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Abstract
BACKGROUND 
The femoral neck dynamic intersection system (FNS) is mechanically more stable 
than other internal fixation techniques. Current studies have confirmed that the 
structural design of FNS has good biomechanical properties in European and 
American populations. However, whether the suitability of the FNS's 130° main 
nail angle design for Asian populations has been thoroughly investigated remains 
unclear.

AIM 
To compare the biomechanical stability differences among different main nail 
angles of the FNS in the treatment of femoral neck fractures in Asian populations.

METHODS 
Computed tomography data of the femur of healthy adult male volunteers were 
imported into Mimics software to create a three-dimensional model of the femur. 
The model was adapted to the curve using Geomagic software and imported into 
Solidworks software to construct the Pauwels I femoral neck fracture model and 
design the FNS internal fixation model using different main nail angles. 
Afterward, the models were assembled with the FNS fracture model and meshed 
using the preprocessing Hypermesh software. Subsequently, they were imported 
into Abaqus software to analyze and evaluate the biomechanical effects of 
different angles of the FNS main nail on the treatment of femoral neck fractures.

RESULTS 
The peak displacement of the proximal femur under different angles of FNS 
fixation under stress was 7.446 millimeters in the 120° group and 7.416 millimeters 
in the 125° group; in the 130°, 135°, and 140° FNS fixation groups, the peak 
displacement was 7.324 millimeters, 8.138 millimeters, and 8.246 millimeters, 
respectively. In the 120° and 125° FNS fixation groups, the maximum stresses 
were concentrated at the main nail and the anti-rotation screw, which intersected 

https://www.f6publishing.com
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the fracture line of the femur neck, resulting in peak stresses of 200.7 MPa and 138.8 MPa, respectively. Peak 
stresses of 208.8 MPa, 219.8 MPa, and 239.3 MPa were observed on the angular locking plate distal to the locking 
screw in the 130°, 135°, and 140° fixation groups.

CONCLUSION 
FNS has significant stress distribution properties, a minimal proximal femoral displacement, and an optimal 
stability for treating femoral neck fractures in Asian populations when performed with a 130° main nail angle.

Key Words: Femoral neck dynamic intersection system; Biomechanics; Three-dimensional reconstruction; Nail angle; Finite 
element analysis; Stress

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Current studies have confirmed that the structural design of the femoral neck dynamic intersection system (FNS) 
has good biomechanical properties in European and American populations. However, no relevant research report currently 
addresses the suitability of the 130° staple design of FNS for Asian populations. Herein, we compared the biomechanical 
stability differences in various FNS main nail angles for treating femoral neck fractures in Asian populations. We found that, 
in Asian populations, a main nail FNS angle of 130° has the best stability for treating femoral neck fractures with quanti-
fiable stress distribution and minimal proximal femoral displacement.

Citation: Wang Y, Ma JX, Bai HH, Lu B, Sun L, Jin HZ, Ma XL. Mechanical analysis of the femoral neck dynamic intersection 
system with different nail angles and clinical applications. World J Clin Cases 2023; 11(20): 4814-4823
URL: https://www.wjgnet.com/2307-8960/full/v11/i20/4814.htm
DOI: https://dx.doi.org/10.12998/wjcc.v11.i20.4814

INTRODUCTION
Femoral neck fractures are among the most common fractures in the lower extremities, accounting for approximately 
3.61% of all total body fractures[1]. Several studies have indicated that the number of hip fractures is expected to increase 
to 2.6 million worldwide by 2025 and to 4.5 million by 2050[2-4], of which 53.27% will be femoral neck fractures[4]. Due to 
the high incidence of disability and death after surgery, femoral neck fractures exert a significant socioeconomic burden 
and endanger patient health[5]. Moreover, adolescents are significantly more likely than middle-aged or elderly 
individuals to suffer from femoral head necrosis following a femoral neck fracture. Notably, femoral neck fractures and 
complications among adolescents have increased due to the high rate of motor vehicle accidents.

