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Abstract 

Purpose  Conventional cannulated screws (CS) are the main treatment method for femoral neck fractures (FNF). 
However, the rate of femoral head necrosis remains high after FNF treatment. The study aimed to compare the bio-
mechanical features of different internal fixation materials for the treatment of Pauwel type III FNF to explore new 
strategies for clinical management.

Methods  A new material was prepared by applying casting, freeze drying and sintering process. The independently 
developed calcium magnesium silicate ceramic powder and hydrogel solution were evenly mixed to obtain a high-
viscosity bio-ink, and a bioceramic nail (BN) with high mechanical strength and high fracture toughness was success-
fully prepared. Four internal fixations were developed to establish the Pauwel type III FNF and healed fracture finite 
element models: A, three CSs; B, three BNs; C, two BNs and one CS; D, one BN and two CSs. Von Mises stress and dis-
placement of the implants and femur were observed.

Results  The measured Mg content in ceramic powder was 2.08 wt%. The spectral data confirmed that the ceramic 
powder has high crystallinity, which coincides with the wollastonite-2 M (PDF# 27–0088). The maximum von Mises 
stresses for the four models were concentrated in the lower part of the fracture surface, at 318.42 Mpa, 103.52 MPa, 
121.16 MPa, and 144.06 MPa in models A, B, C, and D, respectively. Moreover, the maximum Von-mises stresses 
of the implants of the four models were concentrated near the fracture end at 243.65 MPa (A) and 58.02 MPa (B), 
102.18 MPa (C), and 144.06 MPa (D). The maximum displacements of the four models were 5.36 mm (A), 3.41 mm (B), 
3.60 mm (C), and 3.71 mm (D). The displacements of the three models with BNs were similar and smaller than that of 
the triple CS fracture model. In the fracture healing models with and without three CSs, the greatest stress concen-
tration was scattered among the lowest screw tail, femoral calcar region, and lateral femur shaft. The displacement 
and stress distributions in both models are generally consistent. The stress distribution and displacement of the three 
healed femoral models with BNs were essentially identical to the healing models with three CSs. The maximum von 
Mises stresses were 65.94 MPa (B), 64.61 MPa (C), and 66.99 MPa (D) while the maximum displacements of the three 
healed femoral models were 2.49 mm (B), 2.56 mm (C), and 2.49 mm (D), respectively.
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Conclusions  Bioceramic nails offer greater advantages than conventional canulated screws after femoral neck 
fractures. However, the combination of bioceramic nails and CSs is more clinically realistic; replacing all internal fixa-
tions with bioceramic nails after the healing of femoral neck fractures can solve the problem of sclerosis formation 
around CSs and improve bone reconstruction by their bioactivity.

Keywords  Femoral neck fracture, Nails, Finite element analysis

Introduction
Approximately 1.5  million hip fractures occur world-
wide each year, and this number is predicted to increase 
to 6.3  million by 2050 [1]. Additionally, the mortality 
rate is high [2, 3]. As one of the most common types of 
injuries in orthopaedics, femoral neck fractures (FNF) 
account for 14% of all hip-related fractures and over 
50% of proximal femoral fractures in the United States 
[4]. Solid internal fixation and anatomical reduction are 
significant factors for successful fracture healing. A sin-
gle fixed-angle screw with a lateral large plate or cannu-
lated screws (CSs) (i.e., dynamic hip screw, DHS, AKA a 
sliding hip screw) is currently the surgical approach for 
treating FNFs. Laboratory and biomechanical studies 
have shown that, while sliding hip screws have greater 
resistance to shearing forces, especially in displaced, and 
unstable fracture types, which are the main reason for 
implant failure, multiple CSs improve resistance to rota-
tional forces [5–7] (the second leading cause of implant 
failure) and are less invasive [8, 9]. Additionally, tension 
screws are required to apply pressure to the fracture end 
before locking screws are used. Therefore, there are obvi-
ous limitations to clinical applications [10]. It should 
be noted that the risk factors of femoral neck fractures 
treatment failure depend on multitude of factors, includ-
ing the implant type, time from the trauma to surgery, 
bone quality, the grade of dislocation, etc. Further, the 
final result does not completely depend on the treatment 
method.

The need for reoperation after these interventions is 
still high (10.0–48.8%) and has not essentially changed 
over the past 30 years [11]. A high reoperation rate has 
raised controversy regarding the best treatment for FNF 
[12]. Therefore, we continue to explore the next genera-
tion of effective internal fixations. The advantages and 
disadvantages of each implant from laboratory and bio-
mechanical studies have inspired the design of a new hip 
fracture implant and a new surgical procedure.

Previously our team has determined that regardless of 
whether implants are removed, there is risk of collapse 
of the femoral head, for as long as sclerotic bone around 
the screw paths persist following healing of FNFs. In 
addition, as we concluded in a clinical work, years after 
removal of the internal fixation material, no effective tis-
sue filling develops in the screw paths [13]. Preventing 

the formation of osteosclerotic areas is critical. If a new 
calcium-magnesium-silicate ceramic nail is implanted 
into the screw path after the healing of FNF and before 
the formation of osteosclerotic area around screw paths, 
it can prevent fracture complications by accelerating the 
osteogenic vascularization and restoring the mechani-
cal properties of the femur in advance (Fig. 1). Although 
several studies have suggested that these two types of 
materials have certain advantages, they have not been 
consistently recognized, and there has been no effective 
finite element experiment to assess the mechanical sta-
bility of the two materials. Therefore, we modelled the 
FNF and compared the mechanical differences between 
bioceramic nails (BNs) and CSs using a finite element 
analysis (FEA).

