decreased significantly, particularly at the main nail (reduction of 40%). The von Mises stress in the
femoral head, femoral neck, medial wall, and spiral blade showed minimal changes. The total displacement
of the femoral head, femoral neck, lateral wall, and spiral blade in the PFNA+PHLP model decreased
slightly but not significantly.

Conclusion: PFNA+PHLP fixation demonstrates higher fixation strength and more reasonable stress
distribution compared to PFNA in the treatment of femoral intertrochanteric fractures with lateral wall
fractures.

Keywords: femoral intertrochanteric fracture, femoral lateral wall, intramedullary nail, locking plate, finite
element analysis

Introduction

Femoral intertrochanteric fractures are among the
most common hip fractures in the elderly
population. Despite a high rate of fracture healing,
postoperative functional outcomes are often
unsatisfactory. Many patients fail to regain their
pre-fracture activity levels, which is influenced by
factors such as their overall physical condition,
the type of fracture, and the choice of internal

fixation method ® 2. The lateral wall,
anatomically defined as the lateral cortex of the
proximal femur extending between the vastus
lateralis ridge (below the apex of the greater
trochanter) and the midpoint of the lesser
trochanter, plays a critical role in fracture stability
Bl An intact lateral wall provides essential
support for proximal bone fragments and the
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internal fixation spiral blade, promoting bone
stabilization, reducing stress on the implant, and
lowering the risk of fixation failure [
Additionally, the lateral wall serves as the
attachment site for the gluteus medius and gluteus
minimus muscles. Disruption of the lateral wall,
especially when accompanied by reduction
failure, can significantly compromise the soft
tissue balance and stability of the hip joint.
Consequently, there is growing interest among
scholars in reconstructing the lateral wall to
restore stability and function "8,

Femoral intertrochanteric fractures with lateral
wall involvement are inherently unstable. The use
of Proximal Femoral Nail Antirotation (PFNA)
fixation in such cases is associated with
complications such as coxa vara, implant
loosening, and cut-out, leading to fixation failure
9101 To address these challenges, some clinicians
have explored the use of locking plates to
reconstruct the lateral femoral wall. This approach
aims to enhance early stability, improve
mechanical load transfer in the proximal femur,
and restore the balance and stability of the hip
joint's soft tissues. Comparative studies have
demonstrated that lateral wall reconstruction with
a locking plate offers significant advantages over
PFNA fixation, including shorter fracture healing
times, earlier weight-bearing, and improved hip
joint function ™. However, there is a paucity of
biomechanical studies comparing these two
fixation methods, resulting in a lack of
foundational data to support clinical decision-
making.

In this study, finite element analysis was
employed to evaluate the stress and displacement
distributions of two internal fixation models—
PFNA and PFNA combined with a Proximal
Humerus Locking Plate (PHLP)—under both
static and dynamic conditions. The results confirm
that PFNA+PHLP fixation provides superior
fixation strength and more favorable stress
distribution compared to PFNA, offering valuable
theoretical support for the clinical treatment of
femoral intertrochanteric fractures with lateral
wall fractures.

2. Material and Methods
2.1 Femoral CT data

A 57-year-old female volunteer (weight: 60 kg)
with no history of medical or surgical conditions,

limb disabilities, or trauma was selected for this
study. A 64-slice spiral CT scanner was used to
acquire images of the bilateral upper femur in
bone tissue windows. The scanning parameters
included a slice thickness of 1 mm and an interval
of 1 mm, covering a region from 10 cm above the
apex of the greater trochanter to the knee joint.
The CT data were saved in DICOM format, and
the right femur was used for further analysis.

2.2 Software

Mimics Research 21.0, Geomagic Wrap,
HyperMesh 2019, Creo 6.0, Abaqus 2020 were
used for data processing, modeling, and analysis.

2.3 Construction of AO 31-A3.3 Femoral
Intertrochanteric Fracture Model

The CT image data were imported into Mimics
Research 21.0, and the femur was identified using
the default “Bone (CT)” threshold. A 3D
reconstruction of the right femur was generated
using tools such as Edit Masks, Smart Fill,
Calculate Part, and Smooth. The reconstructed
model was then exported in STL format to
Geomagic Wrap, where an AO 31-A3.3 femoral
intertrochanteric fracture model was created. This
involved  remeshing, deleting  unnecessary
elements, and filling holes to divide the femur into
three segments: the femoral head and neck, the
lesser trochanter, and the femoral shaft (Figure
1A). The model was further optimized using
surface fitting operations and saved in STEP
format.

