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Background: This study assessed the structural/mechanical stability of fixation constructs 
with a femoral neck system (FNS) via finite element analysis after simulating femoral neck 
fractures and explored the clinical implications.
Methods: We simulated subcapital, transcervical, basicervical, and vertical fracture mod-
els using a right femur (SAWBONES) and imported the implant model of FNS to Ansys 
(Ansys 19.0, Ansys Inc.) to place the implant in the optimal position. The distal end of the 
femur model was completely fixed and was abducted 7°. The force vector was set laterally 
at an angle of 3° and posteriorly at an angle of 15° in the vertical ground. The analysis 
was conducted using Ansys software with the von Mises stress (VMS) in megapascals 
(MPa).
Results: The maximum VMS of the fracture site was 67.01 MPa for a subcapital, 68.56 
MPa for a transcervical, 344.54 MPa for a basicervical, and 130.59 MPa for a vertical 
model. The maximum VMS of FNS was 840.34 MPa for a subcapital, 637.37 MPa for a 
transcervical, 464.07 MPa for a basicervical, and 421.01 MPa for a vertical model. The 
stress distribution of basicervical and vertical fractures differed significantly, and the basi-
cervical fracture had higher VMS at the bone, implant, and fracture sites.
Conclusions: FNS fixation should be performed with consideration the osseous anchorage 
in the femoral head, and this technique might be appropriate for vertical fractures. Re-
garding the VMS at the fracture site, FNS might be applied cautiously only to basicervical 
fractures with anatomical reduction without a gap or comminution.
Level of evidence: IV.
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Introduction

Considering that fracture site and orientation affect management modality and 

fixation construct in the treatment of young femoral neck fracture (FNF), trauma 

surgeons need convenient and reproducible standards to help them choose the best 

surgical implant and predict fracture-related complications [1,2]. Of FNFs in young 

adults, vertically oriented FNF (Pauwels type III) should be distinguished, because 

the high shearing force could explain the relatively high rate of nonunion and fixa-

tion failure [3-7]. It has been well established that anatomic reduction and choice of 

optimal implant are crucial for minimizing complications of FNF in young adults. 
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Although the reduction adequacy was dependent on the 

surgeon’s experience and tactics, the implant choice is 

based on preoperative planning with an accurate assess-

ment of fracture morphology, especially in high-energy 

injuries. These fractures are often stabilized with multiple 

cannulated screws (MCS), dynamic hip screws (DHS) with 

or without an anti-rotation screw [8-11].

Recently, the new minimally invasive implant femoral 

neck system (FNS; DePuySynthes) developed for dynamic 

fixation of FNFs. Owing to the advantages of angular sta-

bility with a minimally invasive surgical technique [12], 

the indications for FNS have been significantly broadened 

and have led to an increase in the use for various FNFs, 

although there is little evidence for clinical outcomes. Con-

cerning the FNS implantation for highly unstable FNSs, 

there have been two main types of research: (1) retrospec-

tive analysis of clinical results and (2) biomechanical in-

vestigation enhancing the structural-mechanical stability 

[10,13-15]. However, few studies have measured biome-

chanical behavior according to the patterns of FNFs under 

the same conditions. Hence, by using the widely accepted 

finite element (FE) method [16-18], we would demonstrate 

the difference in structural-mechanical stability according 

to the patterns of FNFs and introduce the clinical implica-

tions of FNS.

Methods

Development of the FE Model
This study did not need approval by the Institutional Re-

view Board, because its three-dimensional (3D) comput-

er-aided design (CAD) model was from the commercially 

available high-resolution file of a right femur model: the 

standard fourth-generation composite bones (SAW-

BONES). Given the commercially available FNS, we mod-

eled the 3D implant at actual size by using the 3D CAD 

software of SolidWorks 2019 (Dassault Systems SolidWorks 

Co.). Both the 3D femur and FNS were imported to Solid-

Works for further polishing and were meshed using 1.0-mm 

tetrahedral mesh (Table 1).

The geometry of FE models corresponded to the defini-

tion of FNFs, including the subcapital, transcervical, basi-

cervical [19], and vertical fractures [7]. The neck fractures 

were simulated in 3D CAD software of SolidWorks. Then, 

the 3D models of implant and femur were imported to the 

Ansys software (Ansys 19.0, Ansys Inc.) for placing the FNS 

in the optimal position and subsequently establishing the 

FE model by remeshing (Fig. 1). For FE analysis, the prin-

ciples of model construction were uniform, as follows: (1) 

The plate with one hole made contact with the femoral di-

aphysis; (2) The trajectory of the screws was chosen based 

on the locking hole of the plate so that they protruded 

over 2 mm on the opposite side; (3) The contact between 

plate and screw was simulated as the bonding with virtual 

mechanical rigid links to mimic the locking head screw 

mechanism; (4) The bolt (screw) was inserted through the 

femoral head center or center-inferior at less than 10 mm 

in any direction from the outer boundary of the femoral 

head in concordance with the well-accepted technique of 

the manufacturer’s instructions [20].

