
CLINICAL ARTICLE

Titanium Alloy Gamma Nail versus
Biodegradable Magnesium Alloy Bionic Gamma

Nail for Treating Intertrochanteric Fractures: A Finite
Element Analysis
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Objective: To using finite element analysis to investigate the effects of the traditional titanium alloy Gamma nail and
a biodegradable magnesium alloy bionic Gamma nail for treating intertrochanteric fractures.

Methods: Computed tomography images of an adult male volunteer of appropriate age and in good physical condition
were used to establish a three-dimensional model of the proximal femur. Then, a model of a type 31A1 inter-
trochanteric fracture of the proximal femur was established, and the traditional titanium alloy Gamma nails and biode-
gradable magnesium alloy bionic Gamma nails were used for fixation, respectively. The von Mises stress, the
maximum principal stress, and the minimum principal stress were calculated to evaluate the effect of bone ingrowth
on stress distribution of the proximal femur after fixation.

Results: In the intact model, the maximum stress was 5.8 MPa, the minimum stress was −11.7 MPa, and the von Mises stress
was 11.4 MPa. The maximum principal stress distribution of the cancellous bone in the intact model appears in a position consis-
tent with the growth direction of the principal and secondary tensile zones. After traditional Gamma nail healing, the maximum
stress was 32 MPa, the minimum stress was −23.5 MPa, and the von Mises stress was 31.3 MPa. The stress concentration
was quite obvious compared with the intact model. It was assumed that the nail would biodegrade completely within 12 months
postoperatively. The maximum stress was 18.7 MPa, the minimum stress was −12.6 MPa, and the von Mises stress was 14.0
MPa. For the minimum principal stress, the region of minimum stress value less than −10 MPa was significantly improved com-
pared with the traditional titanium alloy Gamma nail models. Meanwhile, the stress distribution of the bionic Gamma nail model in
the proximal femur was closer to that of the intact bone, which significantly reduced the stress concentration of the implant.

Conclusion: The biodegradable magnesium alloy bionic Gamma nail implant can improve the stress distribution of
fractured bone close to that of intact bone while reducing the risk of postoperative complications associated with tradi-
tional internal fixation techniques, and it has promising clinical value in the future.
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Introduction

Hip fractures are common in the elderly. It is estimated
that in 2050, there will be 6.3 million hip fractures

worldwide, with approximately 90% occurring in people
above 65 years of age and approximately 50% being inter-
trochanteric fractures1–4. Intertrochanteric fractures account
for approximately 3.40% of all fractures in adults and are
associated with the risk of many complications and even
death5–9. The intertrochanteric fracture-related mortality rate
is as high as 30% in the first 12 months after injury, espe-
cially in the elderly with limited mobility10. Therefore, it is
an important task for orthopaedic trauma surgeons to study
the causes, mechanisms, and methods of internal fixation of
intertrochanteric fractures to improve the therapeutic effects
and reduce complications.

Currently, patients with intertrochanteric fractures are
mainly treated surgically. The commonly used instruments
in such surgeries include dynamic hip screws (DHS),
Gamma nails, and proximal femoral nail anti-rotation
(PFNA)11–13. The continuous advancement of internal fixa-
tion devices and surgical techniques has improved the thera-
peutic effect of intertrochanteric fractures. However,
implants can further destroy the trabecular bone structure
during the healing process. The trabecular bone is hindered
due to screw fixation and its continuity cannot be restored.
Even if the cortical bone has healed, the load on the femoral
head cannot be transmitted as normal14. Therefore, local
stress concentration can occur, resulting in internal fixator

loosening, exiting, fracture nonunion, and other complica-
tions. The failure rate of DHS, Gamma nails, and PFNA fixa-
tion for intertrochanteric fractures ranges from 8% to
56%15–17. Horner et al.18 evaluated 644 patients who received
long or short Gamma nails for hip fractures and found that
9.8% of patients had surgical complications. Huang et al.19

used Gamma nails in 186 patients for surgical treatment, and
found that lag screws were more likely to come out in cases
of osteoporosis and premature loading. In addition, invasive
secondary surgery is often required to remove the internal
fixation material after the fracture has completely healed,
which not only results in more pain and clinical risks for the
patient but also increases the financial burden on patients.

Considering the limitations of the traditional Gamma
nail structure, we developed a biodegradable magnesium
alloy porous bionic Gamma nail (Fig. 1). The purpose of the
present study was to: (i) construct a three-dimensional
model of the proximal femur that simulated human reality;
(ii) compare the stress distribution of traditional titanium
alloy and magnesium alloy Gamma nail fixation for treat-
ment of intertrochanteric fractures using finite element anal-
ysis; and (iii) observe the efficiency of the biodegradable
magnesium alloy bionic Gamma nail for treating inter-
trochanteric fractures.