2.4 PFNA and PFNA+PHLP Internal Fixation
Models

3D models of the PFNA and the PHLP were
created and assembled in Creo 6.0 (Figure 1B).
Orthotropic cross-sectional views of the PFNA
internal fixation were generated to visualize the
implant geometry (Figure 1C). The specifics of
the internal fixation are shown in Table 1. The
A3.3 fracture model, PFNA, and PFNA+PHLP
models were assembled in Abaqus 2020 according
to surgical standards. The spiral blade was
positioned in the middle-lower third of the
femoral neck, with its lateral position centered and
a tip-apex distance of less than 20 mm. The
locking plate was placed on the lateral side of the
femur. To facilitate finite element assembly, a
hole was created in the middle of the plate using
geometric editing tools. A self-locking nail was
simulated using coupling and binding commands
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to achieve unicortical fixation with three screws at
the top and bottom of the plate. The assembled
models were imported into HyperMesh 2019 in
STEP format for meshing. A 10-node modified
quadratic tetrahedral element (C3D10M) with a
size of 2 mm was used, and grid convergence was

verified. The final models were exported in INP
format for analysis (Figure 1D-E). The friction
coefficients were defined as follows: 0.46
between bone surfaces, 0.3 between bone and
internal fixation, and 0.23 between the spiral
blade and the main nail 2!

Table 1 Details of internal fixation

Materials

Models and specifications

Manufacturers

resection angle.

PFNA 170 mm in the length of the main nail; 10
mm in the diameter of the spiral blade, 100 mm | Medical Instrument Co.,
in length; 130° in the collo-diaphyseal angle of | Ltd.

the femur, and 5° in the femoral valgus

Suzhou Xinrong Best

PHLP Three-hole plate with a length of 95 mm Ideal

(Suzhou)
Medical Instrument Co.,
Ltd.

A

Figure 1 Finite element simulation models. (A) AO 31-A3.3 femoral intertrochanteric fracture model;
(B) PFNA, PHLP, and PFNA+PHLP internal fixation models; (C) Orthotropic cross-sectional view of
the PFNA internal fixation model; (D) PFNA and PFNA+PHLP internal fixation assembly models.

2.5 Material
Conditions

Properties and Boundary

The femoral mesh model of the A3.3 fracture was
imported into Mimics Research 21.0 in INP
format and divided into 10 material regions based
on gray values. Material properties were assigned
using the following empirical formulas provided
by Mimics: Density = — 13.4+1017 x Gray value,
Young's modulus = — 388.8+5925 x Density. The
Poisson’s ratio was set to 0.3. The material
properties of the internal fixation components

were defined as follows: Young’s modulus = 110
GPa and Poisson’s ratio = 0.3 ** 4. Boundary
conditions were applied as follows: the distal
femur was fully fixed, and a reference point (RP-
1) was defined on the femoral head’s spherical
surface. This point was coupled with nodes on the
femoral head to apply loads. Based on the
volunteer’s body weight, static (600 N, 100%
body weight) and dynamic (1710 N, 285% body
weight) loads were applied in the z-direction to
simulate standing and walking at 4 km/h,
respectively (Figure 2) *°!,
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Figure 2 Schematic representation of loading conditions applied to the models.

significant  differences in  biomechanical

2.6 Finite Element Analysis ; . .
performance. Under static loading conditions, the
The Abaqus/Standard solver was used for finite maximum von Mises stress for the PENA internal
element analysis. The running kernel and memory fixation model was 264.4 MPa, compared to 152.1
allocation were configured, and the simulation MPa for the PFNA+PHLP model, representing a
was executed. The von Mises stress and reduction of approximately 40%. In the PFNA
displacement distributions of the two internal model, the maximum stress was concentrated at
fixation models were calculated. The results were the contact point between the spiral blade and the
visualized and analyzed using Abaqus 2020 main nail. In contrast, the PFNA+PHLP model
software. exhibited maximum stress near the junction of the
3 Results locking plate_anql th_e tai! end of the spiral blade.
) ) The stress distribution in the femur was more
Analysis of the von Mises stress nephograms uniform with PENA+PHLP fixation compared to
(Figure 3) and displacement nephograms (Figure PENA fixation.