Material Properties, Boundary Conditions, and Stress 
Analysis of Fixation Constructs
The material properties for the synthetic femur were as-

signed according to the manufacturer’s specification for 

the fourth-generation SAWBONES (Table 1). We set the 

Young’s modulus of the cortical bone at 7,200 megapascal 

(MPa) with a Poisson’s ratio (y) of 0.350 and set it for the 

cancellous bone at 135 MPa with Poisson ratio (y) of 0.225. 

The density of the cortical bone was 1.5 g/cm3, and that of 

the cancellous bone was 0.2 g/cm [21,22]. All the metal of 

the implants was assumed to have the elastic, isotropic and 

homogeneous properties of titanium alloy in this study. 

The Young’s modulus of the titanium alloy was set at 96,000 

MPa with a Poisson’s ratio (y) of 0.36 and the density of the 

implant was 4.62 g/cm [21].

Table 1. Material properties of bone and implant
Material Density (g/cm3) Elastic modulus (megapascal) Poisson’s ratio
Cortical bone 1.5 7,200 0.35
Cancellous bone 0.2 135 0.225
Titanium alloy (fixation implant) 4.62 96,000 0.36
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The distal end of the femur model was completely fixed, 

and the loads of 1950 N, equivalent to tripling the body 

weight of the subject (65 kg), were applied to the center of 

the femoral head [23]. To mimic the normally physiologic 

alignment of lower limbs in the standing position, each 

assembly model was abducted 7° in the vertical ground 

(Fig. 1). The force vector was set laterally at an angle of 

3° and posteriorly at 15°, because the femoral neck was 

slightly anteverted in relation to the position of the femoral 

condyles in the horizontal or transverse plane [24]. The 3D 

shear stress on the X axis was 98.57 N, 1947.3 N on the Y 

axis, and 26.4 N on the Z axis. We assumed that the implant 

was in direct contact with the bone (Table 1). According to 

the well-established and approved test contact setup meth-

od described in previous studies, a binding contact was 

formed between the internal fixation screw and the femur 

[25]. We could not evaluate the torsional results in these 

models. We assumed that the implant had direct contact 

with the bone and did the analysis using commercial FE 

software of Ansys with von Mises stress (VMS) in MPa, 

fracture displacement of the implant relative to the bone (as 

a measure of relative fixation strength).

Results

According to the displacement of the assembly model, the 

maximum displacement occurs at the upper part of the 

femoral head, as shown in Fig. 2. The displacements of the 

proximal femur were 9.28 mm for the no-fracture model, 

9.61 mm for the subcapital fracture, 9.77 mm for the trans-

cervical fracture, 9.86 mm for the basicervical fracture, and 

9.87 mm for the vertical fracture. The VMS distributions 

on bone were assessed and are shown in Fig. 3. Compared 

with the no-fracture model, the subcapital and transcervi-

cal fracture had a similar distribution of VMS, which was 

the medial exit point of the screw through the plate (Fig. 4). 

The vertical fracture was the lateral insertion point of the 

plate. However, for the basicervical fracture, the max point 

of VMS was different from that in the other models and was 

in the posteromedial side of the fracture site (Fig. 5).

The max VMS of the fracture site was 67.01 MPa for the 

subcapital fracture, 68.56 MPa for the transcervical frac-

ture, 344.54 MPa for the basicervical fracture, and 130.59 

MPa for the vertical fracture (Fig. 6). For the stress distri-

bution on the FNS, there were some differences based on 

the fracture morphologies. The max VMS of the implant 

was 840.34 MPa for the subcapital fracture, 637.37 MPa for 

the transcervical fracture, 464.07 MPa for the basicervical 

Fig. 1. The neck fractures were simulated in three-dimensional (3D) computer-aided design software (SolidWorks 2019, Dassault Systems 
SolidWorks Co.). Then, the 3D models of the implant and femur were imported to Ansys software (Ansys 19.0, Ansys Inc.) in order to place 
the femoral neck fracture in the optimal position. (A) No fracture. (B) Subcapital F. (C) Transcervical F. (D) Basicervical F. (E) Vertical F.
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Fig. 2. According to the displacement of the assembly model, the 
maximum displacement occurs at the upper part of the femoral 
head. The displacement was the largest in basicervical and vertical 
fractures.

