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A B S T R A C T

Background: Conventional cannulated screws are commonly used for internal fixation in the treatment of vertical
femoral neck fractures. However, the noticeably high rates of undesirable outcomes such as nonunion, malunion,
avascular necrosis, and fixation failure still troubled the patients and surgeons. It is urgent to develop new
cannulated screws to improve the above clinical problems. The purpose of this study was to design a novel
magnesium-titanium hybrid cannulated screw and to further evaluate its biomechanical performance for the
treatment of vertical femoral neck fractures.
Methods: A novel magnesium-titanium hybrid cannulated screw was designed, and the conventional titanium
cannulated screw was also modeled. The finite element models for vertical femoral neck fractures with
magnesium-titanium hybrid cannulated screws and conventional cannulated screws were respectively estab-
lished. The hip joint contact force during walking gait calculated by a subject-specific musculoskeletal multibody
dynamics model, was used as loads and boundary conditions for both finite element models. The stress and
displacement distributions of the cannulated screws and the femur, the micromotion of the fracture surfaces of the
femoral neck, and the overall stiffness were calculated and analyzed using finite element models. The biome-
chanical performance of the Magnesium–Titanium hybrid cannulated screws was evaluated.
Results: The maximum stresses of the magnesium-titanium hybrid cannulated screws and the conventional can-
nulated screws were 451.5 MPa and 476.8 MPa, respectively. The maximum stresses of the femur with the above
different cannulated screws were 140.3 MPa and 164.8 MPa, respectively. The maximum displacement of the
femur with the hybrid cannulated screws was 6.260 mm, lower than the femur with the conventional cannulated
screws, which was 7.125 mm. The tangential micromotions in the two orthogonal directions at the fracture
surface of the femoral neck with the magnesium-titanium hybrid cannulated screws were comparable to those
with the conventional cannulated screws. The overall stiffness of the magnesium-titanium hybrid cannulated
screw system was 490.17 N/mm, higher than that of the conventional cannulated screw system, which was
433.92 N/mm.
Conclusion: The magnesium-titanium hybrid cannulated screw had superior mechanical strength and fixation
stability for the treatment of the vertical femoral neck fractures, compared with those of the conventional can-
nulated screw, indicating that the magnesium-titanium hybrid cannulated screw has great potential as a new
fixation strategy in future clinical applications.
The translational potential of this article: This study highlights an innovative design of the magnesium-titanium
hybrid cannulated screw for the treatment of vertical femoral neck fractures. The novel magnesium-titanium
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hybrid cannulated screw not only to provide sufficient mechanical strength and fixation stability but also to
contribute to the promotion of fracture healing, which could provide a better treatment for the vertical femoral
neck fractures, beneficially reducing the incidence of nonunion and reoperation rates.
1. Introduction

Vertical femoral neck fractures (Pauwels type III) in young patients
usually result from high-energy trauma and involve fracture lines with an
angle exceeding 70� [1–3]. High shear forces make this type of fracture
challenging to treat, requiring a more stable fixation and a more robust
construct design for fracture healing [4]. The use of three parallel can-
nulated screws, placed in an inverted triangular configuration to fix the
intermediate fragments, is a typical internal fixation approach for the
treatment of vertical femoral neck fractures [5–7]. However, the treat-
ment of vertical femoral neck fractures is associated with substantially
high incidence of complications, including fixation failure, malunion or
nonunion, and avascular necrosis due to the high shear forces and fixa-
tion instability [1,4,8,9]. Liporace et al. conducted a multicenter study
with a follow-up of twenty-four months and found a nonunion rate of
19% (n ¼ 61) for patients with high shear angle (>70�) femoral neck
fractures fixed with cannulated screws [8]. Similarly, Campenfeldt et al.
found that patients with displaced fractures (n¼ 120) had 23% nonunion
and 15% avascular necrosis with a 28% reoperation rate; patients with
non-displaced fractures (n ¼ 50) had 12% radiographic avascular ne-
crosis and 8% required reoperation [7]. These complications will result
in poor functional outcomes and a high risk of reoperation and lifelong
morbidity [1,10].

