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1 Introduction

The femur bone is the most proximal bone in human beings that plays a prominent
role in daily activities like walking, running and jumping [1, 2]. In human anatomy,
femur is the longest and largest bone, but it is strong enough only for compressive
loads [3]. The femur is responsible for supporting the highest percentage of body
weight during normal exercise. The femur body is long, thin and almost cylindrical
in structure. Bone fracture of femur is one of the most common traumas. Femoral
fractures are quite problematic and responsible for significant orthopedic trauma
because they are the strongest, longest and heaviest bones in the human body [4, 5].
Femoral shaft fractures in human beings occur frequently due to high-power col-
lisions that are typical of road accidents, fall from a height, gunshot wounds, etc.
A relatively low-intensity accident, such as fall from standing position, can also
create a femoral fracture in an old person with weak bones [6].

There are three fracture regions in a femur bone fracture: the top/neck of the
bone (near the pelvis), the primary shaft of the bone or the lower end near the knee.
Injury happens when a high-force blow hits the thigh bone [7]. This can be due to
the frame weight of the person or a collision with an object [8].

Femur fractures vary greatly, depending on the force that causes the break. The
items of bone could line up properly (stable fracture) or be out of alignment
(displaced fracture). The skin around the fracture could be intact (closed fracture),
or the bone could puncture the skin (open fracture) [9]. Femur fractures are cate-
gorized depending on the specific fracture location (distal, center or proximal) and/
or the fracture pattern (crosswise, lengthwise or concentrated toward the middle).
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Bone tissue, unlike most body tissues, has the remarkable capacity to regenerate
itself [10-12]. If a fractured bone can be held correctly, it may regenerate the tissue
and regain most of its authentic strength [13, 14]. For intense fractures, bone plates
are surgically implanted to preserve the bone at its vicinity. The design of implant
plates is largely influenced by the choice of the material and its biocompatibility
[15-17]. The bone plate needs to be sufficiently strong to support the weight
generally transferred onto the bone, even as the bone heals. The plate ought to have
additional stiffness to support the bone to which it is attached. The implant must be
non-toxic and non-inflammatory [18-20].

The stiffness of the bone plate is important from the viewpoint of protection from
stress generated due to stiffness differential. Strain defense is the phenomenon,
wherein the implant bears maximum burden typically placed on the bone [21]. This
is favorable while the bone is vulnerable. This is essentially because when the bone
heals and regains power, there might be a loss in bone mass and strength is regained
if the bone plate does, now, not allow the bone to carry growing load [22].

2 Materials and Methodology

2.1 Material Selection

Orthopedic applications have conventionally employed metallic alloys, like stain-
less steel (SS316L), titanium alloy (Ti6Al4V) and cobalt—chromium (Co—-Cr) to
make different elements of implants, namely the screws, plates, nails, etc. The
common mechanical properties of these biomaterials and cortical bone are listed in
Table 1. These are considered throughout this work. These biomaterials are
observed biocompatible under physiological environments and possess adequate
mechanical strength and properties.

Table 1 Mechanical properties of cortical bone and conventionally used metallic alloys

Element Density Young’s Poisson’s Ultimate Ultimate

(Kg/m®) modulus ratio tensile strength | compressive
(Gpa) (Mpa) strength (Mpa)

Cortical 1750 16.7 0.3 43.44 £+ 3.62 115.29 £+ 12.94

bone

SS316L 7750 193 0.31 485 570

CoCr 8500 210 0.34 960 560

alloy

Ti6A14V | 4512 119 0.37 1200 1080
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2.2 Design of Plate and Assembly

In osteosynthesis, most fracture cases may be cured using different types of plates,
namely the straight plate, cobra head plate, tabular plate, reconstruction plate, etc.,
and corresponding screws with buttress threads. These implants are generally made
up of metallic alloys listed above. In this analysis, three different designs of plates
and respective screws have been prepared with these three different biomaterials
having been taken for each design, and analysis has been carried out with com-
monly occurring loading and boundary conditions for the fracture of femur bone as
shown in Fig. 1. These designs have been successfully configured in assembly with
the femoral fractured bone structure and screws with the help of computational
design approaches.

