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Abstract
Objective: To compare the biomechanical properties of proximal femur bionic nail (PFBN), proximal femoral nail anti-
rotation (PFNA) and InterTan in the treatment of elderly intertrochanteric fractures AO/OTA 31-A1.3 by finite element
analysis.

Methods: We used Mimics, Unigraphics and other software to establish normal femur and AO/OTA 31-A1.3 fracture
models, and reconstructed PFBN, PFNA and InterTan intramedullary nail models, and assembled them on the fracture
model. The ANSYS software was used to compare the femoral von Mises stress distribution, deformation distribution,
and internal fixation stress distribution of each group under a load of 2100 N.

Results: It could be seen that the femoral maximum stress, femoral maximum displacement, and maximum stress of
internal fixation of the PFBN group were lower than those in the PFNA group and the InterTan group. The maximum
femoral stress of the PFBN was 190.25 MPa, while the maximum stress of the femur of the PFNA and InterTan groups
were 238.41 Mpa and 226.97 Mpa. The maximum femoral displacement of each group were located at the top of the
femoral head, and the maximum displacement of the PFBN group was 14.373 mm, and the maximum displacement
values of the PFNA and InterTan groups were 19.49 and 15.225 mm. For the stress distribution of intramedullary nail,
the maximum stress of the three kinds of internal fixation was located on the main nail. The maximum stress of PFBN
was 1191.8 MPa, compared with 2142.8 MPa for PFNA and 1702.3 MPa for InterTan. And the maximum stress on
the PFBN pressure nail was 345.35 MPa, compared with 868.6 MPa for the PFNA spiral blade and 545.5 MPa for
InterTan interlocking twin nails.

Conclusion: Compared with PFNA and InterTan, PFBN has better mechanical properties. The biomechanical character-
istics of PFBN are more advantageous than PFNA and InterTan internal fixation system in the treatment of femoral
intertrochanteric fractures.
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Introduction
Incidence of hip fractures is getting higher with the aging
of population, which are approximately 1.6 million world-
wide each year and will reach 4.5 to 6.3 million by 2050, and
hip fracture has become the most harmful fracture to the
elderly due to its high motality'™*. Among hip fractures,
intertrochanteric fractures account for about 41%-50%". For
the treatment of intertrochanteric fractures, early firm
internal fixation of the fracture is recommended and
it helps patients get early rehabilitation and avoid com-
plications such as pneumonia and venous thrombus
embolism, and current research suggests intramedullary
fixation for most situations of intertrochanteric frac-
ture®’. However there is still a 6%-21% probability of
internal fixation related complications such as coxa vara
deformity, screw cutout, nail removal, fracture of internal
fixation and femoral neck shortening. Especially in
elderly patients, the failure rate of internal fixation can be
as high as 30%°"".

In response to internal fixation related complica-
tions, Zhang Y et al. proposed that triangular stabilization
structure can reduce the risk of failure of internal fixation
of intertrochanteric fractures, and declared a national
invention patent'’. And Zhang D et al. combined the mor-
phological, anatomical and biomechanical characteristics
of the proximal femur, and proposed the lever-balance-
reconstruction theory of internal fixation in treating inter-
trochanteric fractures'>'*. The theory holds that the
normal structure of the proximal femur is similar to a
lever, and its fulcrum is located near the center of the fem-
oral head. The medial pressure arm of the femur is short,
and the lateral tension arm is long, so it can bear greater
compressive stress. After the fracture, the original lever
system is destroyed. The purpose of internal fixation is to
establish a new lever system to replace the original lever
system and bring the new fulcrum closer to the original
anatomical fulcrum. Based on the original patent of the
triangular stabilization structure of Zhang Y and the lever
balance reconstruction theory proposed by Zhang D, a
new type of proximal femoral bionic internal fixation
intramedullary nail (PFBN) was designed'>”'>. The system
includes a main nail, a pressure nail, and a tension nail,
which are combined with each other to form a stable
structure. Through the combination of the pressure nail
and the tension nail, the bionic reconstruction of the pres-
sure trabecular and the tension trabecular of the proximal
femur is realized. It can resist the compressive stress and
tensile stress generated by weight-bearing after the frac-
ture operation, so that the fulcrum of fracture reconstruc-
tion is close to the anatomical fulcrum. This kind of
bionic design internal fixation has better stability theoreti-
cally, and the purpose of this study is to: (i) access the bio-
mechanical properties of PFBN compared with traditional
intramedullary nails including proximal femoral nails
antirotation (PFNA) and InterTan by using finite element
analysis; and (ii) provide new ideas for the treatment and

