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Abstract

Femoral fractures are frequent in adolescents and children, and most fractures occur within the centre of the bone, typically
referred to as the femur shaft. Plate and screws are ideal fixation methods for femoral fractures close to the articular sur-
faces. When using plates and screws, estimating the load on the plates and screws before starting treatment is important.
The primary focus of this paper is the examination of fixation plates utilized in the treatment of femur bone fractures. The
study employs the finite element method to conduct this analysis. Initial modelling of the femur bone is executed through
the utilization of CATIA V5 software. Subsequently, the investigation transitions to the ANSYS R14.5 environment, where
more in-depth analysis is carried out. The modelling of the fracture fixation plates is done on commercially available CAD
software CATIA V5. The stress distribution of different biomaterials in the bone plate system is calculated when the system
is subjected to compressive loads with varying healing times. Here we have used stainless steel (SS316-L), titanium alloy
(Ti6Al4V) and magnesium alloy (AZ31). More focus was given to the magnesium alloy. Here a fracture gap of 1mm gap
was taken for analysis. A comprehensive compressive force amounting to 750 N was applied to the bone-plate assembly
during the simulation. This force magnitude corresponds to the approximate weight of an average human body.
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1. Introduction at the fracture interface and (b) stability provided to the fractured

bone in terms of reduced motion at the fracture interface, and (c)
Biomechanics is the branch of science that uses mechanical Necessary and adequate stress shielding of bone at and away
principles concerning all forces acting on the human body and  from the fracture interface [2]. Studied ways to accurately pre-
the effects of the forces on the bone to analyse the biological  dict the strength and risk of fractures in femurs with metastases
system. It is a branch of science that deals with applying me-  using finite element modelling. However, there's a variety in the
chanical principles to biological things [1]. The biomechanical — material models, loading conditions, and critical thresholds used
elements that determine the rate of healing efficiency of a frac-  in these models [3]. Orthopaedic surgeons are finding it chal-
tured bone treated with plates and screws are given to the frac-  lenging to treat bone fractures resulting from accidents. To ad-
tured bone in the form of (a) the level of bone contact that occurs  dress this issue, screws and locking compression plates are used
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to externally stabilize fractured bones. In this study, we mod-
elled the femur bone, locking compression plate, and screws.
We then analysed the existing materials for joining plates using
different materials [4]. Bones serve as the body's main structural
support, protecting vital organs and giving us a sturdy frame for
movement. Studying bone mechanics helps us understand how
and why bones break. From an engineering perspective, frac-
tures happen when the force or pressure on a bone exceeds its
capacity to bear the load [5]. Bones are crucial tissues made of
calcium and phosphorus. They grow quickly in their early years
and repair themselves well. Bones are essential for the human
skeleton, providing support for the softer parts of the body.
When bones crack, a common way to treat them is by using bone
joints to reconnect the broken parts [6].

The term "femur bone™ pertains to a bone-like substance that
is synthesized within a laboratory setting. This material finds
application in bone graft procedures, serving as a replacement
for human bone loss resulting from conditions such as severe
fractures, illnesses, and related factors [6]. The femur bone
stands as the longest and most robust bone within the human
body, bridging the connection between the hip joint and the knee
joint. [7]. The femur bone contains a linear elastic, isotropic and
homogenous material of calcium phosphate. In the human body
during static loading, femur bone supports weight in between
the hip and knee joints. In femur mid shaft fracture is common
[8]. It fractures due to the sudden impact of a large amount of
force, for example accidents, fall from great height. In some
cases, due to osteoporosis small amounts of force can also frac-
ture the femur bone. To promote bone structure stabilisation,
various types of internal fixation devices like bone plates are
used [9]. The femur bone can bear 25% of the body weight of
the person’s height. It can bear 2 500 N force (which is 4 times
the body weight) without any significant change in the factor of
safety [10]. Figures 1 and 2 show the complete structure of the
femur bone and the cut section of the bone respectively. The
material properties of cortical and trabecular bone are shown in
Tables 1 and 2, respectively.
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Fig. 1. Femur bone. Fig. 2. Geometric view of femur bone.