Despite this, in clinical practice, structures such as 
BN threads cannot be made directly with three-dimen-
sional (3D) printing as printing threads are not mechani-
cally strong enough [14]; hence, it is impossible to solely 
screw BNs into the femur, but the screw paths can only 
be filled with bioceramic material after the CSs have 
been removed. Therefore, there are obvious limita-
tions to the clinical applications of this method. If the 
mechanical properties of the finite element results of the 
BNs researched in the previous section are not good, it 
is possible to use the BNs in combination with the CSs 
by replacing only one or two CSs after fracture healing, 
resulting in a reduced formation of the sclerotic bone, 
which will also decrease the stress concentration of the 
femoral head. Therefore, the stress and displacement 
of single BN with two CSs and double BNs with one Cs 
models were also observed by FEA.

Regarding the issue of sclerosis, we have considered 
whether the bone trabecular around screws is already 
sclerosed before it is healed. If so, together with the 
impossibility of treating the FNFs directly with the BN, 
even if the fracture heals and is subsequently replaced 
with a BN, sclerosis cannot be prevented. However, in 
clinical practice, we found some cases (Fig.  2) where 
fractures have not fractured after years of internal fixa-
tion treatment, no high-density formation around 
screws were observed on CT, and the trabecular bone 
had not started reconstruction. In fact, sclerosis of the 
trabeculae must be analysed together with the process of 
fracture healing [15]. The healing of fractures and bone 
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defects normally follows an orderly series of events, 
including the formation of a hematoma, an initial stage 
of inflammation, development of soft callus, formation 
of hard callus, and finally bone remodeling. Therefore, it 
is only after the fracture of the femoral neck has healed 
that the bone trabeculae are reconstructed and the scle-
rotic bone is formed. If the patient waits until the frac-
ture has healed and subsequently immediately replaces 
the CS with a BN, a certain mechanical and biologi-
cal advantage can be guaranteed. A FNF healing model 
was constructed to verify the effect of removing the CSs 
on stress. If the effect was small, the CSs were replaced 
one by one until they were all replaced by BNs, and the 
mechanical differences between the three models are 
compared using FEA.

FNFs are often vertical and unstable, with a higher 
shear angle and greater shear force. Even without 

weight-bearing, the contraction force of the abundant 
hip muscles is sufficient to generate a considerable shear 
force between the ends of the fracture, resulting in insta-
bility between ends. The shearing force is conducive to 
the healing of the fracture, which is inclined to hip varus 
displacement and postoperative complications, such as 
nonunion, fixation failure, and avascular necrosis, which 
all have a high incidence [16]. Current treatment modali-
ties have not been unified for severe unstable FNFs. FNF 
can be classified according to different standard, namely 
the AO group, Garden, and Pauwell [17]. As the first 
biomechanical classification of FNF, the Pauwell classi-
fication has been widely used in the literature and pre-
operative guidelines. This classifies FNFs into three types 
based on fracture direction: the angle between the distal 
fracture line and the horizontal line [18]. When the frac-
ture pattern is more vertical (Pauwell III, namely > 50°), 

Fig. 1  Two treatment methods for FNF. a the whole skeleton (left), the bone with femoral neck fracture (right), b treatment with CSs, c Sclerosis, 
necrosis and collapse found in the femoral head./ the result of traditional treatment, d removal of CSs before sclerosis occur, e put the bioceramic 
nails in, f the result of traditional treatment

Fig. 2  A case of unhealed femoral neck fracture. A Coronal X-ray, B sagittal X-ray, C coronal CT, D sagittal CT
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the femoral neck is subjected to greater shear than com-
pression forces, which is associated with a higher rate of 
varus instability and fracture healing complications [19, 
20]. Pauwel type III FNF is a better test for mechanical 
properties of internal fixation materials. Thus, in the pre-
sent study, a Pauwell III type fracture was applied as the 
fracture model.

In the past decade, the design of medical device and 
biomechanical assessment have benefited from computer 
modelling studies, especially FEA [21]. FEA can provide 
quantitative biomechanical information about ortho-
paedic implants and improve our understanding of the 
mechanical behaviours of implants and interactions of 
bone implants [22]. Finite element models can be used to 
access the biomechanical properties of internal fixation 
to ensure the distribution of stress in bone and implants 
can be predicted.

In summary, this paper aimed to analyze the mechani-
cal performance of BNs and traditional CSs in the treat-
ment of unstable FNFs, demonstrate the biomechanical 
stability of combined implants, and to offer a theoretical 
foundation for the clinical application of new-type BNs.

Materials and methods
Production of bioceramic nails
All BNs were prepared using casting, freeze drying and 
sintering process. The independently developed calcium 
magnesium silicate ceramic powder and hydrogel solu-
tion were evenly mixed to obtain a high-viscosity bio-ink, 

and a bioceramic material with high mechanical strength 
and high fracture toughness was successfully prepared 
(Fig.  3). The bioceramic nails were made into cylinders 
10 mm long and 7.3 mm in diameter. Subsequently, the 
modulus of elasticity of each sample was measured using 
the universal testing machine with a 0.5 mm/min cross-
head speed. (model 1144, Instron; Norwood, MA).

The effects of various sintering temperatures, scaffold 
porosity, and other parameters on the mechanical prop-
erties of artificial bone scaffolds have been considered 
[23]. Using this scaffold material, a BN in line with the 
internal fixation screw paths of the FNF was designed 
and manufactured. The scaffold materials possess good 
biological activity, demonstrated by the calcified layer 
on the surface of bioceramic material in simulated body 
fluid, controllable degradation by degradation experi-
ments in Tris-Hcl solution, cytocompatibility that pro-
motes cell adhesion, proliferation, and differentiation by 
cell experiments [24], and good osteoinductive and oste-
ogenic properties by defect repair experiments in  vivo. 
Improving the spatial structure of bioceramic scaffolds 
can significantly improve the osteogenic vasculariza-
tion of scaffold materials in  vivo [25]. This material is 
also commonly used in spinal diseases and has high fric-
tional properties to prevent implants from being pulled 
out [26]. The phase composition of the ceramic powders 
was verified by X-ray diffractometer (XRD; Rigaku Co., 
Japan) at 40 kV/40 mA. Data were collected between 10o 
and 60o with a step of 0.02o/2θ and a dwell time of 1.5 s to 