Materials and Methods

This study was reviewed and approved by the Institutional
Review Board of the Third Hospital of Hebei Medical

A B C

Fig. 1 Schematic diagram of bionic

holes with different diameters on

bionic Gamma nails and lag screws:

(A) small aperture, (B) medium

aperture, and (C) large aperture.
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University and conforms to the provisions of the Declaration
of Helsinki. Written informed consent was obtained from
the patient prior to the commencement of the study.

Establishment of the Gamma Nail Models
First, the traditional three-dimensional numerical model of
the Gamma nail was established (Fig. 2C), and then small
holes (Fig. 2D) were added to the lag screw of the Gamma
nail. This nail that we developed is characterized by a hollow
structure and many holes on the surface connected to the
internal space, with the purpose of allowing cancellous bone
for growth into the screw.

Establishment of the Finite Element Models of the
Proximal Femur
A 35-year-old male volunteer was selected and examined
with radiograph scanning to exclude deformity in his hip.
The volunteer stood at a height of 176 cm and weighed
65 kg. A three-dimensional solid proximal femur model was
constructed using human CT images for this analysis,
including cortical and cancellous bones. A model of a type
31A1 intertrochanteric fracture of the proximal femur was
established and fixed with traditional and bionic Gamma
nails, respectively (Fig. 3).

The three-dimensional numerical model was imported
into ANSYS Workbench 14.5 to establish the finite element
model. The intact femur model is shown in Fig. 2A. Bone
was defined based on linear elastic material properties.
Young’s modulus of cortical bone was 17 GPa, and that of
cancellous bone was 1.5 Gpa. Poisson’s ratio for both cortical
and cancellous bones was 0.320.

Young’s modulus of the traditional and the biodegrad-
able Gamma nail was 110 and 45 GPa, respectively, and
Poisson’s ratio was 0.316 (Table 1). All materials were
assumed to be homogeneous, isotropic, and to have linear
elastic behavior. The contact characteristics between the
screw and the cancellous bone and the cortical bone were
assumed to be fully bonding, and the contact surface of the
other parts was assumed to be frictional contact. The coeffi-
cient of friction was set at 0.321.

A B

C D

Fig. 2 (A) Meshed model of the proximal femur. (B) Loading was

modeled. (C) Model of traditional Gamma nails. (D) Model of bionic

Gamma nails.

A B

Fig. 3 A model of the type 31A1 intertrochanteric fracture of the proximal femur was established and implanted with the traditional Gamma nail

(A) and bionic Gamma nail (B).

1515
ORTHOPAEDIC SURGERY

VOLUME 13 • NUMBER 5 • JULY, 2021
A FINITE ELEMENT ANALYSIS



Assuming that the average weight of the patient was
750 N, the loading force acting on the femur constitutes the
load when the heel strikes during normal walking22.
Figure 2B shows the head load ({x, y, z} = {1492, 915,
−2925} N) and abductor force ({x, y, z} = {−1342, −832,
2055} N) (4.54 and 3.45 times body weight, respectively).
The lateral femur is in the positive x-axis direction, the pos-
terior femur is in the positive y-axis direction, and the proxi-
mal femur is in the positive z-axis direction.

Model Validation
To verify the proximal femur finite element model, a sample
of a normal proximal femur was selected for biomechanical
testing (Fig. 4). Nine marker points were selected to paste
strain gauge on solid specimens and then a 750 N load was
applied to the femur specimen to record the strain value of
marker points. The same loading conditions and boundary
conditions were applied for finite element analysis (Fig. 5).
The results of the biomechanical test and finite element anal-
ysis were compared to validate the finite element model
(Table 2).

The three-dimensional solid model of the proximal
femur used in this analysis was established with human CT
images and validated in our previous study23. In addition,
the von Mises stress on the cancellous and cortical bone in
the intact femur was tested to analyze the mesh convergence
and validate the model in this study. The convergence crite-
rion used was a change less than 5% (Fig. 6), under a loading
of 750 N, as shown in Fig. 2B. The final model had 62,374
elements (22,137 elements in cortical bone and 40,237 ele-
ments in cancellous bone, respectively).

TABLE 1 Material properties of all modes in this study

Model Materials Young’s modulus (GPa) Poisson’s ratio

Cortical bone Cortical bone 17 0.3
Cancellous Cancellous bone 1.5 0.3
Traditional Gamma nail Ti6Al4V 110 0.316
Biodegradable Gamma nail Mg alloy 45 0.316
Biodegradable Gamma nail (PO 12 months) Mg alloy 9 0.316

Note: PO, postoperative.