Biomaterials are used in the manufacture of structures to re-
place broken or diseased biological structures or parts and re-
store their morphology and function. Biomaterials interact with
cells and exhibit stereotypical responses. Biomaterials have to
show bio-functionally and bio-compatibility properties. Biode-
gradable materials can get decomposed by the action of micro-
organisms such as bacteria. When considering biomedical uses,

the choice of a biodegradable material becomes a pivotal aspect.
This decision bears weight due to the material's density, me-
chanical characteristics, and rates of corrosion (biodegradation),
all of which notably influence both the implant plate's design
and its performance [11]. Over the span of the last six decades,
substantial progress has been made in the development of novel
materials characterized by excellent biocompatibility. This evo-
lution encompasses three distinct generations: the initial gener-
ation marked by bioinert materials, the subsequent generation
featuring bioactive and biodegradable materials, and the most
recent third generation characterized by biologically adaptive
materials [12].

Table 1. Material properties of cortical bone [19].

No. Parameters Value
1 Material Cortical bone
2 Elastic modulus 16 700 MPa
3 Density 1750 kg/m3
4 Poisson's ratio 0.26

Table 2. Material properties of trabecular bone [19].

No. Parameters Value

1 Material Trabecular bone
2 Elastic modulus 100 MPa

3 Density 1750 kg/m3
4 Poisson's ratio 0.3

A new era has dawned in the realm of developing implant
materials that are both corrosion-resistant and biodegradable,
tailored to harmonize with the physiological milieu. The imper-
ative is for these implant materials to satisfy specific mechanical
requisites, enabling them to effectively endure biomechanical
forces. Implant materials that were used in this study are tita-
nium alloy, stainless steel alloy and magnesium alloy. Research
says that the best-suited material for orthopaedic implants is
Magnesium alloy because of its biocompatibility, biodegrada-
bility, bioresorbable, closer density, Young modulus of bone
(E = 10-30 GPa), low-stress shielding effect, and light in
weight. The strain distribution of the callus generated between
the fractured surfaces was considered the main criterion in de-
termining the best bone plate performance. A connected study
by [8,13] found that a gap strain of 2% to 10% was effective in
creating and developing callus at the fracture site by stimulating
healing tissue. Callus is also known to develop dramatically
4-8 weeks after surgery, which is generally considered to be the
most important time for fracture healing [14—16]. The material
properties of callus are shown in Table 3.

Fracture fixation can also be accomplished through second-
ary-type healing via callus formation, which takes place when
new bone is produced at the location of the fracture site and its
porosity is reduced as it develops into a mature structure. In-
flammation, soft callus, hard callus, and bone remodelling are
the four steps that take place, and during each stage, the mechan-
ical stiffness and strength increase [17].
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Table 3. Material properties of callus [21].

No. Property Callus 1% Callus 50% Callus 100%
1 Density (kg/m?3) 1100 1500 1750
2 Elastic modulus 20 10 000 16 700
E (MPa)
3 Poisson’s ratio 0.3 0.3 0.3

Hence, it holds significance to offer the optimal gap or load
on the callus during this phase. Upon completion of an eight-
week healing interval, the callus reaches a state conducive to the
formation of solid bone, heightening the importance of stabiliz-
ing the fractured site. This study aimed to explore the biome-
chanical viability of bone plates constructed from diverse bio-
materials, aiming to establish an environment conducive to the
effective development of callus.

2. Method: finite element method

The finite element analysis is a practical implementation of the
finite element method, utilized to carry out detailed assessments
through this methodology. To check developed structural
stresses finite element analysis (FEA) is used. It also helps in
identifying high-stress zones in implant design. Solid models of
implant material such as bone plates and screws were created in
CATIA software. The completed assembly was transferred to
the ANSYS Workbench program for finite element analysis,
with the export facilitated through the utilization of CATIA V5
software.

The Finite Element Method is a numerical approach used to
get an approximate solution to problems such as boundary val-
ues using elliptical partial differential equations. Because the fi-
nite element approach transforms these elliptical partial differ-
ential equations into a set of algebraic equations, they are easily
solved. FEA additionally establishes a correlation between the
quantity of elements employed and the level of analytical accu-
racy achieved.