Fig. 3  Schematic illustration of the manufacturing process of BNs. (1) Mixing ceramic powders with PVA solution, (2) Pouring the paste 
into the mold, (3) Freeze drying process in the lyophilizer, (4) Separating the BN sample from the mold, (5) Sintering in the furnace
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identify any crystalline phase of the powders. The inor-
ganic ion content in ceramic powder was measured by 
inductively coupled plasma-optical emission spectrom-
etry (ICP-OES; Thermo Icap 6000 series). The powders 
were observed by using the scanning electron micros-
copy (SEM, S-4800; Japan) at 10 kV. The particle size dis-
tribution was analyzed by dynamic light scattering (DLS, 
Malven Instrument 2000) in purified water medium.

FEA of the Pauwell III‑type FNF
A 31-year-old healthy male volunteer without history of 
hip joint or systemic disease was recruited. The femur 
was scanned with a layer thickness of 0.5 mm using the 
GE Revolution CT scanner (GE Healthcare, Chicago, IL). 
The scanning protocols were 80 kV and 450 mA. There-
after, CT images were stored in DICOM format files into 
the medical 3D reconstruction Mimics 21.0 software 
(Materialise, Leuven, Belgium). According to the gray 
value of bone tissue and regional segmentation, the 3D 
models of cancellous bone and cortical bone were recon-
structed by Boolean operation. After that, models were 
exported as a file in STL format.

The model was imported into Geomagic Studio 
2017 software (3D System Inc., Rock Hill, SC, USA) 
for smoothing, meshing, and fitting surface, and then 
exported as an STEP file. This study employed a Pauwell 
III type FNF (≥ 50°). We created a cutting plate across 
the center of the femoral neck at an angle of 40° to the 
sagittal plane of the pivot axis. The femoral neck was 
divided using the cutting plate to simulate the Pauwell 
III FNF (Fig. 4). Based on the engineering geometry data 
and clinical fixation programming, the models of CSs 
(7.3 mm in diameter, 16 mm in thread length, 85 mm in 
total length) and BNs (7.3 mm in diameter and 85 mm in 

total length) were generated using Solidworks software 
(Solidwords Corp., Waltham, MA) [27].

Following the surgery reported in the literature, the 
three parallel implants were arranged in an inverted tri-
angle. Four types of internal fixation (A, three CSs; B, 
three BNs; C, two BNs and one CS; D, one BN and two 
CSs, Fig.  5) were constructed at an angle of 135° to the 
longitudinal axis of the femur [28]. Osteotomy was per-
formed at the mid-femoral stem to create a model of the 
proximal femur (Fig. 4). After meshing all models using 
HyperMesh 11.0 (Altair Engineering, Inc. USA), a finite 
element analysis was performed using the ANSYS17.0 
(Ansys Inc, Canonsburg, PA, USA). The modulus of elas-
ticity and Poisson’s ratio of various materials are listed in 
Table 1 [29, 30].

Regarding the boundary conditions and loading force 
settings, during the analysis, all nodes on the distal fem-
oral surface were restricted to 0 degrees of freedom to 
prevent rigid body motion [31]. Mesh convergence stud-
ies showed that when the number of femur element was 
increased to 276,579, the incremental displacement of 
the model as the mesh changes is less than 4%, meaning 
that the change in displacement is almost negligible. The 
fracture healing models were discretized into 276,401 
elements with 434,497 nodes. Frictional contact was used 
to describe the interaction between the fracture ends as 
well as between bone and implants. The friction coeffi-
cient between the CS and femur was 0.2 [32]. Fracture 
ends were defined as completely broken and are consid-
ered to have been repositioned. The coefficient of fric-
tion was 0.46 [33]. According to Van Houcke, joint forces 
during single-leg stance were loaded on the correspond-
ing cartilage surface of the femoral head with a one-cycle 
force value of 1800  N [33]. Ten tetrahedral nodal units 
were automatically generated. The various materials in 

Fig. 4  Finite element modelling process. A Rebuilt 3D model of femur from CT of patient, B, C Bioceramic nail model and CS model produced 
in SolidWorks, D Finite element mesh model of proximal femur



Page 6 of 12Liu et al. BMC Musculoskeletal Disorders          (2023) 24:569 

the model were assumed to be homogeneous and iso-
tropic linear elastic materials [34, 35]. Finally, the von 
Mises stress and displacement of the implants and femur 
were observed.

Results
The results of ceramic powders and BN
Figure 6A shows the SEM observation results. It can be 
seen that the particle size of ceramic powders after cal-
cination are all less than 5  μm. Evaluation of the par-
ticle size distribution conducted using DLS revealed a 
narrow size distribution in the range of 1500 − 2300 nm 
for ceramic powders (Fig.  6B). Also, it is worth noting 
that the measured Mg content in ceramic powder was 
2.08 wt%, which was close to the theo-retical data (2.12 
wt%) calculated by the 10% Ca substitution by Mg in the 
stoichio-metric wollastonite. The XRD pattern of the 
ceramic powders are presented in Fig.  6C. The spectral 
data confirmed that the ceramic powder has high crystal-
linity, which coincides with the wollastonite-2 M (PDF# 
27–0088). The final modulus of elasticity of the biocer-
amic nails was found to be 8.95 ± 2.41 GPa (Fig.  6D). A 

finite element model was constructed using 9 GPa as the 
value for the bioceramic nail (Supplementary Fig. 1). Fig-
ure 6E showed good straightness and uniformity of BN.