0.0.0020:0.0

(e) (f)

Fig.1 Plates and screws for different design, a and b shows implant plate and screw, respectively,
for Design-1 which will be used for all material combinations (i.e., stainless steel alloy, titanium
alloy and chromium—cobalt alloy), ¢ and d shows implant plate and screw, respectively, for
Design-2 which will be used for all material combinations, e and f shows implant plate and screw,
respectively, for Design-3 which will be used for all material combinations
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2.3 Meshing

The finite element analysis reduces the degrees of freedom from infinite to finite with
the help of meshing or discretization. The analysis accuracy and duration depend on
the mesh size and orientation. For an optimum analysis using FEM, the implant
assembly has been divided into many elements and nodes and calculations carried
out at a limited number of points. The results have been extrapolated to arrive at
results for the entire domain. All three designs of implant plate are shown in Fig. 2,
with meshed geometry, which contains adaptive size and tetrahedral-structured
elements. The mesh details for these designs are listed in Table 2.

2.4 Assumptions and Boundary Conditions

The designs of plate with assembled fractured femur have been assumed to be
homogeneous in materials properties. Meshes are tetrahedral structured and adap-
tive in sizing for all three designs. Any structure can be tested only with specified
boundary and loading conditions. In this case, a fixed support is provided at the
lower part of the femur bone in such a manner that it can deform or move in all
possible directions or exhibit multi-degree of freedom behavior, except the vertical
downward translation. The load acting on the femur is applied on the upper part of
vertically oriented femur bone with a value of ~750 N based on maximum average
weight of human beings. For dynamic and fatigue analysis, transient structural
loading is selected for the second analysis, and auto-step time of 0.1 s for each step
is set. Nonlinear controls are set as default or program controlled, and the output
results are noted as stresses, deformation, etc.

3 Results

According to input loading and boundary conditions, deformation, generated stress
and fatigue performance of the three implant plate designs for the three materials
under consideration have been observed and analyzed. The output results are listed
below.

3.1 Total Deformation

The comparative analysis for all three designs is shown in Fig. 3, in terms of total
deformation. It can be observed that the total deformation in case of Design-1 for
SS316L varies from the minimum to moderate under the permissible range. This is
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Fig. 2 Meshing of a plate Design-1, b plate Design-2 and ¢ plate Design-3 with femur bone

fracture

Table 2 Meshing details of three different plates assembled with respective fractured positions of

femur bone

Design of plate with femur

Numbers of nodes

Number of elements

Design-1 938,820 569,821
Design-2 1,060,797 628,480
Design-3 1,393,335 866,696
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shown by dark blue and light blue colors. From Design-1 with titanium alloy, it can
be observed that total deformation for the implant plate lies between the minimum
to moderate but is inclined toward the moderate while being still under the per-
missible range. This is again shown by dark blue and light blue colors. From
Design-1 with CoCr alloy, it can be observed that total deformation for the implant
plate is inclined even more toward the moderate value in the permissible range and
is shown by light blue colors.

From Design-2 with SS316L, it can be observed that total deformation is
between the minimum to a moderate value but more inclined toward the minimum
value which is under permissible range and is shown by dark blue and light blue
colors. From Design-2 with titanium alloy, it can be observed that total deformation
for the implant plate is between the minimum to a moderate value but more toward
the minimum value which is under permissible range and is shown by dark blue and
light blue colors. From Design-2 with CoCr alloy, it can be observed that the total
deformation for the implant plate is toward the minimum value which is under
permissible range and is shown by dark blue color.

From Design-3 with SS316L, it can be observed that total deformation for the
implant plate varies from minimum to moderate value but is more toward the
moderate value which is under permissible range and is shown by dark blue and
light blue colors. From Design-3 with titanium alloy, it can be observed that total
deformation for the implant plate is between the minimum to moderate value but
more toward a moderate value which is under permissible range and is shown by
dark blue and light blue colors. From Design-3 with CoCr alloy, it can be observed
that total deformation for the implant plate is more toward a moderate value which
is under permissible range and is shown by light blue color.

After performing analysis on femur bone plate using different materials and
different designs, the final results obtained are shown in Table 3.

In Design-1, total deformation using different materials follows similar patterns.
In Design-2, total deformation values for chromium—cobalt alloy follow a different
pattern but follows a similar kind of pattern for titanium alloy and stainless steel
alloy. In Design-3, values for chromium—cobalt alloy follow a different pattern, but
for titanium alloy and stainless steel alloy, a similar kind of pattern is observed.

3.2 Maximum Equivalent Stress

The comparative analysis for all three designs is shown in Fig. 4, in terms of
maximum equivalent stress.