The majority of conventional cannulated screws are made of non-
biodegradable stainless steel or titanium (Ti). The rigidity and biolog-
ical inertness of these metal implants make it difficult to promote fracture
healing and subsequent bone remodeling. Internal fixation implants
consisting of magnesium (Mg) and its alloys are currently considered a
new generation of degradable metallic biomaterials due to reports that
they exhibit adequate mechanical characteristics, excellent biocompati-
bility and biodegradability, and osteopromotive effects during degrada-
tion [11–16]. The Mg-based implants that are now being investigated for
clinical use in skeletal sites that are not heavily loaded [14,15,17].
However, a significant barrier to their widespread clinical use continues
to be the inadequate mechanical support for stable fracture fixation at the
load-bearing sites as a result of the rapid degradation of pure Mg in the
early post-implantation period.

Recently, Tian et al. developed an innovative Mg/Ti hybrid fixation
system for fixation of long bone fractures in rabbits, which means that Ti
plate/screw provides mechanical strength for fracture fixation while Mg
screw shares the load and promotes fracture healing, found that the
hybrid fixation system not only showed sufficient mechanical strength,
but also improved fracture healing by up-regulating the local secretion of
calcitonin gene-related peptide (CGRP) [18]. In addition, Luo et al.
proposed the Mg-containing hybrid interference screw for anterior cru-
ciate ligament (ACL) reconstruction, which means that the Ti-based
interference screw with holes in the screw body allows the Mg rod to
release the Mg ions through these holes to the surrounding bone tissue,
thus exerting favorable biological effects while overcoming the concerns
associated with insufficient mechanical strength [19]. These findings of
the current proof-of-concept study implies that the innovative Mg–Ti
hybrid system may help reduce delayed fracture healing and non-union
rates for future clinical applications. However, very little has been re-
ported in the literature as to whether there is an innovative Mg–Ti hybrid
system that can accelerate fracture healing and non-union rates as well as
provide sufficient mechanical strength for the femoral neck fractures.

Finite element analysis (FEA) has been used in most previous compu-
tational studies to investigate the biomechanical effects of internal fixation
methods for femoral neck fractures using an estimated load input (2–3
times body weight (BW)) [2,5,20,21]. However, the estimated load does
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not accurately represent the body's maximum hip joint forces during
normal walking gait. The magnitude of the load has a significant impact on
the mechanical strength that the implants can bear, which further in-
fluences the design of the implants. Musculoskeletal multibody dynamics
models, which delineate the body as an interconnected mechanical system
of multiple rigid segments articulated by joints and actuated by muscles,
constitute a robust platform for investigating the loading and kinematics
[22–24]. In contrast to finite element models, musculoskeletal multibody
dynamic models are capable of predicting joint forces and kinematics
concurrently and accurately under various physiological activities
[25–27]. The predicted joint loads and kinematics in an in vivo musculo-
skeletal physiological environment can be employed as boundary condi-
tions for finite element models of femoral neck fractures.

Therefore, the objectives of the present study were to: 1) propose the
innovative design of the Mg–Ti hybrid cannulated screws for the treat-
ment of vertical femoral neck fractures, capable of providing sufficient
mechanical strength while promoting fracture healing; 2) evaluate the
impact of biomechanical performance between the Mg–Ti hybrid can-
nulated screws and the conventional cannulated screws by integrating
the musculoskeletal multi-body dynamics and finite element methods.

2. Materials and methods

Experimental data collected from a healthy male adult volunteer
(height: 179 cm, weight: 78.15 kg) with written informed consent were
used in this study to develop the musculoskeletal multibody dynamics
model and the finite element model. The ethics approval was approved
by Hong Hui Hospital. The volunteer's computed tomography (CT) im-
ages of the entire lower extremity and gait data based on optical motion
capture were collected. The three-dimensional model of the femur was
created using the MIMICS image processing software (version 16.0;
Materialise Mimics, Leuven, Belgium) and Geomagic Studio (version
2013; Geomagic, Research Triangle Park, NC). Gait trails, including one
static standing trial and five normal walking trials, were measured using
a 10-camera motion capture system (Motion Analysis Corporation, Santa
Rosa, CA), and ground reaction forces andmoments weremeasured using
three force plates (AMTI Corporation, Watertown, MA).