The results of fracture models
The maximum von Mises stresses in the four mod-
els were concentrated in the lower part of the fracture 
surface at 318.42  MPa, 103.52  MPa, 121.16  MPa, and 
144.06 MPa, respectively (Fig. 7). The stresses in the four 
models were mainly distributed in the lower part of the 
femoral neck and the medial and lateral parts of the fem-
oral shaft. Moreover, the stresses in the modes with B, C, 
and D internal fixation types were dispersed and homo-
geneous compared to model with A type internal fixa-
tion type. The maximum von Mises stresses of implants 
for four models were concentrated near the fracture 
end at 243.65  MPa and 58.02  MPa, 102.18  MPa, and 
144.06 MPa, respectively (Fig. 7). The stress for implants 
were much greater in model with A internal fixation type 
than in the other three models. Moreover, the maximum 
stress in models with A and D internal fixation types 
were located anteriorly above the inverted triangle, the 
maximum stress in model with B internal fixation type 
was located posteriorly above the inverted triangle, and 
the maximum stress in model with C internal fixation 
type was on the CS. The most significant displacement of 
all the models occurred at the femoral head. The maxi-
mum displacements of the four models were 5.36  mm, 
3.41  mm, 3.60  mm, and 3.72  mm, respectively (Fig.  7), 
while the displacements of the fracture ends of the four 
models were approximately 2.98 mm, 1.89 mm, 2.00 mm, 
and 2.06 mm, respectively. The models with BCD internal 

Fig. 5  Four internal fixation models. Model A: three CSs, model B: three BNs, model C: two BNs and one CS, model D: one BN and two CSs

Table 1  Material properties of the various components in the 
models

Item Elastic modulus 
(MPa)

Poisson’s ratio

Femoral Cortical bone 16,800 0.30

Femoral Cancellous bone 840 0.20

Cannulated screw
Bioceramic nail

20,600
9000

0.30
0.25
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Fig. 6  The results of ceramic powders and BN. A the SEM observation results, (B) Evaluation of the particle size distribution conducted using 
DLS, (C) the XRD pattern of the ceramic powders, (D) Box plot of modulus of elasticity measurement results for bioceramic nail, (E) appearance 
of the bioceramic nail

Fig. 7  The finite element result of femoral neck fracture models with four types of internal fixations. (A) stress distribution and displacement 
of the femoral neck fracture model with three CSs and the implants of the models, (B) stress distribution and displacement of the femoral neck 
fracture healing model with three bioceramic nails and the implants of the models, (C) stress distribution and displacement of the femoral 
neck fracture healing model with one CS and two bioceramic nails and the implants of the models, (D) stress distribution and displacement 
of the femoral neck fracture healing model with two CSs and one bioceramic nails and the implants of the models
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fixation types had similar displacements at each site, and 
all displacements were significantly smaller than that of 
model with A internal fixation type.

Healing models with and without three CSs
In the fracture healing models with and without three 
CSs, the greatest stress concentration was scattered 
among the lowest screw tail, femoral calcar region, and 
lateral femur shaft. The maximum von Mises stresses in 
the two models were 66.64 MPa and 63.08 MPa, respec-
tively (Fig.  8); the maximum displacements in the two 
models were 2.55  mm and 2.53  mm, respectively. The 
displacement and stress distributions in both models 
were generally consistent. The implants had a maximum 
von Mises stress of 16.86 MPa (Fig. 8B) and displacement 
of 2.43 mm.

Models with three types of mixed implants
The von Mises stress distribution and displacement of 
the three healed FNF models with BCD internal fixa-
tion types were essentially identical to the three heal-
ing models with three CSs. The maximum von Mises 
stresses were 66.99 MPa, 64.61 MPa, and 65.94 MPa; and 
the maximum displacements were 2.49  mm, 2.56  mm, 
and 2.49 mm, respectively (Fig. 9). The stress of internal 
fixation for the three healing models were different com-
pared to those of the fracture models. The maximum 
stress on the internal fixation in all healed models was all 
located in the lower implant.

Discussion
The bone is a living organ that is reconstructed and 
shaped for its load capacity to meet the need of an exter-
nal mechanical environment [36]. The spatial distribu-
tion of bone trabeculae within the femoral head is closely 
related to mechanical adaptation, which originated from 
the observation that the orientation of principal stresses 
matches the alignment of the cancellous bone micro-
architecture [37]. The long-term high stresses around the 
implants lead to the reactive growth of bone trabecula 
in this region. However, when an increase in bone mass 
does not compensate for long-term high stress stimulus, 
bone reconstruction is hindered. This is why the growth 
in the screw paths stops for many years after internal 
fixation treatment. Vesterrnark et  al. [38] found a char-
acteristic bony structure, the sclerotic bone rim (SB rim), 
which isolates the implants from the marrow cavity in 
revision surgery for failed hip replacement. After remov-
ing the internal fixation, the osteogenic substance can-
not pass through this structure, further preventing bone 
growth in the screw paths. The sclerotic area is a partial 
biological response to the foreign body of the implants. 
In this paper, we used a 3D printer and sintering process 
to create 3D porous BNs with manageable internal pores 
and excellent HA layer deposition sedimentary capabili-
ties. The degradation properties of the BNs were matched 
with the growth rate of the regenerated bone tissue. The 
modified bilayer printing technique increases the size of 
the lateral pores and accelerates new bone grow.

If the changes observed in bone density in the long-
term after FNF are interpreted in terms of biomechanical 

Fig. 8  Finite element results of the healing model before and after removal of the implants (A) stress distribution of the femoral neck fracture 
healing model with three CSs, B the stress distribution of the implants in A, C stress distribution of the the healing model, D the displacement 
of the femoral neck fracture healing model with three CSs, E displacement of the implants in D; F displacement of the the healing model
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properties, it is clear that these changes are due to a dif-
ferent load transfer in the healthy femur compared to the 
implanted model. The goal of internal fixation treatment 
is to achieve a physiological transfer from the femoral 
head to the metaphyseal cortex as in the original load 
femur to avoid stress shielding. Clinical treatment advo-
cates the use of CSs with high stiffness and modulus of 
elasticity for fixation of the fracture, providing a stable 
mechanical environment for the bone in the short-term 
and preventing reinjury. However, because the stiffness of 
the CS is greater than the stiffness of the bone tissue and 
the stress distribution in the proximal femur is greatly 
reduced during stance, there is a loss of bone mass. In the 
later stages of fracture recovery, bone tissue can become 
osteoporotic due to insufficient mechanical stimulation 
and is often prone to re-fracture [39–41]. The longer the 
fixation, the worse the mechanical properties of the bone.