Fig. 4 A sample of a normal proximal femur was selected for a

biomechanical test. Nine marker points were selected to paste strain

gauge on the solid specimen, and then 750 N load was applied to the

femur specimen to record the strain value of the marker points.

Fig. 5 The same loading conditions and boundary conditions were

applied for finite element analysis.
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Evaluation of Stress Distribution of Cancellous Bone in
Proximal Femur
We assumed that the fracture had fully healed and that
the contact conditions at the fracture surface were free of
slip and separation. Ingrowth of bone was considered
within the implant and through the holes. To compare the
stress path of the trabecular bone in the implanted model
and the intact model, the von Mises stress, the maximum
principal stress, and the minimum principal stress were
measured to evaluate the effect of bone ingrowth on the
stress distribution of the cancellous bone in the proximal
femur.

Results

Stress Distribution of Intact Bone
The distribution of the maximum principal stress of the
cancellous bone in the intact model was consistent with
the growth direction of primary and secondary tensile
zones (Fig. 7A). The maximum stress was 5.8 MPa, and
an area greater than 5 MPa was located under the greater
trochanter. The minimum stress value was −11.7 MPa
(Fig. 7B), with the stress area less than −10 MPa located
above the femoral head. The minimum principal stress
distribution of the finite element model was the same as
that of the principal pressure zone of the trabecular bone.
The von Mises stress distribution of the intact model
with maximum stress was 11.4 MPa (Fig. 7C).

Stress Distribution of the Traditional Gamma
Nail Model
Figure 6 shows the distribution of the maximum principal
stress, the minimum principal stress, and the von Mises stress
after traditional Gamma nail healing. Comparing the maximum
principal stress of the traditional Gamma nail (Fig. 8A) with
the intact model (Fig. 7A), we found that the maximum stress
was 32 MPa (more than 5 MPa), located at the junction of the
anti-rotation screw and the main screw. While the minimum
stress was −23.5 MPa, the area with a minimum stress value
less than −10 MPa was located at the junction of anti-rotation
screws and bolts and above the screw teeth. The von Mises
stress distribution of the intact model with maximum stress
was 31.3 MPa; the stress concentration was quite obvious com-
pared with the intact model.

Stress Distribution of the Biodegradable Magnesium
Alloy Bionic Gamma Nail Fixation Model
Figure 9 shows the maximum principal stress, the minimum
principal stress, and the von Mises stress distributions for the
biodegradable magnesium alloy bionic Gamma screw fixation
model at 12 months after bone healing, assuming an 80%
reduction in Young’s modulus of implants (9 GPa). The maxi-
mum stress was 18.7 MPa, the minimum stress was −12.6
MPa, and the von Mises stress was 14 MPa, respectively. In the
minimum principal stress, the region of minimum stress value
less than −10 MPa was significantly improved compared with
the traditional titanium alloy Gamma nail models. The mini-
mum stress distribution of cancellous bone in the stress zone
was close to that of intact bone due to decreased implant stiff-
ness. In addition, compared with the traditional Gamma nails,
the overall stress distribution of the biomimetic implant was
closer to that of the complete bone, which significantly reduced
the stress concentration of the implant.

Discussion

Role of Trabecular Bone at the Proximal Femur
The proximal femur has a truss structure composed of com-
pressive trabecular bone, tensile trabecular bone, and
calcar24–26. Due to the special anatomical structure, the body
load is transmitted downward through the femoral head,
resulting in a large bending moment. The proximal femoral
intramedullary trabecular system can transform the bending
moment, passing through the femoral head to the upper
femur, making load bearing evenly distributed to the cortical
bone. Finite element analysis based on μCT shows that tra-
becular bone bears 40%–70% of mechanical stress in the

TABLE 2 The strain values of the biomechanical test and finite element analysis (×10−3)

Maker point a b c d e f g h i

Finite element analysis 4.24 0.02 0.04 1.40 6.53 2.40 5.02 2.52 2.97
Biomechanical test 4.43 0.02 0.04 1.53 6.82 2.75 5.27 2.45 2.67

Fig. 6 The von Mises stress on the cancellous and cortical bone of the

intact femur was tested to analyze the mesh convergence and validate

the model.
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femoral neck27. However, trabecular bone has an important
“initial action” in the process of intertrochanteric fractures.
The reduction of trabeculae and the decrease of bone density
are important causes of intertrochanteric fractures in elderly
patients28. Keaveny et al.29 found that when the mechanical
load is too high, tissue-level damage begins in the trabecular
bone. Local high stress first causes part of the trabecular
bone to break, which, in turn, causes the trabecular mesh-
work to break, and, finally, the cortical bone breaks (frac-
ture). Therefore, reconstruction of the trabecular bone
during fracture healing is essential to restore the mechanical
support and conduction properties of the proximal femur.