FiniTe ELEMENT ANALYsIs OF PEBN

FIGURE 1 The three-dimensional model of the new type of proximal

femur bionic internal fixation intramedullary nail (proximal femur bionic
nail, PFBN), consists of ® Main nail; @ Tension nail; ® Pressure nail; @
Lock nail

research of elderly femoral intertrochanteric fractures
(Figures 1-5).

Methods

Establish the Fracture Model and Intramedullary Nail
Model

Femoral CT images of an elderly woman (65 years old,
height 168 cm, weight 70 kg, no previous femoral disease)
were selected, and the CT dicom files were imported into
Mimics 21.0 (Materialise, Leuven, Belgium) software to
establish a three-dimensional femoral model, and the
model was segmented according to the characteristics of
AO/OTA 31-A3.1 fractures to establish a fracture
model'®. The three-dimensional geometric model of the
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FIGURE 2 The three-dimensional geometric model of proximal femur bionic nail (PFBN), proximal femoral nail antirotation (PFNA) and InterTan

Normal PFNA InterTan PFBN

FIGURE 3 Normal femur and assembly diagram of fracture model with different intramedullary nails of proximal femur bionic nail (PFBN), PFNA and InterTan

intramedullary nail was established in Unigraphics NX | by the manufacturer, complete the assembly of the intra-
12.0 (Siemens PLM Software, Munich, Germany) | medullary nail model, and export the geometric
according to the size of the intramedullary nail provided | model file.
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FIGURE 4 The meshed model of proximal femur with intramedullary nail
in the 3-matic

Model Assembly

The model of the femur and the intramedullary nail were
imported into the 3-matic 13.0 (Materialise, Leuven,
Belgium), and we used the rotation and translation function
to adjust the position of the intramedullary nail. According
to the manufacturer’s instructions, make it consistent with
the fixed position of the operation. Then we set the area with
a diameter of 30 mm on femoral head as the loading surface
and set the area with a height of 40 mm at the bottom of the
femoral condyle as the fixed surface.

Meshing

In the 3-matic software, the model mesh size is 1.5 mm, and
the mesh quality is checked and optimized, and the second-
order 10-node tetrahedral mesh (solid187) is generated
according to the surface mesh (Figure 4).

Material Properties
With reference to the method recommended in the previous
literature, the Young’s modulus of cortical bone and

FiniTe ELEMENT ANALYsIs OF PEBN

FIGURE 5 Set the 30 mm diameter range above the femoral head as
the loading surface, and set the femoral condyle as the restraining
surface

cancellous bone was set to 17,000 and 445 MPa, and the
Poisson’s ratio was set to 0.3 and 0.2, and the Young’s mod-
ulus of the Internal fixation was set to 113,800 MPa, and the
Poisson’s ratio was 0.342"7.

Boundary and Loading Conditions

The contact conditions were set as friction contact, the fric-
tion coefficient between bone and bone was 0.46, the friction
coefficient between bone and nail was 0.42, and the friction
coefficient between nail and nail was 0.2'%. The load condi-
tion is set to 2100 N, and the direction is normal standing
angle vertical down. Set the 30 mm diameter range above the
femoral head as the loading surface, and set the restraint sur-
face at the femoral condyle to be fully fixed (Figure 5)*°.

Observation Index

The von Mises stress distribution and the model displace-
ments of the whole femur and the stress distribution of fem-
oral head is output respectively using ANSYS Workbench
2020R2 (ANSYS Canonsburg, PA, USA). The stress distribu-
tion of the intramedullary nail system under seven
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FIGURE 6 The von Mises stress distribution of normal femur and fractured femur fixed with three kinds of intramedullary nails under a load of 2100
N. The maximum stress of proximal femur bionic nail (PFBN) group is the smallest among the three groups

equidistant load conditions under 300 to 2100 N is also
extracted, referring to previous similar studies'”**~*.