While the advantages of screw path implants in 
mechanics have been mentioned above, a study demon-
strated that the presentation of a sclerotic region around 
the screw path increases the risk of femoral head col-
lapse due to stress concentration and prevents sclerosis 
formation from becoming critical [13]. We believe that 
the clinical outcomes of the patients can be improved 
by selecting appropriate implant materials and optimiz-
ing surgical procedures. Thus, the mechanical properties 
of nails made of this new material were also investigated 
in this study. From the section of fracture model with B 
internal fixation, implants assumed a relatively small 

amount of stress, that is, about half the stress of the 
model with three CSs. Compared to the sliding hip screw 
(SHS) internal fixation system, prior studies showed that 
the use of bioceramic nails has resulted in a more uni-
form stress distribution in the overall femoral model, 
according to previous studies [42]. We assumed that this 
is because the modulus of elasticity of BN is only 9 GPa 
while the coefficient of friction is relatively high. The 
stress distributed in cancellous bone is relatively uniform, 
which can reduce the stress shielding and enable osteo-
genic reconstruction in response to stress. Moreover, 
bioceramic composite nails gradually degrade and are 
replaced by bone tissue over time. The mechanical sup-
port of nails gradually diminishes, reducing the biological 
response of the cancellous bone to the CS foreign body. 
These factors prevent osteoporosis and the formation of 
sclerosis. Ultimately, it is possible to reduce the occur-
rence of osteonecrosis and collapse of the femoral head. 
Additionally, from the sections of fracture models with 
A and B internal fixations for implants, it seems that the 
maximum bearing position is not always on the same 
implant, and the position has to be considered depending 
on implant characteristics.

After FNF, the ideal relationship of the fracture ends is 
that they should achieve anatomical reduction (i.e., good 
alignment of the fracture and restoration of the original 
anatomical position). In fact, the main reason why many 
surgeons do not remove internal fixation is that they do 
not want to disrupt the blood supply to the femoral head, 

Fig. 9  The finite element result of femoral neck fracture healing models with four types of internal fixations. A stress distribution and displacement 
of the femoral neck fracture healing model with two CSs and one bioceramic nail and the implants of the models, (B) stress distribution 
and displacement of the femoral neck fracture healing model with one CS and two bioceramic nails and the implants of the models, (C) stress 
distribution and displacement of the femoral neck fracture healing model with three bioceramic nails and the implants of the models
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which increases the possibility of necrosis and collapse. 
It is clear from section of fracture models that traditional 
CS fixation has an unstable alignment of the fracture end 
and has a large displacement, which tends to disrupt the 
blood supply to the femoral head. Regardless of whether 
the BNs are used alone or in combination with CSs, the 
entire displacement is considerably less than that of frac-
ture model with A internal fixation. Therefore, it is more 
advantageous to use BN in clinic setting.

In the first operative plan, where BNs are used dur-
ing surgical procedures for the treatment of fractures, 
a minimum of one CS must be left in place intraopera-
tively because of the immaturity of 3D printing of BNs, 
which cannot be used directly under pressure. This still 
carries the risk of peri-implant sclerosis, but compared 
to three CSs, this protocol significantly reduces the vol-
ume of sclerotic bone formed and its hazards. As CSs are 
gradually replaced with BNs, less stresses are placed on 
implants, and stresses become more uniform through-
out the proximal femur. Moreover, the maximum stresses 
on the entire femoral model were reduced by more than 
half as long as the BN is present. In the second operative 
plan of replacing the BNs after fracture healing, stress 
distribution in the models was similar for all four combi-
nations of internal fixation and the stresses in the inter-
nal fixation were low, again demonstrating that internal 
fixation can be removed after healing. In contrast to the 
results in the section of fracture models, the maximum 
stresses in the internal fixations in healed models were 
all located in the lower implant. After verifying that the 
mechanical effects of the four combinations of inter-
nal fixation are essentially the same, we determined that 
replacing all CSs with BNs after the healing of the FNF 
is the best approch to prevent sclerosis around the screw 
after FNF. This approach not only ensures the ability of 
internal fixation to take up stress after femoral neck frac-
ture without increasing the risk of endophytic failure, but 
also reduces the formation of sclerosis around CSs, and 
subsequently reduces the occurrence of femoral head 
necrosis.

Various biomaterials have been used as clinical bone 
implants made from numerous materials, including 
carbon fiber, titanium, and magnesium [43]. Several 
studies have reported that although the biomaterials 
used to produce implants provide adequate mechani-
cal support, there is no direct osseointegration between 
these materials and the host bone, and fibrous tissue 
forms between the host bone and the material [44]. Bio-
degraded magnesium alloys have been clinically used in 
hallux vaglus, wrist fracture, and FNF, and have shown 
good mechanical properties and biosafety [45]. Mg is 
a promising application for skeletal tissue engineering 
because of its important role in osteoblast adhesion 

[46], differentiation, proliferation, and bone minerali-
sation. It can also stimulate new bone formation [47]. 
Therefore, we proposed the ionic modification of 
silicates to balance their mechanical and biomedical 
properties.