The femoral neck dynamic intersection system (FNS) is a new type of internal fixation system for treating femoral neck 
fracture with multiple advantages, including minimal invasiveness and good preservation of bone volume and angular 
stability[6-8]. Furthermore, this method has the advantages of requiring a shorter time for fracture healing, a low rate of 
complications, and an early return to normal daily activities following surgery[9-11]. Several mechanical stability tests 
have also shown that FNS is more mechanically stable than other internal fixations in treating femoral neck fractures[12,
13]. FNS comprises a lateral locking plate, main nail, anti-rotation screw, and locking nail (Figure 1). The locking plate is 
connected to the main nail at an angle of 130°, and the main nail forms an angle of 7.5° with the anti-spinning screw, 
which provides rotational stability[14].

Current studies have confirmed that this structure design has good biomechanical properties in European and 
American populations[15]. However, considering the differences in the anatomical morphology of proximal femoris 
among different ethnic groups[16], we proposed a hypothesis regarding the suitability of the 130° staple design of FNS 
for Asian populations. To our knowledge, no relevant research has been published on this specific topic.

Experimental and clinical testing in assessing the mechanical stability of internal fixation of femoral neck fractures 
requires higher costs, sophisticated equipment, and longer timeframes. To avoid the obstacles experimental and clinical 
studies face, computational simulations based on the finite element method can be a strategic option[17]. This approach 
can also be the basis for initial research on developing an FNS with various parameters to assess the costs and energy 
wasted on trial-and-error efforts before continuing with experimental and clinical testing in further research[18]. Notably, 
computational simulation is key in predicting pressure conduction and displacement changes with various parameters 
studied in FNS application testing. Therefore, the main purpose of the present study is to investigate the advantages of 
the main nail angle design of the FNS lateral locking plate by comparing the biomechanical stability differences in various 
FNS main nail angles for treating femoral neck fractures in Asian populations.

https://www.wjgnet.com/2307-8960/full/v11/i20/4814.htm
https://dx.doi.org/10.12998/wjcc.v11.i20.4814
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Figure 1  The femoral neck dynamic intersection system for femoral neck fracture fixation.

MATERIALS AND METHODS
Image acquisition
An adult male volunteer with a height of 178 cm and a weight of 73 kg provided consent for his images to be used in 
image analysis. After clinical examination, the volunteer had no symptoms of hip joint diseases, injuries or ligament 
instability. Spiral computed tomography (CT) scans (64-row spiral CT brand GE, layer thickness 0.625 mm, voltage 120 
kV, current 150 mA) were performed on both hips, and the scanned data were saved in DICOM format.

Establishment of the finite element model
The finite element model of FNS fixation of femoral neck fracture was established using a CT image of the femur, and the 
flow is shown in Figure 2.

Data from the right femur of the hip joint were used as the experimental sample. Using the DICOM format data, the 
right femur's three-dimensional (3D) model was created with gray-scale threshold segmentation using Mimics 22.0 
software (Materialise NV, Belgium) and exported as binary STL files. The femur model was subsequently imported into 
Geomagic 2014 software (Geomagic Inc., United States) for optimization by removing nails, starting movement, 
loosening, and smoothing. The surface processing stage was then initiated; this involved measuring the curvature of the 
femur surface, editing and adjusting constraint lines, building grids, and finally generating a NURBS surface, fitting it, 
and exporting it in an IGES format. Using Solidworks 2020 (SolidWorks Co., United States) software, the IGES format 
femur model was imported to simulate a Pauwels type I femoral neck fracture.

Using SolidWorks software (Figure 3), the FNS model was drawn with angles of 120°, 125°, 130°, 135°, and 140°, 
respectively, for the lateral locking steel plate and the main nail. The diameter of the main nail was 10 mm, the diameter 
of the anti-rotation screw was 6.4 mm, and the angle of the main nail was maintained at 7.5° (Figure 3B). A 5.0 mm 
diameter locking screw was placed distal to the lateral locking steel plate.