It can be seen that from Design-1 with SS316L alloy, it can be observed that
maximum equivalent stress for the implant plate is toward the minimum value
which is under permissible range and is shown by dark blue color. From Design-1
with titanium alloy, it can be observed that maximum equivalent stress for the
implant plate is toward the minimum value which is under permissible range and is
shown by dark blue color. From Design-1 with CoCr alloy, it can be observed that
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maximum equivalent stress on implant plate is toward the minimum value which is
under permissible range and is shown by dark blue color.

From Design-2 with SS316L alloy, it can be observed that maximum equivalent
stress is toward the minimum value which is under permissible range and is shown
by dark blue color. From Design-2 with titanium alloy, it can be observed that the
maximum equivalent stress for the implant plate is toward the minimum value
which is under permissible range and is shown by dark blue color. From Design-2
with CoCr alloy, it can be observed that the maximum equivalent stress for the
implant plate is inclined toward the minimum value which is under permissible
range and is shown by dark blue color.

From Design-3 with SS316L alloy, it can be observed that maximum equivalent
stress for the implant plate is toward the minimum value which is under permissible
range and is shown by dark blue color. From Design-3 with titanium alloy, it can be
observed that the maximum equivalent stress for the implant plate is toward the
minimum value which is under permissible range and is shown by dark blue color.
From Design-3 with CoCr alloy, it can be observed that maximum equivalent stress
for the implant plate is toward the minimum value which is under permissible range
and is shown by dark blue color.

After performing analysis on femur bone plate using different materials and
different designs, the final results obtained are shown in Table 4.

In Design-1, the maximum equivalent stress using different materials follows
similar patterns. In Design-2, maximum equivalent stress values for chromium—
cobalt alloy follow different patterns but for titanium alloy and stainless steel alloy
follow similar kind of pattern. In Design-3, values of maximum equivalent stress
for chromium cobalt follow a different pattern, but for titanium alloy and stainless
steel alloy, a similar kind of pattern is observed.

3.3 Maximum Principal Stress

The comparative analysis for all three designs is shown in Fig. 5, in terms of
maximum principal stress. It can be seen that from Design-1with SS316L alloy, it
can be observed that maximum principal stress for the implant plate is between the
minimum to moderate value which is under permissible range and is shown by light
blue color. From Design-1 with titanium alloy, it can be observed that the maximum
principal stress for the implant plate is between the minimum and moderate which
is under permissible range and is shown by light blue color. From Design-1 with
CoCr alloy, it can be observed that the maximum principal stress for the implant
plate is between the minimum to moderate which is under permissible range and is
shown by light blue color.

From Design-2 with SS316L alloy, it can be observed that the maximum
principal stress for the implant plate is between the moderate and the maximum
value but inclined more toward the maximum value which is shown by dark yellow
color. From Design-2 with titanium alloy, it can be observed that the maximum
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principal stress for the implant plate is between the moderate and the maximum
value but inclined more toward the maximum value which is shown by dark yellow
color. From Design-2 with CoCr alloy, it can be observed that the maximum
principal stress for the implant plate is between a moderate and the maximum value
but inclined more toward the maximum value which is shown by dark yellow color.

From Design-3 with SS316L alloy, it can be observed that the maximum
principal stress for the implant plate is inclined more toward the minimum value
which is under permissible range and is shown by dark blue color. From Design-3
with titanium alloy, it can be observed that the maximum principal stress for the
implant plate is inclined more toward the minimum value which is under permis-
sible range and is shown by dark blue color. From Design-3 with CoCr alloy, it can
be observed that the maximum principal stress for the implant plate is more toward
the minimum value which is under permissible range and is shown by dark blue
color.

After performing analysis on femur bone plate using different materials and
different designs, the final results obtained are shown in Table 5.

In Design-1, the maximum principal stress using different material follows a
similar kind of pattern. In Design-2, the maximum principal stress values for
chromium—cobalt alloys follow a different pattern but for titanium alloy and
stainless steel alloy follow similar kind of pattern. In Design-3, the maximum
principal stress values for chromium—cobalt alloy follow a different pattern, but for
titanium alloy and stainless steel alloy, a similar kind of pattern is observed.

3.4 Fatigue Performance

From Design-1 with SS316L alloy, it can be observed that fatigue performance for
an implant plate is more inclined toward the maximum which is shown by dark blue
and light blue colors. From Design-1 with titanium alloy, it can be observed that
fatigue performance for an implant plate is more toward the maximum which is
shown by dark blue and light blue colors. From Design-1 with CoCr alloys, it can be
observed that the fatigue performance for the implant plate is variable and at
different points on the plate different colors can be observed.