Biodegradable bioactive materials are a prospective 
direction for orthopaedic internal fixation and have a 
very extensive range of applications. According to CT 
images, 3D models is reconstructed, and the clinical 
need for bone defect repair data is used as a guide to 
provide repair materials. This personalized repair mate-
rial has excellent mechanical properties, in  vitro bio-
activity, and in  vivo osteogenesis, providing excellent 
mechanical properties and good bioactivity for can-
cellous bone. In the practical condition of FNF repair, 
despite the inability of BNs to completely replace CSs, 
the combined application of CSs and BNs prevents 
bone sclerosis and retains sufficient mechanical support 
in the early stage of fracture healing. Additionally, it 
accelerates the bone growth of screw paths in the later 
stage of fracture healing, ultimately preventing femoral 
head necrosis or collapse. This study demonstrates the 
great potential of 3D printing in the personalized repair 
of bone defects, and lays the foundation for the subse-
quent manufacture of clinical artificial bone that meets 
individual needs of shape and performance. Owing to 
the limitations of 3D printing, the threads of the BN 
could not be built to imitate the screw-in surgical pro-
cedure of CS, which could be improved by transform-
ing the top structure of BN in the future. However, it is 
unclear whether these changes in implant and design in 
the biological body can help avoid stress shielding and 
achieve better transfer of load to the proximal femur. 
In addition, there are multiple ways by which CS can 
be configured for FNF, such as inverted triangle and 
posterior triangle, and the physiological load is under 
the gait cycle, which also requires additional and more 
refined biomechanical analysis.

Conclusion
In conclusion, after femoral neck fractures, models con-
taining BNs offer greater advantages than conventional 
CSs in that the stresses are distributed and more uni-
form and that the displacement of the fracture end is 
decreased. However, the combination of BNs with CSs 
is more clinically realistic as BNs cannot be used directly 
under pressure. This combination also limits the inci-
dence of sclerosis to a certain extent; replacing all inter-
nal fixation with a BN after healing of the femoral neck 
fracture would solve the problem of sclerosis around 
the CS and improve bone reconstruction through its 
bioactivity.



Page 11 of 12Liu et al. BMC Musculoskeletal Disorders          (2023) 24:569 	

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12891-​023-​06677-3.

Additional file 1: Supplementary Figure 1. Results of modulus of elas-
ticity measurements onbioceramic nails.

Acknowledgements
Not applicable .

Authors’ contributions
Yang Liu participated in the design of the study and drafted, and revised 
the manuscript. Yugang Xing and Wenming Yang helped extract cancel-
lous bone specimens and assisted with statistical analysis. Xiaogang Wu 
extracted ct and reconstructed the femur model. Yang Liu and Yongsheng 
Ma subjected the proximal femur to finite element analysis. Qitai Lin assisted 
in measuring the modulus of elasticity of the cancellous bone specimens. 
Pengcui Li helped to revise the manuscript and performed the statistical 
analysis. Huifeng Shao and Yong He analyzed the article data and provided 
guidance on the analysis of bioceramic nail materials. Wangping Duan and 
Xiaochun Wei conceived the study, participated in its design and coordina-
tion, and helped to draft the manuscript. Huifeng Shao is also the corre-
sponding author of this manuscript. All authors read and approved the final 
manuscript.

Funding
This study is supported by the Key R&D program of Shanxi Province (Interna-
tional Cooperation, 201903D421019), the National Natural Science Foundation 
of China (51805475) and the Central Government Guides Local Science and 
Technology Development Funds (Grant No. YDZJSX2022B011).

Availability of data and materials
The datasets used and/or analyzed during the current study available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study was performed in line with the principles of the Declaration of 
Helsinki. Approval was granted by the Ethics Committee of Shanxi Medical 
University.  All methods were carried out in accordance with relevant 
guidelines and regulations that is Declaration of Helsinki. Informed 
consent was obtained from all subjects and/or their legal guardian(s). 
Informed consent was obtained from all individual participants included 
in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Orthopaedics, Second Hospital of Shanxi Medical University, 
Shanxi Key Laboratory of Bone and Soft Tissue Injury Repair, No. 382, Wuyi 
Road, 030001 Taiyuan, China. 2 School of Mechanical Engineering, Hangzhou 
Dianzi University, Hangzhou 310018, China. 3 Key Laboratory of 3D Printing 
Process and Equipment of Zhejiang Province, School of Mechanical Engineer-
ing, Zhejiang University, Hangzhou 310027, China. 4 Institute of Biomedical 
Engineering, College of biomedical Engineering, Taiyuan University of Technol-
ogy, Taiyuan 030024, China. 

Received: 12 May 2023   Accepted: 29 June 2023

References
	1.	 Abrahamsen B, van Staa T, Ariely R, Olson M, Cooper C. Excess mortality 

following hip fracture: a systematic epidemiological review. Osteoporos 
Int. 2009;20(10):1633–50.

	2.	 Roche JJ, Wenn RT, Sahota O, Moran CG. Effect of comorbidities and post-
operative complications on mortality after hip fracture in elderly people: 
prospective observational cohort study. BMJ. 2005;331(7529):1374.

	3.	 Klop C, Welsing PM, Cooper C, Harvey NC, Elders PJ, Bijlsma JW, Leufkens 
HG, de Vries F. Mortality in British hip fracture patients, 2000–2010: a 
population-based retrospective cohort study. Bone. 2014;66:171–7.

	4.	 Röderer G, Moll S, Gebhard F, Claes L, Krischak G. Side plate fixation 
vs. intramedullary nailing in an unstable medial femoral neck fracture 
model: a comparative biomechanical study. Clin Biomech (Bristol Avon). 
2011;26(2):141–6.

	5.	 Chantarapanich N, Jitprapaikulsarn S, Mahaisavariya B, Mahaisavariya C. 
Comparative biomechanical performance of two configurations of screw 
constructs and types used to stabilize different sites of unstable Pauwels 
type II femoral neck fractures: a finite element analysis. Med Eng Phys. 
2022;107: 103856.

	6.	 Tianye L, Peng Y, Jingli X, QiuShi W, GuangQuan Z, Wei H, Qingwen Z. 
Finite element analysis of different internal fixation methods for the treat-
ment of Pauwels type III femoral neck fracture. Biomed Pharmacother. 
2019;112:108658.