As shown in Figure 4, the FNS models with different main nail angles were assembled separately from the femoral 
neck fracture model to determine the relative fixation positions. Both were then imported into Hypermesh 13.0 software 
(Altair Engineering Inc., United States) in the IGES format for material property assignment. Femoral model material 
properties were assigned uniformly, and the internal fixation and femur were then meshed to generate the femoral finite 
element model with different internal fixation methods. Finally, Finite Element Analysis (FEA) Abaqus 6.14 software 
(Dassault Simulia, Inc., United States) was applied to analyze the mechanical loading.

Convergence study
A free mesh using tetrahedral 10-node elements was computed for each model using the Hypermesh mesher. These 
elements' second-order shape functions ensured a mesh close enough to the bone’s boundary surfaces. Hexahedral 
elements are known to be more accurate than tetrahedral ones, but the complexity of our model did not enable us to use 
them[19]. Therefore, the individual parts of the broken femur and fixation implants were created using volume second-
order tetrahedral C3D10 elements. The results were converged to the parameter of interest, i.e., the axial femoral head 
displacement, with about 15000 and 81000 elements depending on the fixation methods.

Material properties
In all models, the bone tissue was assumed to be homogeneous, isotropic, and elastic[20]. Even though it is well known 
that bone is an anisotropic and non-homogeneous material, since the focus of this study is to compare the mechanical 
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Figure 2 Flow chart of finite element model establishment. CT: Computed tomography; 3D: Three-dimensional; FNS: Femoral neck dynamic intersection 
system.

Figure 3 Schematic diagram of femoral neck dynamic intersection system composition. A: Lateral locking steel plate; B: Main nail; C: Anti-rotation 
screw; D: Locking nail.

stability of fractures treated with different FNS, the choice of isotropic material properties for the bone is acceptable for 
modeling the human femoral bone. The elastic moduli of the bone were chosen to be 7.3 GPa[21], and a Poisson’s ratio of 
0.3 was assumed[22]. The FNS implants were made of titanium alloy, and the properties were based on previous studies
[23]. The properties of these materials are shown in Table 1.

Limiting conditions and mechanical loading
Fractures of the femur were represented as complete fractures with bone surface contact, and according to Samsami et al
[20], the friction coefficient between bone and bone can be assumed to be 0.3. The distal femur was defined as being 
completely fixed in the X, Y, and Z axes. It was assumed that the internal fixation screws would be firmly fixed to the 
femoral joint surface and that there would be no interface loosening. During static loading stress, a stress load of 1400 N 
was applied to the joint surface of the upper femur, with the load exerted vertically downward in the axial direction, to 
determine the stress distribution between the femur and the internal fixation.

Evaluation indicators
FEA revealed the following indexes: (1) The displacement of the proximal femur in each group and its impact on the 
healing process; (2) the Von Mises stress distribution of the internal fixation and the femur in the five groups of models 
and the maximum Von Mises stress, to evaluate the stress distribution, and to assess whether the improvement of stress 
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Table 1 Finite element model material properties

Materials Modulus of elasticity (GPa) Poisson's ratio

Bone 7.3 0.3

FNS 110 0.3

FNS: Femoral neck dynamic intersection system.

Figure 4  Schematic diagram of the femoral neck fracture model with different main nail angles for femoral neck dynamic intersection 
system fixation.

distribution under the same conditions correlates with the improvement of fracture rehabilitation.

Statistical analysis
All simulation analyses were conducted by two independent researchers at different time periods. The intraclass 
correlation coefficients (ICCs) were used to assess the inter-observer reliability (Supplementary Table 1).

RESULTS
Consistency test
The ICCs were greater than 0.75, indicating high consistency and reliability in the analysis results.

Displacement of the proximal femur
The magnitude of the stress force causing displacement of the proximal femur can provide a direct indication of the 
mechanical stability of the internal fixation. In different stress angles of FNS fixation, the peak displacements of the 
proximal femur were 7.446 mm, 7.416 mm, 7.324 mm, 8.138 mm, and 8.246 mm in the 120°, 125°, 130°, 135°, and 140° 
groups, respectively. For the five angular FNS fixation groups, the magnitude of proximal femoral displacement during 
stress varied as follows: 130° FNS fixation group, < 125° FNS fixation group, < 120° FNS fixation group, < 135° FNS 
fixation group, and < 140° FNS fixation group. Displacement occurred vertically downward along the direction of stress.