Fig. 3. The von Mises stress (VMS) distributions on bone. Compared with the no-fracture model, the subcapital and transcervical fractures 
had a similar VMS distribution, which was the medial exit point of the screw through the plate. However, for the basicervical and vertical 
fractures, the max point of VMS was different from that in other models and was located in the medial side of the fracture site. (A) No 
fracture. (B) Subcapital F. (C) Transcervical F. (D) Basicervical F. (E) Vertical F.

AA BB CC DD EE

Fig. 4.  Compared with the no-fracture model, the subcapital and transcervical fractures had a similar von Mises stress distribution, which 
was the medial exit point of the screw through the plate. (A) No fracture. (B) Subcapital F. (C) Transcervical F. (D) Basicervical F. (E) Vertical F.

AA BB CC DD EE

fracture, and 421.01 MPa for the vertical fracture (Fig. 6). 

For the stress distribution on the implant, the max points 

of VMS were the bolt around fracture site in all models and 

were in the junction site between the fracture site and the 

barrel of the plate (Fig. 7). There were two kinds of stress 

distribution of the bolt according to the fracture mor-

phologies. The max point of the subcapital and transcer-

vical fractures was the upper junction site, like that in the 

no-fracture model, and was the lower junction site for the 

basicervical and vertical fractures (Fig. 8).

Considering the max VMS distributions on the assembly 

models, the max VMS of the implant corresponded to the 

value of the entire fixation construct; so, the FNS mainly 
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Fig. 5. The stress distribution of the fracture site was notably increased in the basicervical fracture, for which the point with the maximum 
von Mises stress was different from that in other models and was located in the posteroinferior area of the fracture site. (A) Subcapital F. (B) 
Transcervical F. (C) Basicervical F. (D) Vertical F.

Fig. 6. von Mises stress (VMS) of implant and fracture site. The maximum VMS of the fracture site was 67.01 megapascal (MPa) for the 
subcapital fracture, 68.56 MPa for the transcervical fracture, 344.54 MPa for the basicervical fracture, and 130.59 MPa for the vertical frac-
ture.
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served for load-bearing, because the stress value of the 

fracture site was small except for the basicervical fracture. 

In terms of the load-bearing role, the implant’s VMS was 

the highest in the subcapital fracture and lowest in the ver-

tical fracture. For the basicervical and vertical fractures, the 

stress distribution between the implant and fracture sites 

differed significantly; the basicervical fracture had higher 

VMS in the bone, implant, and fracture sites (Fig. 9).

Discussion

Although controversy remains regarding optimal fixation 

Fig. 7. For the stress distribution on the implant, the points with the maximum von Mises stress were the bolt around the fracture site in all 
models; it was located in the junction between the fracture site and the barrel of the plate. (A) No fracture. (B) Subcapital F. (C) Transcervical F. 
(D) Basicervical F. (E) Vertical F.

Fig. 8. von Mises stress of bolt in the junction site. There were two kinds of stress distribution of the bolt according to the fracture mor-
phologies. The maximum point of the subcapital and transcervical fractures was the upper junction site, as in the no-fracture model, and 
was the lower junction site for the basicervical and vertical fractures.
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techniques and constructs, strategies for achieving optimal 

stability are crucial to minimizing the complications and 

sequelae in the management of high-energy FNFs. We con-

ducted the FE analysis to assess the structural-mechanical 

stability of FNS in the nonosteoporotic FNFs. This compu-

tational analysis enabled us to arrive at several interesting 

findings. First, the max VMS of FNS corresponded to the 

value of the entire fixation construct and mainly functioned 

as the load-bearing implant. Second, for the subcapital and 

transcervical fractures, the stress distribution mainly con-

centrated on the implant and thus, the proximal osseous 

anchoring of the bolt might be necessary for maintaining 

rotational and angular stability. Third, the max VMS point 

of the fracture site was located on the posteroinferior side 

of the fracture site in the basicervical and vertical fractures. 

The VMS of the basicervical fracture was significantly larg-

er than that of vertical fracture.

Although various implants exist for the operative fixation 

of FNFs, the use of FNS has been increased because of its 

biomechanical advantages with minimally invasiveness 

[12]. Thus, the surgical complications, including the cut-

out, nonunion, and femoral head necrosis, inevitably have 

occurred [9,26]. To our best knowledge, there was no clin-

ical report of FNS complications according to the fracture 

morphologies or Pauwels angle, although several studies 

have reported the comparative results of FNS and MCS 

[8-10]. Thus, considering these limitations of clinical case 

studies, we aimed to investigate the biomechanical behav-

iors of FNS based on the traditional classification of FNFs. 