Results

The Results of von Mises Stress Distribution of the

Femur

The results (Figure 6) showed that three models of intra-
medullary nail fixation have uneven stress distribution and
stress concentration. The maximum stress distribution of the
three groups was all located in the lateral cortex. The maxi-
mum stress in the PENA group was 238.41 MPa at the inter-
section of the distal locking nail and the lateral cortex. The
stress in the InterTan group was 226.97 MPa. The maximum
stress in the PFBN group was concentrated under the greater
trochanter of the lateral cortex. The maximum stress was
190.25 MPa, which was smaller than the PFNA group and
the InterTan group.

Model Displacement of the Femur
The deformation of the three groups of femoral models
(Figure 7) is concentrated on the position of the femoral

head subjected to compressive stress. Among them, the nor-
mal femoral displacement value was 10.127 mm, while the
maximum displacement value of InterTan group was
15225 mm, and that of the PFNA group was 19.49 mm,
while the PFBN group had the minimum displacement of
14.373 mm in the internal fixation group.

Stress Distribution of Femoral Head and Proximal

Fracture Fragment

In order to show the bone stress at the tip of each internal
fixation screw, we extract the stress distribution of the femo-
ral head and proximal fracture fragment of the femur
(Figures 8 and 9). The maximum stress in the PENA group
was at the tip of the spiral blade, which was 25.375 MPa.
The maximum stress of the InterTan group was 34.218 MPa
at the tip of the integrated twin nails. The maximum stress
of the PFBN group was at the upper edge of the pressure
nail, which was 13.856 MPa and smaller than that of the
PFNA group and InterTan group. As the PFBN group shown
in the displacement figure presented the smallest displace-
ment of the femoral head, and the risk of screw cutout of the
femoral head is lower.
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FIGURE 7 Displacement of the proximal femur of normal femur and fractured femur fixed with three kinds of intramedullary nails under a load of

2100 N. The deformation of the three groups of models is concentrated on the position of the femoral head, and the deformation value of the

proximal femur bionic nail (PFBN) group is smaller than other two groups

From the result of the maximum stress distribution in
the proximal femoral fracture fragments, we could see that
maximum stress in the PFNA group was distributed at the
intersection of the screw and the fracture surface. The maxi-
mum stress in the InterTan group was still at the tip of the
twin nails, while the maximum stress in the PFBN group
was at the intersection of tension nail and pressure nail, and
the value was 22.017 MPa.

Results of von Mises Stress Distribution of the Internal
Fixation

The maximum stress of the PFNA group appeared at the
main nail near its intersection with the spiral blade, with a
value of 2142.8 MPa under load of 2100 N. The maximum
stress of the InterTan group was at the main nail near its
intersection with the interlocking twin nails, and the value
was 1702.38 MPa. The maximum stress of the PFBN group
was 1191.8 MPa and also on the main nail around its inter-
section with the pressure nail. The second concentration
points of the stress of the three sets of internal fixation were
all located at the intersection of the main nail and the

locking nail, and here in the PFBN group the stress was
625.15 MPa, which was smaller than the 801.93 MPa of the
PENA group and 865.29 MPa of the InterTan group. The
maximum stress on the PFBN pressure nail was 345.35 MPa,
compared with 545.5 MPa for InterTan interlocking twin nails
and 868.6 MPa for the PFNA spiral blade (Figure 10-13).

Discussion

New Understanding of the Mechanism of

intertrochanteric Fracture and Bionic Internal Fixation

In the process of walking and going up and down the stairs,
the human hip joint bears 2.3-2.8 times the weight of grav-
ity**. The trabecular bone at the proximal end of the femur
is distributed regularly and orderly, forming pressure trabec-
ular bone and tension trabecula, which is similar to a lever
system. The “lever-balance-reconstruction” theory proposed
by Zhang D et al. believes that the structure of the proximal
femur is similar to a lever system and the fulcrum of the
lever is located near the center of the femoral head'*. Due to
the short moment of the medial femur, it bears higher
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FIGURE 8 Stress distribution of the femoral screw in the femoral head of the three internal fixations under a load of 2100 N showed in coronal and

axis section. The stress of each group is concentrated at the tip of the nail

compressive stress, and the moment on the outer side of the
femur is longer, thus it bears smaller tensile stress. This
asymmetry stress distribution results in thicker inner cortical
bone and thinner outer cortex’”. With aging, bone loss
occurs, and the bone loss of the upper lateral cortex is more
significant than that of the medial cortex. When falling side-
ways, a sharply increased impact force is often applied to the
greater trochanter, while the lateral cortex experiences
abnormally high compressive stress, which caused local
buckling and fracture, and fracture of the proximal femur
occurred®®™*®, Once a fracture occurs, the pressure trabecular
bone and the tension bone trabecular structure are destroyed,
that is, the physiological lever of the proximal femur is des-
troyed, and the compressive stress and the tensile stress are
unbalanced, which means the lever structure is destroyed
and the fulcrum disappears, and the femur cannot bear any
weight anymore, which often results in the coxa vara.