4) for the two internal fixation models revealed

S, Mises Max: +2.644e+02 S, Mises Max: +7.749e+02
(Avg: 75%) 6\ (Avg: 75%) {

+4.867e-06 +4.714e-05
+5.253e-07 +5.908e-06
+5.669e-08 +7.403e-07
+6.118e-09 +9.278e-08
+6.603e-10 +1.163e-08

Max: +2.644e+02 Max: +7.749e+02
Elem: SND-1#PART-1-1.203385 Elem: SND-1#PART-1-1,203385
Node: 236186 Node: 236186
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Figure 3 Von Mises stress distribution nephograms for the two internal fixation models under
different loading conditions.(A) Von Mises stress distribution of PFNA under static loading; (B) Von
Mises stress distribution of PFNA under dynamic loading; (C) Von Mises stress distribution of
PFNA+PHLP under static loading; (D) Von Mises stress distribution of PFNA+PHLP under dynamic
loading.
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Figure 4 Displacement distribution nephograms for the two internal fixation models under different
loading conditions.(A) Displacement distribution of PFNA under static loading; (B) Displacement
distribution of PENA under dynamic loading; (C) Displacement distribution of PEFNA+PHLP under
static loading; (D) Displacement distribution of PFNA+PHLP under dynamic loading.

The maximum displacement for both models
occurred at the apex of the femoral head. Under
static loading, the displacement was 1.548 mm for
the PFNA model and 1.395 mm for the
PFNA+PHLP model. Under dynamic loading, the
maximum von Mises stress increased to 774.9
MPa for the PFNA model and 446.5 MPa for the
PFNA+PHLP model, with the latter showing a

reduction of approximately 40%. The locations of
maximum stress and displacement under dynamic
loading were consistent with those observed under
static loading. The maximum displacement under
dynamic conditions was 5.688 mm for the PFNA
model and 5.115 mm for the PEFNA+PHLP model.
These results are summarized in Table 2.

Table 2 Von Mises stress and displacement values for the two internal fixation methods under static

and dynamic loading conditions.

Internal Von Mises stress | Von Mises stress | Displacement Displacement under
fixation under static | under ~ dynamic | under static | dynamic loading (
methods loading (Mpa) loading (Mpa) loading (mm) mm)
PENA 264.4 774.9 1.548 5.688
PFNA+PHLP | 152.1 446.5 1.395 5.115

Compared to PFNA fixation, PFNA+PHLP static loading and from 45.35 MPa (PFNA) to

fixation significantly reduced stress at the fracture
site (including the femoral head, femoral shaft,
and lesser trochanter) and at the main nail.
Specifically, the von Mises stress at the main nail
decreased by approximately 40%, from 15.09
MPa (PFNA) to 9.03 MPa (PFNA+PHLP) under

26.98 MPa (PFNA+PHLP) under dynamic
loading. In contrast, the von Mises stress in the
femoral head, femoral neck, medial wall, and
spiral blade showed minimal changes between the
two fixation methods (Figure 5).
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Figure 5 Comparison of von Mises stress in different regions of the two internal fixation models under
different loading conditions.(A) Von Mises stress in each region of PFNA and PFNA+PHLP under
static loading; (B) Von Mises stress in each region of PFNA and PFNA+PHLP under dynamic
loading.

The overall displacement of the femoral head,
femoral neck, lateral wall, and spiral blade was
slightly reduced in the PFNA+PHLP model
compared to the PFNA model under both static

—PFNA

e S =
) 3 =
1

Displacement Value/ mm
=
=

0.2 4

0.0

—— PFNA+PHLP

head neck  headend femoris trochanter  wall wall

end end
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femoral femoral femoral corpora  lesser lateral  medial main nail  spiral

and dynamic loading conditions. However, these
differences were not statistically significant
(Figure 6).

——PFNA
—— PFNA+PHLP
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Displacement Value/ mm
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|
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fema al femoral corpora  lesser  lateral  medial mainnail  spiral
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Fig. 6 Comparison of displacement in different regions of the two internal fixation models under
different loading conditions.(A) Displacement in each region of PFNA and PFNA+PHLP under static
loading; (B) Displacement in each region of PFNA and PFNA+PHLP under dynamic loading.

4. Discussion

Von Riden et al. identified the junction of the
main nail and the spiral blade as the primary stress
concentration area and the weak point of head-
neck intramedullary nails ™ In this study, the
maximum von Mises stress in the PENA fixation
model was observed at the contact point between
the spiral blade and the main nail, consistent with
previous findings. However, in the PFNA+PHLP
fixation model, the maximum stress shifted to the
junction of the locking plate and the tail end of the
spiral blade, with a reduction in stress magnitude
of approximately 40% under both static and
dynamic loading conditions. This redistribution of

stress and the reduction in peak stress values help
mitigate the risk of internal fixation failure caused
by stress concentration.