Although it has been well established as most unstable 

fracture types, the VMS distribution of vertical fracture was 

similar to the no-fracture model but was much different 

from the basicervical fracture. The stress distribution of 

the fracture site was notably increased in the basicervical 

fracture. Thus, if the FNS fixation is considered for a ba-

sicervical fracture, the related factors of the variant types 

Fig. 9. von Mises stress (VMS) of bolt in the junction site in terms of the load-bearing role, the implant’s VMS was the highest in the sub-
capital fracture and lowest in the vertical fracture. Comparing the basicervical and vertical fractures, the stress distribution between the 
implant and fracture sites differed significantly, and the basicervical fracture had higher VMS in the bone, implant, and fracture sites.
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[27,28] and reduction adequacy, which are anatomically 

cortical contact, posteroinferior comminution, and frac-

ture gap, should be verified intraoperatively before the 

definitive fixation. Because the vertically oriented fracture 

may contribute to the high failure rate in Pauwels’ grade III 

fractures in healthy young patient, the DHS with or without 

a de-rotational screw has been regarded as a superior fix-

ation construct [4,29]. Before this investigation to identify 

the optimal indications, we anticipated that FNS may not 

be appropriate for vertical fractures, because it is a smaller 

implant of plate and lag screw (bolt) than is DHS. Although 

we did not analyze the direct comparison between FNS 

and DHS, our results demonstrated that the stress distri-

bution of the fixation construct was concentrated on the 

implant and not the fracture site.

When compared between vertical fracture and basicervi-

cal fracture, the max VMS value of the implant was not sig-

nificantly different, but it was much different at the fracture 

site. Thus, despite these prejudices, we think the vertical 

fracture might be more suitable for FNS fixation than the 

basicervical fracture. Furthermore, considering that 96% 

of vertical neck fractures had major comminution, which 

was mainly located inferiorly and posteriorly [30], the FNS 

for vertical fractures might be an appropriate implant for 

vertical fracture based on our results, which showed the 

lower stress distribution on the fracture site. Additionally, 

compared with the no-fracture model, the VMS distribu-

tion of the vertical fracture was most similar in the fracture 

site and implant. For the subcapital fracture, the stress dis-

tribution mainly concentrated on the implant, and the max 

points of VMS were the bolt around the fracture site. Based 

on this result, authors should assume that the anchoring 

between the proximal bolt and the cancellous bone of the 

femoral head is maximized. In the personal communica-

tion between orthopedic trauma surgeons, we found that 

fixation failure of FNS was not uncommon, although the 

critical factors could not be analyzed. However, this FE 

analysis seems to show that the proximal osseous anchor-

ing of the bolt might be essential for maintaining rotational 

and angular stability. The subcapital fracture might be 

cautiously applied because the femoral head fragment had 

a short working length. Adding an anti-rotational screw 

to the FNS might increase the proximal anchoring and 

angular stability, so further research on this topic will be 

performed in the future (Fig. 10).

Despite interesting findings, this computational simula-

tion study has several fundamental limitations. First, our 

fracture models were very simplified for simulating the 

perfect reduction without gap and comminution between 

fragments. Second, our results had descriptive character-

istics because we used not patient-specific computed to-

mography-based bone models but synthetic bone models, 

which were simulated using a normal nonosteoporotic fe-

mur without considering the heterogeneous properties of 

real human bone. Third, the fracture impact by controlled 

sliding of the lag screw/blade could not be simulated, 

because of technical difficulties. Our results just showed 

the initial strength of the fixation construct. Nevertheless, 

our computational analysis could be assessed on struc-

tural-mechanical strength and the VMS distribution of the 

fracture site and the implant under the same conditions. 

Although the implant should be chosen in terms of the ex-

tent of displacement, fracture configuration, physiological 

age, bone quality, and other factors, our results might be 

able to directly suggest technical relevance to maximize the 

structural strength of the FNS fixation construct for FNFs. 

By utilizing previous research experience, we will conduct 

a comparative study of other fixation constructs, includ-

ing the DHS, MCS, and intramedullary nails, in the future. 

Additionally, further research is needed to determine what 

makes the difference between basicervical fracture and 

vertical fracture fixed with FNS.

Conclusions

Based on the stress distribution of fracture sites and im-

plants, the FNS fixation construct might be appropriate for 

transcervical and vertical fractures. For a basicervical frac-

ture, an FNS might be applied in the anatomically reduced 

fracture without gap and comminution. For subcapital 

fractures, considering the high-stress distribution of the 

proximal bolt around fracture site, there are two important 

things; (1) The osseous anchorage of femoral head might 

be essential to maintain the structure-mechanical stability. 

(2) The working length of the bolt in the femoral head is 

verified preoperatively.
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