2.1. Selection of material and methodology

Biological internal fixation has no effect on early and complete
restoration of bone, limb and patient function, but recognition of
optimal requirements for bone healing is now preferred, with
stable performance and less rigid mechanics while still allowing
painless and reliable functional healing [13]. The biomaterials
that are selected for this study are:

e Magnesium Alloy (AZ31), Table 4,

e Titanium (Ti-6Al-4V Alloy), Table 5,

e Stainless steel (SS316L Alloy), Table 6.

Here Table 4 represents the material properties of Mg Alloy,
Table 5 represents the material properties of Ti-6Al-4V Alloy
and Table 6 represents the material properties of SS316-L Alloy,
respectively. Complete material properties along with the data
showing the elastic modulus, shear modulus, density, and Pois-
son’s ratio are represented in the tables below respectively.
These materials are selected based on their metal compatibility,
corrosion, strength and ductility.

Table 4. Material properties of Mg alloy [20].

No. Parameters Value

1 Material Mg Alloy (AZ31)
2 Elastic modulus 45 000 MPa
3 Density 1810 kg/m3
4 Poisson's ratio 0.35

5 Shear modulus 16.67 GPa

6 Ultimate tensile 260 MPa

strength

Table 5. Material properties of Ti-6Al-4V alloy [21].

No. Parameters Value

1 Material Ti-6Al-4V Alloy
2 Elastic modulus 120 000 MPa
3 Density 4 500 kg/m?
4 Poisson's ratio 0.32

5 Shear modulus 45 455 MPa
6 Ultimate tensile 397.2 MPa

strength

Table 6. Material properties of SS316-L alloy [18].

No. Parameters Value

1 Material SS316L Alloy
2 Elastic modulus 193 000 MPa
3 Density 7 750 kg/m?
4 Poisson's ratio 0.31

5 Shear modulus 73 664 MPa
6 Ultimate tensile 570 MPa

strength

Ti-6Al-4V is low-density material. So, it is used for implan-
tation. Because of this, the patient can move his/her leg easily
[18]. This alloy has excellent bio-compatibility and mechanical
properties. Compared to Ti-alloy stainless steel is more econom-
ical. It has poor fatigue strength. Magnesium alloy is biode-
gradable. It has a low shielding effect and is light in weight.

3. CFD modelling

Within the scope of the finite element simulation, the configu-
ration of the fractured long bone is portrayed as a pair of uniform
hollow cylindrical structures, each measuring 280 mm in length
and possessing an external diameter of 27 mm. Additionally,
solid cylindrical forms with a length of 280 mm and an internal
diameter of 13 mm are employed. For the analytical phase,
a straightforward transverse fracture pattern, classified as a low-
energy fracture, was chosen. The process encompassed the cre-
ation of bone and plate models through CATIA V5 software,
followed by the assembly of distinct components. The length of
the bone plates measures 145 mm, encompassing 8 holes, each
featuring a diameter of 4.5 mm. These plates are affixed to the
fractured bone using 8 implant alloy screws, each measuring 4.5
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mm in diameter and 31 mm in length [8]. Figure 3 shows the
geometry (3D models) of the femur bone, plates, and screw
which are made in the CATIA software.
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Fig. 3. CAD models of: (a) front view of femur bone with plate and
screw, (b) lower part of cortical femur, (c) upper part of cortical
femur, (d) bone plate, (e) screw.

Meshing: A mesh is defined as the process of dividing an entire
component into a set of elements so that the load is evenly dis-
tributed each time the component is loaded. This is called
a meshing. Components are analysed in two ways. One is
meshed and the other is without meshed.

With Meshing: When a load is applied to a structure or body
and the bodies are considered interlocked, the load is evenly dis-
tributed throughout the structure. After creating the mesh, the
entire structure is divided into several elements, each of which
has its stiffness under load.

Without Meshing: Applying loads to bodies in which mesh is
not created can result in uneven load distribution and irregular
or false results.

In our study, we used ANSYS Workbench R14.5 software
to generate a mesh of the femur assembly model, as shown in
Fig. 4. We used tetrahedral elements (5 mm) of the same size
and shape for the meshing [16,21,22].

Fig. 4. Meshed model.