	7.	 Zhao G, Liu M, Li B, Sun H, Wei B. Clinical observation and finite element 
analysis of cannulated screw internal fixation in the treatment of femoral 
neck fracture based on different reduction quality. J Orthop Surg Res. 
2021;16(1):450.

	8.	 Siavashi B, Aalirezaei A, Moosavi M, Golbakhsh MR, Savadkoohi D, Zehtab 
MJ. A comparative study between multiple cannulated screws and 
dynamic hip screw for fixation of femoral neck fracture in adults. Int 
Orthop. 2015;39(10):2069–71.

	9.	 Rupprecht M, Grossterlinden L, Ruecker AH, de Oliveira AN, Sellenschloh 
K, Nüchtern J, Püschel K, Morlock M, Rueger JM, Lehmann W. A compara-
tive biomechanical analysis of fixation devices for unstable femoral neck 
fractures: the intertan versus cannulated screws or a dynamic hip screw. J 
Trauma. 2011;71(3):625–34.

	10.	 Berkes MB, Little MT, Lazaro LE, Cymerman RM, Helfet DL, Lorich DG. 
Catastrophic failure after open reduction internal fixation of femoral 
neck fractures with a novel locking plate implant. J Orthop Trauma. 
2012;26(10):e170-176.

	11.	 Stockton D, O’Hara L, O’Hara N, Lefaivre K, O’Brien P, Slobogean G. High 
rate of reoperation and conversion to total hip arthroplasty after internal 
fixation of young femoral neck fractures: a population-based study of 796 
patients. Acta Orthop. 2019;90(1):21–5.

	12.	 Kakar S, Tornetta P 3, Schemitsch EH, Swiontkowski MF, Koval K, Hanson 
BP, Jönsson A, Bhandari M. Technical considerations in the operative 
management of femoral neck fractures in elderly patients: a multinational 
survey. J Trauma. 2007;63(3):641–6.

	13.	 Liu Y, Liang H, Zhou X, Song W, Shao H, He Y, Yang Y, Guo L, Li P, Wei X, 
et al. Micro-Computed Tomography analysis of femoral Head Necrosis 
after Long-Term Internal fixation for femoral Neck fracture. Orthop Surg. 
2022;14(6):1186–92.

	14.	 Liu A, Xue G, Sun M, Shao H, Ma C, Gao Q, Gou Z, Yan S, Liu Y, He Y. 3D 
Printing Surgical Implants at the clinic: a experimental study on Anterior 
Cruciate Ligament Reconstruction. Sci Rep. 2016;6:21704.

	15.	 Einhorn T, Gerstenfeld L. Fracture healing: mechanisms and interventions. 
Nat Rev Rheumatol. 2015;11(1):45–54.

	16.	 Zlowodzki M, Ayeni O, Petrisor BA, Bhandari M. Femoral neck shortening 
after fracture fixation with multiple cancellous screws: incidence and 
effect on function. J Trauma. 2008;64(1):163–9.

	17.	 Freitas A, Torres GM, Souza AC, Maciel RA, Souto DR, Ferreira GN. Analysis 
on the mechanical resistance of fixation of femoral neck fractures in 
synthetic bone, using the dynamic hip system and an anti-rotation screw. 
Rev Bras Ortop. 2014;49(6):586–92.

	18.	 Shen M, Wang C, Chen H, Rui YF, Zhao S. An update on the Pauwels clas-
sification. J Orthop Surg Res. 2016;11(1):161.

https://doi.org/10.1186/s12891-023-06677-3
https://doi.org/10.1186/s12891-023-06677-3


Page 12 of 12Liu et al. BMC Musculoskeletal Disorders          (2023) 24:569 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	19.	 Cha YH, Yoo JI, Hwang SY, Kim KJ, Kim HY, Choy WS, Hwang SC. Biome-
chanical evaluation of internal fixation of Pauwels type III femoral neck 
fractures: a systematic review of various fixation methods. Clin Orthop 
Surg. 2019;11(1):1–14.

	20.	 Collinge C, Mir H, Reddix R. Fracture morphology of high shear angle 
“vertical” femoral neck fractures in young adult patients. J Orthop Trauma. 
2014;28(5):270–5.

	21.	 Driscoll M. The impact of the finite element method on medical device 
design. J Med Biol Eng. 2018;39(2):1–2.

	22.	 Taylor M, Prendergast PJ. Four decades of finite element analysis of 
orthopaedic devices: where are we now and what are the opportunities? 
J Biomech. 2015;48(5):767–78.

	23.	 Shao H, Yang X, He Y, Fu J, Liu L, Ma L, Zhang L, Yang G, Gao C, Gou Z. 
Bioactive glass-reinforced bioceramic ink writing scaffolds: sintering, 
microstructure and mechanical behavior. Biofabrication. 2015;7(3): 
035010.

	24.	 Sun M, Liu A, Shao H, Yang X, Ma C, Yan S, Liu Y, He Y, Gou Z. Systemati-
cal evaluation of mechanically strong 3D printed diluted magnesium 
Doping Wollastonite Scaffolds on osteogenic capacity in rabbit calvarial 
defects. Sci Rep. 2016;6: 34029.

	25.	 Shao H, Ke X, Liu A, Sun M, He Y, Yang X, Fu J, Liu Y, Zhang L, Yang G, 
et al. Bone regeneration in 3D printing bioactive ceramic scaffolds with 
improved tissue/material interface pore architecture in thin-wall bone 
defect. Biofabrication. 2017;9(2):025003.

	26.	 Bozkurt C, Şenköylü A, Aktaş E, Sarıkaya B, Sipahioğlu S, Gürbüz R, Timuçin 
M. Biomechanical evaluation of a Novel Apatite-Wollastonite ceramic 
cage design for lumbar Interbody Fusion: a finite element Model Study. 
Biomed Res Int. 2018;2018:4152543.