Von Mises stress distribution for FNS internal fixation
It has previously been shown that when fixing Pauwels-I-model fractures of the femoral neck with varying angles of FNS, 
the stresses were distributed throughout the femoral neck and femoral diaphysis area, with the maximum stresses 
concentrated on the internally fixed FNS (Figure 5). In the 120° and 125° FNS fixation groups, the maximum stresses were 
concentrated on the main nail and the anti-rotation screw and intersected with the femoral neck fracture line, with peak 
stresses of 200.7 MPa and 138.8 MPa, respectively. The maximum stress of 208.8 MPa, 219.8 MPa, and 239.3 MPa was 
observed on the locking screws of the angular distal locking plate in the 130°, 135°, and 140° FNS fixation groups. In 
descending order, the stresses were as follows: 125° FNS fixation group, < 120° FNS fixation group, < 130° FNS fixation 

https://f6publishing.blob.core.windows.net/6635f824-ae6b-4e6f-92d9-5364a7c168cc/WJCC-11-4814-supplementary-material.pdf
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Figure 5  The Von Mises stress distribution and peak value for five angles of fixation of femoral neck fracture.

group, < 135° FNS fixation group, and < 140° FNS fixation group.

Von Mises stress distribution in the femur
In different FNS fixation angles, the Von Mises stress on the femur was predominantly distributed in the femoral surgical 
neck and diaphysis, but the maximum stress concentration differed slightly. In the 120°, 130°, 135°, and 140° FNS fixation 
groups, peak stresses occurred on the locking screw distal to the lateral locking plate, with peak stresses of 75.98 MPa, 
98.15 MPa, 135.9 MPa, and 100.8 MPa, respectively. In the 125° FNS fixation group, the maximum stress was concentrated 
at the intersection of the main nail and the fracture line, with a peak stress of 74.81 MPa. In ascending order, the 
maximum stress values were: 125° FNS fixation group, < 120° FNS fixation group, < 130° FNS fixation group, < 140° FNS 
fixation group, and < 135° FNS fixation group.

DISCUSSION
In addition to being a common traumatic fracture, femoral neck fractures are associated with a high mortality rate and 
disability[24,25]. Several surgical treatment strategies are available for femoral neck fractures, including internal fixation 
using hollow screws, intramedullary nails, locking plates, dynamic hip screws, and joint prostheses. The choice of 
technique is often selected according to the patient's condition and fracture type. FNS is an internal fixation system 
specifically designed for the fixation of femoral neck fractures. By incorporating the minimally invasive technique of 
hollow screw placement, this system reduces bone tissue damage and has a higher biomechanical strength than hollow 
screws, with considerable clinical application[26,27]. Additionally, this technique incorporates the pressure healing 
characteristics of the dynamic hip screw system; however, compared with DHS, the FNS is simpler to perform, involves a 
smaller incision, causes less trauma to the bone, and requires a smaller space for internal fixation[14].

Using FEA, the biomechanical characteristics of the FNS with different main nail angles were compared in the 
treatment of femoral neck fractures. When stress was applied to the 120° and 125° FNS fixation groups, the maximum 
stresses were found to be concentrated near the fracture line of the femoral neck. Upon reaching a main nail angle greater 
than 130°, the stressed concentration started to be transmitted to the femoral diaphysis through the greater trochanter, 
and the maximum stresses were exerted at the location of lateral locking. The larger the FNS angle, the higher the stress 
value at the locking screw. Accordingly, when the angle of the main nail is similar to that of the diaphysis in relation to 
the femoral neck, the stress distribution effects of the internal fixation system can be fully observed. The maximum stress 
concentration at the FNS locking screw indicates that the screw is subjected to a large load during stress distribution, 
resulting in the possibility of nonunion. In general, the larger the FNS main nail angle, the greater the risk for nonunion, 
especially in patients with a higher body mass index. This may explain the different locking screw numbers of FNS in 
clinics.