2.1. Design of the Mg–Ti hybrid cannulated screw

A novel Mg–Ti hybrid cannulated screw was designed, and the con-
ventional cannulated screw was created using SolidWorks software
(Dassault Systems SolidWorks Corp., Waltham MA) (Fig. 1). In the novel
Mg–Ti hybrid cannulated screw, two 20 mm long Mg plates with a
bilaterally symmetrical fan-shaped cross-section were embedded in the
middle position of the Ti cannulated screw shaft, where the femoral neck
fracture is located. The detailed design parameters were showed in Fig. 1.

2.2. Biomechanical simulation of vertical femoral neck fractures

The three-dimensional models of vertical femoral neck fractures with
a Pauwels angle of 70� (Pauwels type III) were created using SolidWorks
software. The three-dimensional models of vertical femoral neck frac-
tures were separately assembled with the Mg–Ti hybrid cannulated
screws and the conventional annulated screws under the guidance of the
surgical technique and the experienced surgeon [2,5,8,28]. The finite
element models of vertical femoral neck fractures with the Mg–Ti hybrid
cannulated screws and the conventional annulated screws were devel-
oped in Abaqus software (Abaqus 6.14; SIMULIA, Providence, RI, USA),
respectively.



Fig. 1. Schematic diagram of the detailed design parameters for the Magnesium–Titanium hybrid cannulated screws and the conventional cannulated screws.
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The femur, the Mg–Ti hybrid cannulated screw and the conventional
cannulated screw were meshed using the four-node tetrahedral elements
(C3D4) [5]. The mesh size of all components was determined by
convergence studies and the quality of all components was further
checked [29,30]. A change of under 5% was utilized as the convergence
criterion [29,30]. A mesh size of 0.5 mm for the femur and a mesh size of
was 0.2 mm for both the Mg–Ti hybrid cannulated screw and the con-
ventional cannulated screw were considered to provide sufficiently ac-
curate results. The femur, the Mg–Ti hybrid cannulated screw and the
conventional cannulated screw had 12341561, 2121231, 1686946 ele-
ments, respectively.

The conventional cannulated screw was assigned a Young's modulus
of 110 GPa and Poisson's ratio of 0.3 to represent Ti alloy [5,11]. The
Mg–Ti hybrid cannulated screw was assigned a Young's modulus of 110
GPa and Poisson's ratio of 0.3 to represent the Ti alloy, and a Young's
modulus of 44.8 GPa and Poisson's ratio of 0.35 to represent the high
purity Mg, respectively [17,19]. Detailed data are listed in Table 1. The
femur was assigned a Poisson's ratio of 0.3, while Young's modulus of
each element in the finite element model was determined based on the
average CT greyscale value (in Hounsfield Units, HU) of all voxels con-
tained within the element volume using equations derived from previous
studies [31–33], as described by the empirical equations below:

ρ¼ 0:0405þ �
9:18� 10�4

�
HU

where ρ is the apparent dry density of the bone area of interest and HU is
the radiographic greyscale of this area in HU [32–34].

E¼

8><
>:

3:60ρ� 0:14 ð0 < ρ � 0:1Þ
18:49ρ1:93 ð1 < ρ � 0:37Þ

8:87ρ� 0:57 ð0:37 < ρ � 1:5Þ
4:83ρ2:39 ðρ > 1:5Þ

9>=
>;

where E is the Young's modulus assigned to the element and ρ is the dry
Table 1
Material properties for components in finite element models.

Component Material

Femur Bone
Conventional cannulated screws Titanium alloy
Titanium-magesium hybrid cannulated screws Titanium alloy

High purity magnesium
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apparent density of bone volume contained within the element [33,35,
36].

The coefficient of friction at the interface between the screw shaft and
the femur was defined as 0.3, and the interface between two fracture
surfaces of the femur was defined as a sliding contact with a coefficient of
friction of 0.46 [2,5,37]. The screw thread was bonded to the femur [2,
5]. Similarly, the Mg component and Ti component were bonded in the
Mg–Ti hybrid cannulated screw (Fig. 2(B)). In addition, the six degrees of
freedom of the distal femur were restricted [2]. The actual hip joint force
(388 %BW), calculated from the subject-specific musculoskeletal multi-
body dynamics model (Fig. 2(A)), was applied uniformly along the me-
chanical axis of the femur to the weight-bearing area of the femoral head
(Fig. 2 (B)).