3.1. Loading and boundary conditions

A comprehensive compressive force amounting to 750 N was
imposed on the cortical region of the femoral head within the
assembly. The opposing side of the bone was maintained as
a fixed support, resulting in a statically loaded model [20]. The
implant plate should exhibit homogeneity, maintaining con-
sistent mechanical and degradation characteristics throughout.
The loading conditions for the implant plate are contingent on
the two segments of the fractured bone. The fractured lower sec-
tion of the bone is regarded as anchored by the lower limbs
(legs). This signifies that one side of the lower segment can be
treated as fixed, secured in place with a screw. Conversely, the
upper part of the fractured bone is immobilized, and the upper
section of the plate is affixed with screws to withstand the ap-
plied load [11]. Figure 5 shows how the assembly is kept in
a fixed support from one end and Fig. 6 shows that a load is ap-
plied on the assembly from one end.

Fig. 5. Fixed support on assembly.

Fig. 6. Load on assembly.

4. Results and discussion

This investigation aimed to assess the levels of maximum and
minimum stress, as well as maximum and minimum strain and
deformation, resulting from the utilization of implants com-
posed of different materials in a male individual weighing 75 kg,
under standard anatomical conditions. The main fluctuations oc-
curring in callus, are 1% and 50%. 100% of the healing phase is
achieved with different implant materials and results for each
category are calculated. Initially, at around 1%, there is minimal
callus formation, characterized by soft fibrous tissue. As the
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healing progresses, typically peaking around 50%, the callus
transforms into a more rigid structure incorporating both carti-
lage and woven bone. This intermediate callus provides initial
stability to the fractured site. Finally, at 100% the callus under-
goes further remodelling, transitioning into mature, lamellar
bone. This phase ensures the restoration of strength and function
to the bone.

Here, the model was just statically loaded. The following
Figures show the response of the bone plate system for a 1 mm
gap compressive load using a variety of implant materials. Be-
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low Figs 7, 8 and 9 show the VVon Mises stress distributions on
the bone plate at 1%, 50%, and 100% callus for Ti-6Al-4V alloy.
Figures 1012 show the VVon Mises stress distributions on the
bone plate at 1%, 50%, and 100% callus for Mg AZ31 alloy.
Figures 13—15 show the Von Mises stress distributions on the
bone plate at 1%, 50%, and 100% callus SS316-L alloy. Figures
16-18 show the equivalent strain results for Ti-6Al-4V alloy,
Mg AZ31 alloy, and SS316-L alloy respectively. Figures 19-21
show the Total deformation results for Ti-6Al-4V alloy, Mg
AZ31 alloy, and SS316-L alloy respectively.

Fig. 7. Von Mises stress distributions on bone
plate at 1% callus for Ti-6Al-4V alloy.

Fig. 8. Von Mises stress distributions on bone
plate at 50% callus for Ti-6Al-4V alloy.

Fig. 9. Von Mises stress distributions on bone
plate at 100% callus for Ti-6Al-4V alloy.

Fig. 10. Von Mises stress distributions on bone
plate at 1%, callus for Mg AZ31 alloy.

Fig. 11. Von Mises stress distributions on bone
plate at 50%, callus for Mg AZ31 alloy.

Fig. 12. Von Mises stress distributions on bone
plate at 100%, callus for Mg AZ31 alloy.

LEYENT 11

Fig. 13. Von Mises stress distributions on bone
plate at 1% callus SS316-L alloy.

Fig. 14. Von Mises stress distributions on bone
plate at 50% callus SS316-L alloy.

Fig. 15. Von Mises stress distributions on bone
plate at 100% callus SS316-L alloy.
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Fig. 16. Equivalent strain results
for Ti-6Al-4V alloy.
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Fig. 17. Equivalent strain results
for Mg AZ31 alloy.

Fig. 18. Equivalent strain results
for SS316-L alloy.

Fig. 19. Total deformation results
for Ti-6Al-4V alloy.