Wang Renkai et al. proposed the "five-point
stability theory” for femoral intertrochanteric
fractures with lateral wall involvement. According
to this theory, stability is achieved through a
framework formed by the head of the spiral blade,
the main nail at the greater trochanter entrance,
the proximal and distal ends of the lateral wall
fracture, and the distal locking nail. The addition
of a lateral plate connecting the proximal and
distal femur further enhances fracture stability 7.
In this study, the von Mises stress at the main nail
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in the PFNA+PHLP model was reduced by
approximately 40% compared to the PFNA model
under both static and dynamic loading.
Concurrently, the stress on the lateral wall
increased, reflecting the load-sharing effect of the
locking plate. The von Mises stress on the plate
was 11.77 MPa under static loading and 34.76
MPa under dynamic loading, indicating that the
plate effectively redistributed stress away from the
main nail, resulting in a more balanced stress
distribution across the entire fixation system. This
reduction in stress at the fracture site further
supports the role of lateral wall reconstruction in
enhancing fixation stability, consistent with the
five-point stability theory. Notably, the stresses on
the femoral head, femoral neck, medial wall, and
spiral blade remained largely unchanged.

Displacement analysis revealed that the maximum
displacements in both fixation models occurred at
the apex of the femoral head, with no significant
differences between static and dynamic loading
conditions. While the PFNA+PHLP model
showed slight reductions in displacement at the
femoral head, femoral neck, lateral wall, and
spiral blade, these changes were not substantial.
This suggests that lateral wall reconstruction with
PHLP has a limited impact on displacement but
significantly improves stress distribution and
overall fixation strength.

PFNA intramedullary fixation is widely regarded
as the gold standard for femoral intertrochanteric
fractures due to its biomechanical advantages and
minimally invasive nature. The main nail also
functions as a "metal lateral wall," reducing bone
mass migration to some extent ™ 1. However,
PFNA fixation is associated with a higher risk of
failure in unstable fractures, particularly those
involving lateral wall disruption 2. For such
fractures, especially AO 31-A3.3 types, many
scholars advocate for primary reconstruction of
the lateral wall using nails, Kirschner wires,
tension bands, or plates, depending on the fracture
pattern. While these methods have demonstrated
clinical efficacy, there is a lack of biomechanical
data to support their use #>%4,

In this study, we innovatively employed a
Proximal Humerus Locking Plate (PHLP) for
lateral wall reconstruction, taking advantage of its
wider design to provide broader fixation coverage.
Preliminary clinical observations indicate that
PFNA+PHLP fixation, while associated with

slightly longer operative times and increased
blood loss compared to PFNA, offers significant
advantages in reducing complications such as hip
varus and enabling earlier postoperative
rehabilitation. These findings suggest that
PFNA+PHLP fixation can improve hip joint
function and surgical outcomes. However, the
sample size of clinical cases is currently limited,
and further retrospective studies with larger
cohorts are needed to validate these results.

This study represents the first finite element
analysis comparing the von Mises stress and
displacement  distributions of PFNA and
PFNA+PHLP fixation under both static and
dynamic loading conditions for AO 31-A3.3
femoral intertrochanteric fractures. The results
provide valuable biomechanical evidence
supporting the use of PFNA+PHLP fixation in
clinical practice.

In summary, PFNA+PHLP fixation offers
superior fixation strength and more balanced
stress distribution compared to PFNA in the
treatment of femoral intertrochanteric fractures
with lateral wall involvement. This approach may
enable earlier postoperative mobilization, reduce
complications, and improve patients' quality of
life. However, this study has several limitations.
The simulation of walking loads was based on
constant forces, whereas actual gait involves
complex cyclic loading patterns. Additionally, the
effects of hip joint reaction forces and
surrounding muscle forces were not considered.
The bone mineral density and elastic modulus of
the femur were derived from empirical formulas,
which may not fully reflect real-world conditions.
Furthermore, only a single fracture type (AO 31-
A3.3) was analyzed. Future studies will optimize
the finite element model to incorporate gait cycle
loading, muscle forces, and variations in bone
mineral density and elastic modulus. These
improvements will provide more comprehensive
biomechanical insights to guide surgical planning
for femoral intertrochanteric fractures with lateral
wall fractures.
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