Influence of Internal Fixation Device on
Trabecular Bone
Although the commonly used internal fixation devices achieve
good fixation, they have no function to protect and restore the
trabecular bone. In addition to the damage to trabecular bone

caused by fractures, internal fixation implants also destroy the
main pressure, tension, and structure of the trabecular bone of
the femoral moment and cause bone mass loss during their
implanting process. Therefore, the “stress shielding” and
volume-occupying effect at the late healing stage will hinder the
reconstruction of trabecular bone, and its continuity cannot be
restored, affecting the quality of healing14. Under the principle
of biomechanics, the present study proposes a degradable mag-
nesium alloy bionic Gamma nail system, whose main purpose
is to reduce the rigidity of the implant, provide suitable condi-
tions for the ingrowth of cancellous bone through the bionic
hole, restore the original trabecular structures, and promote
cortical-cancellous biphasic healing and restore mechanical sup-
port and conduction properties.

Advantages of Degradable Magnesium Alloys
In this study, the finite element model was used to compare
the stress distribution of traditional titanium alloy Gamma

A B C

Fig. 7 Maximum principal stress distribution (A), minimum principal stress distribution (B), and von Mises stress distribution (C) of the intact bone.

A B C

Fig. 8 Maximum principal stress distribution (A), minimum principal stress distribution (B), and von Mises stress distribution (C) of the proximal

femur model implanted with traditional Gamma nail.
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nails and biodegradable magnesium alloy bionic Gamma
nails. Our results showed that traditional titanium alloy
Gamma nails change the stress distribution of the proximal
femoral cancellous bone as compared with the intact model.
The main reason is that high implant stiffness transmits the
stress from the bone to the screw, which increases the stress
shielding effect of the bone. However, compared with tradi-
tional metal materials, using biodegradable materials can sig-
nificantly reduce stress concentration. One reason may be
that the process of material degradation will reduce the stiff-
ness of the implants and reduce the high stress value of the
implant junction23. Tsuang et al.30 used biodegradable mate-
rials for posterior spinal fixation; the results showed that
when the material degenerated, the same load would increase
the deformation of the rod body and reduce the stress con-
centration. The present study also found that with the degra-
dation of the magnesium alloy, the stress distribution in the
proximal femur became closer to that of the intact bone.

Role of Magnesium Alloy in Orthopaedics
Metal materials play an important role in orthopaedic repair
and reconstruction. At present, most implants are made of
titanium alloy or other metal materials31, whose elastic mod-
ulus does not match the elastic modulus of normal human
bones. A higher elastic modulus will produce a stress
shielding effect during fracture healing. Long-term implanta-
tion will reduce the surrounding bone density, which is not
conducive to fracture healing32, and it is difficult to remove
after bone healing. As an implant material with great poten-
tial, magnesium can overcome the shortcomings of existing
metal materials. The elastic modulus of magnesium is most
similar to that of human bones; therefore, using it can avoid
the influence of the stress shielding effect on the formation
and shaping of new bone33. In addition to the ability of mag-
nesium alloys to provide mechanical stability, the degrada-
tion of Mg2+ also contributes to bone regeneration34,35. The

biodegraded magnesium material can be dissolved after
healing without the need for a second surgery to remove the
implant, thereby avoiding additional surgical trauma. These
characteristics make magnesium alloys an ideal bone implant
material. However, the problems of rapid degradation of
magnesium alloys and gas production can lead to the failure
of internal fixation36. However, the corrosion resistance of
magnesium alloy materials has been greatly improved.
Therefore, implant materials now have good biocompatibility
and durable mechanical integrity in clinical orthopaedics37.

Limitations of the Study
Although our research revealed the biomechanical advan-
tages of bionic implants using finite element analysis, this
study does have limitations. First, the material properties of
cortical bone, cancellous bone, and implants are assumed to
be isotropic, linear elastic, and homogeneous, which may
lead to errors in the experimental results. Second, for biode-
gradable magnesium implants, we ignored the volume
change and assumed that the Young’s modulus decreases
with time. In addition, only one type of intertrochanteric
fracture was considered in our study.

Conclusion
With the biodegradable magnesium alloy bionic implant, the
stress distribution of the fractured bone is closer to the stress
distribution of the intact bone and the implant does not need
to be removed, thereby aiding in protecting the healing bone
and restoring the bone structure. Therefore, the biomimetic
Gamma nail system made of biodegradable magnesium alloy
has promising clinical value.
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A B C

Fig. 9 The maximum principal stress distribution (A), minimum principal stress distribution (B), and von Mises stress distribution (C) of the proximal

femur model at 12 months postoperatively with biodegradable Mg alloy bionic Gamma nail implanted.
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