Furthermore femoral neck fractures are highly susceptible to femoral head necrosis following surgery. Indeed, one 
study reported that the rate of femoral head necrosis after hollow screw fixation of femoral neck fractures could reach 
20.7%, and even for nondisplaced fractures, the rate was 4.7%[28]. As a result, femoral neck fractures are commonly 
termed "unresolved fractures"[29]. According to the present study's findings, FNS fixation of femoral neck fractures with 
120° and 125° main nail angles resulted in a large peak stress on the femoral head due to poor stress distribution, which 
was greater than that of the other FNS fixation groups (Figure 6). Moreover, poor intraoperative realignment greatly 
increases the risk of femoral head necrosis[30]. At 130° FNS fixation angles, the peak stress on the femoral head is 
minimal, as is the displacement of the proximal femur. Compared to the 120° and 125° fixation groups, the 135° and 140° 
fixation groups have lower peak stresses on the femoral head, but the displacement of the proximal femur is greater in 
both groups, resulting in the postoperative displacement of the fracture end. As a result, poor realignment occurs, and 
there is an increased risk of femoral head necrosis (Table 2). For this reason, FNS with a main nail angle of 130° has a 
significant advantage over other angles in treating femoral neck fractures to prevent femoral head necrosis.
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Table 2 Peak stress and displacement of the proximal femur

120° fixed group 125° fixed group 130° fixed group 135° fixed group 140° fixed group

Maximum stress value (MPa) 72.6 72.25 26.24 52.21 32.73

Maximum displacement (mm) 7.446 7.416 7.324 8.138 8.246

Figure 6  Von Mises stress distribution and peak value of the femoral head.

Figure 7  Femoral stress distribution and peak values.

The magnitude of the displacement caused by the applied stress to the proximal femur during FNS fixation directly 
reflects the mechanical stability of the joint. As shown in Table 2, the displacement of the proximal femur in the 130° FNS 
fixation group was the lowest, while in terms of stress distribution, the stress distribution in the femur was more uniform 
in the 130° FNS fixation group, and the maximum stress occurred at the proximal end of the femoral diaphysis, which 
indicated an effective distribution of stress (Figure 7). Thus, we can conclude that the FNS with a main nail angle of 130° 
has better stability and stress distribution than with other angles. A further consideration is that the static fixation 
simulation model used in the present study is not representative of real-life scenarios with other involved structures, soft 
tissues, muscles, or ligaments, while the patient's femur is realigned intraoperatively. In these study results, the minimum 
displacement reached 7.324 mm, which would be considerably greater than the displacement generated by FNS in 
practice. Meanwhile, in real-life scenarios, the femur will be subjected to static forces and dynamic forces during walking 
and other processes. These will have to be better simulated to obtain more accurate simulation results. To account for 
these limitations, the simulation could be repeated with both a dynamic bone and muscular system analysis.

Using the same mechanical environment presented in this study, we further simulated and analyzed the performance 
of DHS, locking compression plates, three hollow nails, four hollow nails, and intramedullary nails when fixing femoral 
neck fractures[31]. Furthermore, combined with the results of this study, we found that the displacements of the FNS 
fixation group were smaller and more stable than those of several other internal fixation groups, as reported in related 
studies[26]. FNS has been demonstrated to be more effective in terms of clinical efficacy regarding postoperative rehabil-
itation[32], which enhances patient quality of life and accelerates the recovery of hip function.
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The fracture model used in this study was a Pauwels type I femoral neck fracture, classified as a stable fracture. The 
type of fracture can be added later to gain a more comprehensive understanding of the mechanical stability of FNS with 
different main nail fixation angles. Besides, the limitation of this study was that FNS were not subjected to clinical or 
experimental testing for mechanical properties due to their limited material. Mechanical properties are essential in load-
bearing conditions for providing structural support[33]. Therefore, this limitation can be overcome by product custom-
ization and mechanical testing to improve results.

CONCLUSION
Based on the results of this study, we found that a main nail FNS angle of 130° has the best stability for treating femoral 
neck fractures in Asian populations with quantifiable stress distribution and minimal proximal femoral displacement.
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