A subject-specific musculoskeletal multibody dynamics model of
lower extremity was developed using an advanced bone morphing
method based on the CT scan of the subject in Anybody software (version
6.0; AnyBody Technology, Aalborg, Denmark) (Fig. 2(A)) [38,39]. The
segments of entire musculoskeletal model and isometric strength of each
muscle model were scaled to the subject's weight, height and gait data
using the Length-Mass-Fat scalingmethod. An inverse kinematics method
[40] was performed to calculate the pelvic motion, hip angles, and foot
locations based on the walking gait data, the scaled musculoskeletal
model, and the optimized marker locations [26,41]. These kinematics
and ground reaction forces were then entered into the inverse dynamics
analysis [26,41,42] to calculate the hip joint contact forces, which were
further employed as loads and boundary conditions in the finite element
models. The hip joint contact forces for the subject were presented as the
mean � standard deviation for five walking trials. Further details on the
development and validation of the subject-specific musculoskeletal
multibody dynamics model were available in our previous studies [22,
23,26].

The stress/displacement distribution and the maximum stress/
displacement of the cannulated screws and the femur as well as the
micromotion of the fracture surfaces of the femoral neck were then
Young's modulus (GPa) Poisson's ratio

Based on CT greyscale value 0.3
110 0.3
110 0.3
44.8 0.35



Fig. 2. The workflow of the subject-specific musculoskeletal multibody dynamics model and the finite element models for the Magnesium-Titanium hybrid cannulated
screw system and the conventional cannulated screw system. A. The subject-specific musculoskeletal multibody dynamics model. B(a). The finite element models for
the conventional cannulated screw system. B(b). The finite element models for the Magnesium-Titanium hybrid cannulated screw system.
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calculated and analyzed using finite element models. Additionally, the
overall stiffness (load divided by displacement, representing the overall
stability) was calculated for both models [5].

3. Results

3.1. Stress and displacement

The Mg–Ti hybrid cannulated screws and the conventional cannu-
lated screws both had similar stress distributions, as shown in Fig. 3.
Compared to the conventional cannulated screws and the femur, which
had maximum stresses of 476.8 MPa and 164.8 MPa, respectively, the
Mg–Ti hybrid cannulated screws and the femur had maximum stresses of
451.5 MPa and 140.3 MPa, respectively (Fig. 3). In addition, the Mg
plates of the Mg–Ti hybrid cannulated screws had a maximum stress of
154.6 MPa (Fig. 4(a)).

Similarly, the Mg–Ti hybrid cannulated screws and the conventional
cannulated screws both had similar displacement distributions, as shown
in Fig. 5. Compared to the conventional cannulated screws and the
Fig. 3. Stress distribution for the Magnesium-Titanium hybrid cannulated screw syste
conventional cannulated screws. (b). Stress distribution for the Magnesium-Titaniu
ventional cannulated screw system. (d). Stress distribution for the femur of the Magn
femur and the conventional cannulated screws. (f). Stress distribution for the femur
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femur, which had maximum displacements of 6.988 mm and 7.125 mm,
respectively, the Mg–Ti hybrid cannulated screws and the femur had
maximum displacements of 6.186 mm and 6.260 mm, respectively
(Fig. 5). In addition, the Mg plates of the Mg–Ti hybrid cannulated screws
had a maximum displacement of 5.484 mm (Fig. 4(b)).
3.2. Stiffness

The overall stiffness of the Mg–Ti hybrid cannulated screw system
was 490.17 N/mm, while that of the conventional cannulated screw
system was 433.92 N/mm (Table 2).
3.3. Micromotion

CSLIP1 and CSLIP2, which represent the tangential micromotions to
the contact surfaces in the two orthogonal directions, are used to char-
acterize the tangential micromotions of the fracture surfaces of the
femoral neck [29]. Compared to the fracture surface of the femoral neck
for the conventional cannulated screws, which was 0.1813 mm, the
m and the conventional cannulated screw system. (a). Stress distribution for the
m hybrid cannulated screws. (c). Stress distribution for the femur of the con-
esium-Titanium hybrid cannulated screw system. (e). Stress distribution for the
and the Magnesium-Titanium hybrid cannulated screws.