Therefore, the principle of treating intertrochanteric frac-
tures is to reconstruct the fulcrum of the femur through
the mechanical conduction system of internal fixation. The
closer the fulcrum is to the physiological fulcrum, the more
stable the postoperative fixation will be. Current treatment
principles overemphasize the importance of the internal
and external walls*>*°, However the stability after fracture
is essentially determined by the internal fixation system,
and has nothing to do with the shape of the internal and
external walls.

PFBN is designed based on the original patent of the
triangular stable structure of Zhang Y et al and the lever bal-
ance reconstruction theory proposed by Zhang D et al. This
fixation system is cleverly combined with tension nails and
tension nails, which perfectly resists tensile stress and compres-
sive stress during weight-bearing after fracture operation, mak-
ing the reconstructed fulcrum close to the anatomical fulcrum,
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FIGURE 9 The stress distribution in the proximal fracture fragment of the femur under three internal fixations. The maximum stress in the proximal
femur bionic nail (PFBN) group was at the intersection of tension nail and pressure nail different from proximal femoral nail antirotation (PFNA) and

InterTan group

1500N

1800N

235.47 MPa

522.98 MPa

809.3 MPa

1123.2 MPa

1428.6 MPa

1757.2 MPa

2142.8 MPa

FIGURE 10 Von Mises stress in proximal femoral nail antirotation (PFNA) with respect to increasing loads. The maximum stress of the PFNA group

appeared at the intersection of the spiral blade and the main nail, with a value of 2142.8 MPa under load of 2100 N

with good stability, and theoretically suitable for all types of
intertrochanteric fractures (Figures 10-13).

Advantages of Finite Element Analysis

Finite element analysis is a widely accepted tool used in
many industries and research activities, and computational
modeling with finite element analysis (FEA) is an integral

component of medical device design and development®”. It is
based on traditional biomechanics theory and transforms the
research object into a model with a finite number of unit
combinations, and the numerical simulation analysis is
obtained. The results of the system’s deformation, stress,
strain distribution, etc. can be visually reflected the overall or
partial biomechanical characteristics of the model, and



2253

ORTHOPAEDIC SURGERY
VOLUME 14 *« NUMBER 9 * SEPTEMBER, 2022

Finite ELEMENT ANALYSIS OF PFBN

InterTan

1200N

1800N

247 95MPa 496.11MPa 747.01MPa

955.47MPa

1205.3MPa 1449MPa 1702.3MPa

FIGURE 11 Von Mises stress in InterTan with respect to increasing loads. The maximum stress of the InterTan group was at the intersection of the
interlocking twin nails and the main nail, and the value was 1702.38 MPa under load of 2100 N

300N 600N 900N

1500N 1800N

148.87MPa 302.64MPa 461.97 MPa

627.68 MPa

801.93 MPa 986.62 MPa 1191.8 MPa

FIGURE 12 Von Mises stress in proximal femur bionic nail (PFBN) with respect to increasing loads. The maximum stress of the PFBN group was
1191.8 MPa at the intersection of the pressure nail and the main nail under load of 2100 N

various data can be modified in real time. Compared with
the traditional experimental biomechanics test, it has the
advantages of low cost, short cycle and high efficiency™.
According to the AO/OTA intertrochanteric fracture classifi-
cation updated in 2018, we choose Al.3 type inter-
trochanteric fracture to compare the characteristics of PFBN
with PFNA and InterTan.