	27.	 Li J, Zhao Z, Yin P, Zhang L, Tang P. Comparison of three different internal 
fixation implants in treatment of femoral neck fracture-a finite element 
analysis. J Orthop Surg Res. 2019;14(1):76.

	28.	 Giordano V, Paes RP, Alves DD, Amaral AB, Belangero WD, Giordano M, 
Freitas A, Koch HA. Stability of L-shaped and inverted triangle fixation 
assemblies in treating Pauwels type II femoral neck fracture: a compara-
tive mechanical study. Eur J Orthop Surg Traumatol. 2018;28(7):1359–67.

	29.	 Samsami S, Saberi S, Sadighi S, Rouhi G. Comparison of three fixation 
methods for femoral Neck fracture in young adults: Experimental and 
Numerical Investigations. J Med Biol Eng. 2015;35(5):566–79.

	30.	 Macleod AR, Rose H, Gill HS. A validated open-source multi-
solver fourth-generation composite femur model. J Biomech Eng. 
2016;138(12):124501.

	31.	 Mei J, Liu S, Jia G, Cui X, Jiang C, Ou Y. Finite element analysis of the effect 
of cannulated screw placement and drilling frequency on femoral neck 
fracture fixation. Injury. 2014;45(12):2045–50.

	32.	 Zhou L, Lin J, Huang A, Gan W, Zhai X, Sun K, Huang S, Li Z. Modified 
cannulated screw fixation in the treatment of Pauwels type III femoral 
neck fractures: a biomechanical study. Clin Biomech (Bristol Avon). 
2020;74:103–10.

	33.	 Chen WP, Tai CL, Shih CH, Hsieh PH, Leou MC, Lee MS. Selection of 
fixation devices in proximal femur rotational osteotomy: clinical 
complications and finite element analysis. Clin Biomech (Bristol Avon). 
2004;19(3):255–62.

	34.	 Taheri NS, Blicblau AS, Singh M. Comparative study of two materials for 
dynamic hip screw during fall and gait loading: titanium alloy and stain-
less steel. J Orthop Sci. 2011;16(6):805–13.

	35.	 Sitthiseripratip K, Van Oosterwyck H, Vander Sloten J, Mahaisavariya B, 
Bohez EL, Suwanprateeb J, Van Audekercke R, Oris P. Finite element study 
of trochanteric gamma nail for trochanteric fracture. Med Eng Phys. 
2003;25(2):99–106.

	36.	 Ma X, Fu X, Ma J, Bao D, Shen M, Zhi B. Finite element study on spatial 
distribution and mechanical properties of cancellous bone from femoral 
head. Yi Yong Sheng Wu Li Xue. 2010;25(06):465–70.

	37.	 Skerry TM. One mechanostat or many? Modifications of the site-specific 
response of bone to mechanical loading by nature and nurture. J Muscu-
loskel Neuronal Interact. 2006;6(2):122–7.

	38.	 Vestermark MT, Bechtold JE, Swider P, Søballe K. Mechanical interface 
conditions affect morphology and cellular activity of sclerotic bone 
rims forming around experimental loaded implants. J Orthop Res. 
2004;22(3):647–52.

	39.	 Hanson B, van der Werken C, Stengel D. Surgeons’ beliefs and percep-
tions about removal of orthopaedic implants. BMC Musculoskelet Disord. 
2008;9:73.

	40.	 Eberle S, Wutte C, Bauer C, von Oldenburg G, Augat P. Should extramed-
ullary fixations for hip fractures be removed after bone union? Clin 
Biomech (Bristol Avon). 2011;26(4):410–4.

	41.	 Vos D, Hanson B, Verhofstad M. Implant removal of osteosynthesis: the 
dutch practice. Results of a survey. J Trauma Manag Outcomes. 2012;6(1): 
6.

	42.	 Hrubina M, Horak Z, Skotak M, Letocha J, Baca V, Dzupa V. Assessment of 
complications depending on the sliding screw position - finite element 
method analysis. Bratisl Lek Listy. 2015;116(5):302–10.

	43.	 Huang S, Wang B, Zhang X, Lu F, Wang Z, Tian S, Li D, Yang J, Cao F, Cheng 
L, et al. High-purity weight-bearing magnesium screw: translational appli-
cation in the healing of femoral neck fracture. Biomaterials. 2020;238: 
119829.

	44.	 Hojo Y, Kotani Y, Ito M, Abumi K, Kadosawa T, Shikinami Y, Minami A. A 
biomechanical and histological evaluation of a bioresorbable lumbar 
interbody fusion cage. Biomaterials. 2005;26(15):2643–51.

	45.	 Chen Y, Hung F, Lin Y, Lin C. Biodegradation ZK50 magnesium alloy com-
pression screws: mechanical properties, biodegradable characteristics 
and implant test. J Orthop Sci. 2020;25(6):1107–15.

	46.	 Zreiqat H, Howlett C, Zannettino A, Evans P, Schulze-Tanzil G, Knabe C, 
Shakibaei M. Mechanisms of magnesium-stimulated adhesion of osteo-
blastic cells to commonly used orthopaedic implants. J Biomed Mater 
Res. 2002;62(2):175–84.

	47.	 Rude R, Gruber H, Norton H, Wei L, Frausto A, Kilburn J. Reduction of 
dietary magnesium by only 50% in the rat disrupts bone and mineral 
metabolism. Osteoporos Int. 2006;17(7):1022–32.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Prevention of sclerosis around cannulated screw after treatment of femoral neck fractures with bioceramic nails: a finite element analysis
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Production of bioceramic nails
	FEA of the Pauwell III-type FNF

	Results
	The results of ceramic powders and BN
	The results of fracture models
	Healing models with and without three CSs
	Models with three types of mixed implants

	Discussion
	Conclusion
	Anchor 18
	Acknowledgements
	References