Fig. 5. Displacement distribution for the Magnesium-Titanium hybrid cannulated screw system and the conventional cannulated screw system. (a). Displacement
distribution for the conventional cannulated screws. (b). Displacement distribution for the Magnesium-Titanium hybrid cannulated screws. (c). Displacement dis-
tribution for the femur of the conventional cannulated screw system. (d). Displacement distribution for the femur of the Magnesium-Titanium hybrid cannulated screw
system. (e). Displacement distribution for the femur and the conventional cannulated screws. (f). Displacement distribution for the femur and the Magnesium-Titanium
hybrid cannulated screws.

Fig. 4. Stress and displacement distribution for the Mg plate of the Magnesium-Titanium hybrid cannulated screws. (a). Stress distribution for the Mg plate of the
Magnesium-Titanium hybrid cannulated screws. (b). Displacement distribution for the Mg plate of the Magnesium-Titanium hybrid cannulated screws.
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Table 2
Comparison of biomechanical results between conventional cannulated screws and titanium-magnesium hybrid cannulated screws.

Results Model for conventional cannulated screws Model for titanium-magnesium hybrid cannulated screws

The maximal Von mises stresses of screws (MPa) 476.8 451.5
The maximal Von mises stresses of femur (MPa) 164.8 140.3
The maximal shear stress of fracture (MPa) 7.6 7.2
The maximal displacement of screws (mm) 6.988 6.186
The maximal displacement of femur (mm) 7.125 6.260
Overall stiffness of cannulated screw system (N/mm) 433.92 490.17

Table 3
Finite element model validation.

Finite element model Maximum stress Stiffness

The previous study [5] 196.8 MPa 428.15 N/mm
Intact model in this study 188.9 MPa 428.44 N/mm
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CSLIP1 in the fracture surface of the femoral neck for the Mg–Ti hybrid
cannulated screwswas 0.1902mm (Fig. 6 (a) (b)). Similarly, compared to
the fracture surface of the femoral neck for the conventional cannulated
screws, which was 0.0224 mm, the CSLIP2 in the fracture surface of the
femoral neck for the Mg–Ti hybrid cannulated screws was 0.0220 mm
(Fig. 6 (c) (d)).

4. Discussion

The most significant findings of the present study were that the
biomechanical performance of the Mg–Ti hybrid cannulated screw
designed for the treatment of vertical femoral neck fracture was vali-
dated. The maximum stress and the maximum displacement of the Mg–Ti
hybrid cannulated screw system were lower than those of the conven-
tional cannulated screw system. The overall stiffness of the Mg–Ti hybrid
cannulated screw system was higher than that of the conventional can-
nulated screw system. In addition, the tangential micromotion at the
contact surfaces in the two orthogonal directions was comparable be-
tween the Mg–Ti hybrid cannulated screw system and the conventional
cannulated screw system.

To validate the finite element models of vertical femoral neck
Fig. 6. Tangential micromotion at the contact surfaces in the two orthogonal dir
conventional cannulated screw system. (a). Tangential micromotion at the contact sur
at the contact surfaces for the Magnesium-Titanium hybrid cannulated screw system
nulated screw system. (d). Tangential micromotion at the contact surfaces for the M

133
fractures, the same loading (1188.5 N) and boundary conditions were
applied according to the previous study [5]. The results were in agree-
ment with the results of the previous study (Table 3) [5], which can be a
validation of the proposed finite element method in this study.

In the present study, the maximum hip joint force was 388% of BW at
50% of the walking gait cycle (Fig. 7), which was consistent with those
found in our previous studies [43], and comparable to the studies of
Hurwitz et al. [44]. and Lewis et al. [45]. Nevertheless, the estimated
load (2–3 times body weight or 2100 N) used for the load input in the
FEA method in the previous computational studies [2,5,20,46], which
was lower than the result calculated by the musculoskeletal multibody
dynamics model based on the subject's experimental data. Therefore,
considering the higher hip joint force employed as the load input in the
FEA method in the present study, the maximum stresses/displacements
ections for the Magnesium-Titanium hybrid cannulated screw system and the
faces for the conventional cannulated screw system. (b). Tangential micromotion
. (c). Tangential micromotion at the contact surfaces for the conventional can-
agnesium-Titanium hybrid cannulated screw system.