Maximal Stress and Displacement in FEA
From the stress and displacement distribution of the femur,
it can be seen that each group of models produces different

model deformations under the same load, but the maximum
deformation is located at the point of stress at the top of the
femoral head. After a fracture occurs between the trochan-
ters, the original femoral levers and fulcrum disappears, the
internal fixation will rebuild the mechanical conduction sys-
tem of the femur. According to the above theory, we know
that the stress of the cortical bone at the femoral head after
the occurrence of bone is no longer uniformly conducted to
the surrounding bones in physiological conditions, Instead,
the stress is transmitted to the screw embedded in the
femoral head. So there is a local stress concentration at the
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FIGURE 13 Von Mises stress in pull screw under a load of 2100 N. The maximum stress on the proximal femur bionic nail (PFBN) pression nail was
345.35 MPa, compared with 545.5 Mpa for InterTan interlocking twin nails and 868.6 MPa for the PFNA spiral blade

femoral head, and the maximum displacement is larger than
that of the normal femur. Therefore, the tip of the femoral
head will undergo a certain deformation after internal fixa-
tion of the fracture. The greater deformation means the more
concentrated the corresponding local stress and higher risk
in blade or screw cutout. Comparing the test results, the dis-
placement value of the femoral head of the PFBN group was
smaller than that of the PFNA group and the InterTan
group, indicating that the stress of PFBN at the top of the
femoral head was more dispersed, the deformation was
smaller, and it was closer to the physiological condition.
From the maximum value of the stress distribution of
the three groups of internal fixation, the structural stress of the
PENA and InterTan internal fixation is much higher than that
of the PFBN internal fixation, and there is obvious stress con-
centration, while the PFBN stress is small and the distribution
is more even than the other two groups. Due to the small
stress, the risk of fatigue fracture of PFBN is lower than that of
PFNA and InterTan, which is related to the structure of PFBN.
PFBN moves the femoral fulcrum inward through the combi-
nation of pressure nail and tension nail, and realizes the ana-
tomical reconstruction of the fulcrum. Through the cross
combination of tension nail and pressure nail, it can effectively
bear the compressive stress and tensile stress generated by the
fracture during the postoperative load bearing. Compared with
PENA and InterTan, the tension nail shares a large part of the
stress, reducing the stress at the junction of the main nail and
the pressure nail in the femoral shaft, and avoiding the phe-
nomenon of nail breakage caused by local stress concentration
of the main nail. At the same time, the presence of tension
nails disperses the compressive stress, reduces the burden of
the pressure nails, and avoids the pressure nail breaking and
internal fixation failure caused by the excessive load of the
pressure nail. In addition, in terms of anti-rotation, the main

TABLE 1 The number of nodes and elements of the model

Normal femur PFNA INTERTAN PFBN
Nodes 200368 310121 320147 336000
Elements 135209 204501 209569 219111

Abbreviations: PFBN, Proximal Femoral Bionic Nail; PFNA, Proximal Femo-
ral Nail Antirotation.

nail, pressure nail and tension nail are crossed, and the trian-
gular surface anti-rotation is realized on the coronal surface of
the femoral head and neck, and the anti-rotation is more reli-
able. In summary, its mechanical characteristics are closer to
physiological conditions, and the bionic internal fixation of
femoral tuberosity fractures is realized Table 1.

Limitations of the Study

In this trial, the finite element method was used to compare
the biomechanical differences between PFBN and PFNA and
InterTan in the treatment of intertrochanteric fracture A1.3.
The model and mechanics analysis method in the method
are simplified to some extent, and the influence of muscles
and ligaments on mechanics is not evaluated, which has lim-
itations. At present, the biomechanical analysis and finite ele-
ment analysis of the hip joint mainly study a single load in a
certain posture, such as standing with two feet or one foot™.
However, because the force of the hip joint under normal
physiological conditions is not just a single load, it is actually
a combination of many loads and changes with different pos-
tures and motion states of the body. It is extremely difficult
to completely simulate the load of the femur in a physiologi-
cal state. And there is still controversy about the loading of
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the hip joint, such as the number of muscle loads and the
direction of the load in different states. Therefore, most lit-
erature simplifies the hip joint force before proceeding to the
next analysis and research, and we need further biomechan-
ics research and clinical trials to draw more convincing
conclusions.

Conclusion

Compared with PFNA and InterTan, PFBN is supported by
more scientific theories and has better mechanical properties.
PFBN has more advantages than traditional internal fixation

FiniTe ELEMENT ANALYsIs OF PEBN

systems in the treatment of femoral intertrochanteric

fractures.
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