From Design-2 with SS316L alloy, it can be observed that fatigue performance
is inclined more toward the maximum which is shown by dark blue and light blue
colors. From Design-2 with titanium alloy, it can be observed that fatigue perfor-
mance for an implant plate is more toward the maximum which is shown by dark
blue and light blue colors. From Design-2 with CoCr alloy, it can be observed that
fatigue performance for the implant plate is more toward the maximum which is
shown by dark blue and light blue colors.

From Design-3 with SS316L alloy, it can be observed that fatigue performance
for the implant plate is more toward the maximum which is shown by dark blue and
light blue colors. From Design-3 with titanium alloy, it can be observed that fatigue
performance for the implant plate is more toward the maximum which is shown by
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dark blue color. From Design-3 with CoCr alloy, it can be observed that fatigue
performance for the implant plate is more toward the maximum which is shown in
Fig. 6 by dark blue color.

4 Discussion

The current work involves transient structural analysis on femur bone implant made
up of different plates, screws and biomaterials. Conventionally used biomaterials
such as stainless steel (SS316L) alloy, Ti alloy (grade-II Ti6A14V) and CoCr alloy
are used for all the three assemblies (Design-1, Design-2 and Design-3). All the
assemblies are analyzed by finite element method employing transient structural
analysis (a tool on ANSYS).

After performing analyses for Design-1 with different biomaterials, total defor-
mation is observed as 4.2439 mm for SS316L and 4.3219 mm for both the alloys
(Ti6A14V and CoCr alloy). Similarly, equivalent stress for Design-1 is observed as
895.16 MPa for SS316L and 835.2 MPa for both the alloys (Ti6A14V and CoCr
alloy). Also, maximum principal stress for Design-1 is observed as 1032.8 MPa for
SS316L and 800.69 MPa for both the alloys (Ti6A14V and CoCr alloy).

After performing analyses for Design-2 with different biomaterials, total defor-
mation is observed as 2.7192 mm for SS316L and 2.8983 mm for both the alloys
(Ti6A14V and CoCr alloy). Similarly, equivalent stress for Design-2 is observed as
1093.6 MPa for SS316L and 865.47 MPa for both the alloys (Ti6A14V and CoCr
alloy). Also, maximum principal stress for Design-2 is observed as 261.61 MPa for
SS316L and 460.09 MPa for both the alloys (Ti6A14V and CoCr alloy).

After performing analyses forDesign-3 with different biomaterials, total defor-
mation is observed as 3.2721 mm for SS316L and 3.3999 mm for both the alloys
(Ti6A14V and CoCr alloy). Similarly, equivalent stress for Design-2 is observed as
1657.5 MPa for SS316L and 1028.4 MPa for both the alloys (Ti6A14V and CoCr
alloy). Also, maximum principal stress for Design-2 is observed as 1598.2 MPa for
SS316L and 1071.5 MPa for both the alloys (Ti6A14V and CoCr alloy).

Based on these observations, a comparison of analyzed data is shown in Fig. 7
which describes the output parametric values vis-a-vis applied input parametric
values employing FEM.

5 Conclusion

An implant is one of the most frequently employed medical devices for critical
fracture fixation of bones. It consists of the implant plate, screws, etc., and each one
of these elements has a specific role to play. It is a fair assumption that an implant
plate designed to bear axial compressive load and required to support the longest
bone (Femur) will be strong enough to support all other bones in the human body.
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Fig. 7 Comparatively analyzed data for three design assemblies with each biomaterial

This computational analysis has focused on different designs and different materials
for the implant plate subjected to dynamic loading. Structural and fatigue behaviors
have been analyzed for the minor single crack in the middle of the femur bone shaft.
It is basically observed that out of all materials considered, titanium alloy grade-II
has the lowest value of equivalent stress, deformation and maximum principal stress
for similar loading conditions. It is precisely because of this that this alloy becomes
the preferable choice as it offers good strength, load sustainability and corrosion
resistance. Implant plates are immensely useful for orthopedic patients that require
appropriate healing of bone over a period of time. However, they may require
removal after fulfilling their intended purpose, and this necessitates a secondary
surgery. There is tremendous future research potential scope in this area, with
adequate focus on the material used, use of biodegradable materials, exhaustive
design by incorporating a number of design parameters, some of which may not be
getting used at this point, as also analysis relying on implant dissolution rate, rate of
corrosion, effect of operating environment, etc.
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