Fig. 7. Right hip joint contact force during the walking gait cycle (the bold solid
line represents the mean value, and the surrounding envelope represents the
standard deviation value).
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in the hybrid/conventional cannulated screw system were higher than
those in the previous computational studies [2,5,12].

Similar stress and displacement distributions were found between the
Mg–Ti hybrid cannulated screws and the conventional cannulated screws
in the present study, as shown in Figs. 3 and 5. However, the maximum
stress and maximum displacement of the Mg–Ti hybrid cannulated
screws were 451.5 MPa and 6.186 mm, respectively, lower than those of
the conventional cannulated screws, which were 476.8 MPa and 6.988
mm, respectively. A possible explanation was that the structural modi-
fication in the Ti portion of the hybrid cannulated screw shaft would have
a substantial impact on the stress and displacement distribution
compared to the conventional cannulated screw. Furthermore, the
Young's modulus of Mg plates was low, the difference of Young's modulus
between the Mg plates of the hybrid cannulated screws and the femoral
bone was small, and the stress concentration and the maximum stress in
the hybrid cannulated screw system could be partially reduced in terms
of the low Young's modulus of Mg plates and structural modification
compared to the conventional Ti cannulated screws [12]. As a result, the
hybrid cannulated screws improved the stress distribution of the fixation
model, which further influenced the displacement distribution of the
fixation model and reduced the maximum displacement. These findings
indicated that the mechanical strength of the Mg–Ti hybrid cannulated
screws was even superior to that of the conventional cannulated screws
in terms of the stress and displacement distributions.

Similarly, the maximum stress and maximum displacement of the
femur with the Mg–Ti hybrid cannulated screws were 140.3 MPa and
6.260 mm, respectively, lower than those of the femur with the con-
ventional cannulated screws, which were 164.8 MPa and 7.125 mm,
respectively. As discussed in the previous paragraph, the reason may be
explained by the fact that the structural modification in the Ti portion
and the low Young's modulus of the Mg plates in the hybrid cannulated
screws significantly affected the stress and displacement of the cannu-
lated screws, which in turn would further have an impact on the stress
and displacement distribution of the surrounding bone. Therefore, the
hybrid cannulated screw system could reduce the stress shielding of the
fixation model and decrease the stress concentration at the interface
between the cannulated screws and the surrounding bone in terms of the
structural modification of the Ti portion and the low Young's modulus of
the Mg plates compared to the conventional Ti cannulated screw system,
which further influenced the displacement distribution of the femur and
reduced the maximum displacement of the femur. These findings sug-
gested that the femur with the Mg–Ti hybrid cannulated screws had
lower stress and lower displacement (Figs. 3 and 5) for the same hip joint
force compared to the femur with the conventional cannulated screws,
134
potentially reducing the incidence of the fixation failure and further
lowering the reoperation rate.

The present study also found that the overall stiffness of the Mg–Ti
hybrid cannulated screw system was 490.17 N/mm, higher than the
conventional cannulated screw system, which was 433.92 N/mm
(Table 2). Because the overall stiffness was inversely proportional to the
displacement, the maximum displacement of the Mg–Ti hybrid cannu-
lated screw system was lower than that of the conventional cannulated
screw system. Therefore, the hybrid cannulated screw system exhibited
higher overall stiffness compared to the conventional cannulated screw
system. In addition, the tangential micromotions in two orthogonal di-
rections at the fracture surfaces of the femoral neck for the Mg–Ti hybrid
cannulated screws were 0.1902 mm and 0.0220 mm, respectively,
comparable to those of the conventional cannulated screws, which were
0.1813 mm and 0.0224 mm (Fig. 6). This might be explained by the
possibility that the interaction between the shear force of the fracture
surfaces and the stress distribution of the cannulated screw system
contributed to the comparable tangential micromotions in both cannu-
lated screw systems. These findings revealed that the Mg–Ti hybrid
cannulated screws could provide sufficient mechanical stability in
femoral neck fractures to prevent secondary femoral neck fractures in
terms of overall stiffness and micromotions.