Since the fracture zone is immature compared to normal
bone tissue, it is not possible to load the bone in the early stages
of healing, so the load-bearing part includes only the bone plate.
Callus has a low elastic modulus and cannot withstand the load.
Therefore, the tension of the bone plate is also relatively higher
in the magnesium plate. As the healing duration extends, the
fracture zone gains increased strength in contrast to its initial
healing phase, thus enabling enhanced load transmission to the
bone. During the 50% and 100% healing stages, supplementary
callus forms at the fracture junction, affording the bone greater
load-bearing capacity. Consequently, the bone and plate func-
tion as a composite material, leading to heightened stress levels
at the fracture location while concurrently alleviating stress on
the bone plate. Figure 22 shows the Graphical representation of
obtained stress results with different healing conditions using
the three different implant materials which are Mg (AZ31) alloy
SS316L alloy and Ti6Al-4V alloy.

In this study, the biomechanical performance of titanium al-
loys (Ti6AI4V), stainless steel (SS316L), and magnesium alloys
used to heal femoral fractures is investigated through finite ele-
ment analysis. The titanium alloy, stainless steel, and magne-
sium alloy implants are taken for analysis, various models of the
assembly are designed on CATIA software, and the analysis is
performed with Ansys R14.5. Previous studies have shown that
Magnesium alloys are used in the field of orthopaedics because
of their biodegradability, bioabsorbable, Young’s modulus of

Fig. 20. Total deformation results
for Mg AZ31 alloy.

Fig. 21. Total deformation results
for SS316-L alloy.

bone (E =10 GPa to 30 GPa), less stress shielding effect, and
light in weight. It can be seen from Table 7, that the minimum
stress that is obtained at various stages of callus formation is in
the magnesium alloy. From the results, it is clear that at 1% cal-
lus, the value of Von-misses stress of magnesium implant is
236.91 MPa at 50% callus is 36.295 MPa and at 100% callus
formation is 36.209 MPa. Therefore, if a fracture occurs in the
femoral shaft of the femur, the magnesium alloy plate has the
lowest stress compared to other implant materials and can be
healed early with a magnesium implant.

- Titanium
- Magnesium

- Stell

M B EC

1%calius

S0%callus 100%callus

Fig. 22. Graphical representation of obtained stress results
with different healing conditions.
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Table 7. Finite element analysis (FEA) results for different bone plate material at different healing conditions (1%, 50%,100% callus).

. Stress (MPa)
Name of materials

1% 50% 100%
Mg (AZ31) 236.91 36.259 36.209 0.23214
SS316L 310.92 91.828 91.529 0.12244
Ti6Al-4Vv 287.03 66.952 66.75 0.15242

Also, we can say that the stress rating of stainless steel
(SS316L) is maximum. Therefore, if a fracture occurs, the stress
generated by this implant is maximized at various stages of cal-
lus formation and should be avoided. This will take longer for
the bone to heal and one can use magnesium or titanium instead.
The other two implants are less than when using stainless steel.
This is because it leads to better early healing of the fractured
bone. And results of this analysis are then displayed in a graph
showing the changes in the callus of different implant materials
under load. By referring to the figures showing the values of the
stress as the load changes when different implant materials be-
ing used, the surgeon understands that a better and earlier heal-
ing process is achieved when the implant material is used.

5. Conclusions

The test results obtained here provide an insight into the stresses
achieved by varying the callus formation. More focus was paid
to the stresses on the bone plate assembly. From the results, it is
seen that the least stress is obtained in the bone plate assembly
of magnesium alloy as compared to other implants. At 100%
healing condition, the bone and plate act as a composite material
i.e. at 100% healing condition the scar tissue becomes strong
hence at the fracture zone it can bear a maximum load, which
means if at the callus zone, maximum load is being transferred
it means that at fracture zone also maximum stress takes place
and it is in a completely healing condition which in turn will
result in better bone remodelling.

In our analysis, it is seen that using Mg alloy at 100% callus
formation or completely healing conditions minimum stress is
obtained in the bone plate assembly as compared to titanium al-
loy and stainless-steel alloy. Hence at the fracture zone, it will
result in maximum stress, and hence Mg alloy will show better
bone healing. Also, it is seen that at 1% healing condition of
magnesium alloy, 23% strain is not possible. Generally, load
sharing should be there but not excess which results in the effect
of callus. Also, as time passes by strain should not be high as it
will result in slow bone healing and bone fractured bone mass
will result in misalignment. New research can be done on strain
analysis using different implant materials.
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