Furthermore, the Ti portion of the Mg–Ti hybrid cannulated screws
already offered sufficient mechanical strength and fixation stability for
the treatment of vertical femoral neck fractures, thus the Mg plates do not
require to provide mechanical support. More importantly, the primary
purpose of the Mg–Ti hybrid cannulated screws treated for vertical
femoral neck fractures was to promote bone healing through the Mg
plates as opposed to the conventional cannulated screws, which solely
provided mechanical fixation. Increasing evidence had revealed that Mg
could promote fracture healing by inducing larger callus formation,
enhancing endochondral ossification, accelerating the mineralization
process, and bone remodeling [11,17–19,47]. It was further confirmed
that this unique Mg-induced osteogenic effect regulated by CGRP
through the periosteum. The innovative design of the Mg–Ti hybrid
cannulated screws in the present study fundamentally addressed the
weaknesses of the conventional cannulated screws and pure Mg cannu-
lated screws. In particular, the conventional cannulated screws have a
relatively high incidence of nonunion and reoperation rates without the
ability to promote fracture healing while having strong mechanical
strength. On the contrary, pure Mg cannulated screws alone were unable
to offer sufficient mechanical support for stable fracture fixation at load
bearing sites due to its quick degradation in the early stages of implan-
tation. Therefore, the innovative Mg–Ti hybrid cannulated screws pro-
vided a better treatment for the vertical femoral neck fractures,
beneficially reducing the incidence of nonunion and reoperation rates.

Several limitations of this study should be discussed. First, the present
work developed models to reflect the bone condition of young people
using the subject's femoral CT data. Since the Mg–Ti hybrid cannulated
screws were able to provide strong mechanical strength as well as pro-
mote fracture healing and bone remodeling, the biomechanical evalua-
tion for the elderly patients and osteoporotic patients would be
performed in the future study. Second, the most commonly used internal
fixation method for the treatment of vertical femoral neck fractures was
used to evaluate the biomechanical performance of the Mg–Ti hybrid
cannulated screw during the normal walking gait. Different internal
fixation strategies for the treatment of vertical femoral neck fractures
under different types of gaits should also be evaluated in the future study.
Third, the present study focused on initial mechanical stability rather
than the entire bone healing process. Nevertheless, the initial stability of
vertical femoral neck fractures had a significant impact on the fracture
healing [48]. Fourth, the FEA method in the present study neglected the
muscles attached to the femur, applying force solely along the mechan-
ical axis of the femur. However, the FEA model used in this study was
validated, and the results were consistent with those of a prior study [5].
The simultaneous acquisition of accurate measurements pertaining to the
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magnitude and location of muscles, ligaments, and contact forces in the
human body or a patient presents a significant obstacle. Fifth, the
biomechanical effect of screw axial orientation should be evaluated in
future work. Finally, clinical studies of the Mg–Ti hybrid cannulated
screw needed to be conducted and clinical outcomes should be evaluated
in the future studies. Notwithstanding these limitations, the present
study clearly indicated that the innovative Mg–Ti hybrid cannulated
screw offered superior treatment for vertical femoral neck fractures.

5. Conclusion

This study designed and validated the biomechanical performance of
the novel Mg–Ti hybrid cannulated screws for the treatment of vertical
femoral neck fractures. The maximum stress and maximum displacement
in the Mg–Ti hybrid cannulated screw system were lower than those of in
the conventional cannulated screw system. The overall stiffness of the
Mg–Ti hybrid cannulated screw system was higher than that of the
conventional cannulated screw system. The tangential micromotion at
the contact surfaces in the two orthogonal directions was comparable
between theMg–Ti hybrid cannulated screw system and the conventional
cannulated screw system. These findings indicated that the innovative
Mg–Ti hybrid cannulated screw for the treatment of vertical femoral neck
fractures not only provide adequate mechanical strength and fixation
stability, but also contribute to the promotion of fracture healing and the
reduction of the nonunion rate. The innovative Mg–Ti hybrid cannulated
screw has great potential as a new fixation strategy for future clinical
applications.
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