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Abstract: Biomechanics is the interdisciplinary area comprising biomedical and mechanical domain,
continuations in research of alternative and sustainable materials, which refers to the mechanical
examine. This current work focuses on hip implant material development through analytical and finite
element analysis. The femur bone head is 3D modeled through computed tomography (CT) images
extracted data and modeled in SOLIDWORKS. The analytical analysis is performed on the femur head
through Hertzian theory. The finite element analysis (FEA) (static structural analysis) is carried out in
the ANSYS 19.2. The materials considered for the FEA are NbTiZrMo alloy, PEEK and CFR-PEEK
for the hip implant. The analytical analysis is performed for eight different human routine activities,
and the highest peak stress value is obtained for walking fast. The peak stress values obtained in FEA
for CFR-PEEK material implant are lower than the maximum peak stress obtained by analytical
analysis. The stress value obtained for CFR-PEEK material is somewhat higher than PEEK, but the
contact pressure for PEEK material is way higher than CFR-PEEK material implant. So, it is concluded
that the CFR-PEEK material is the ideal alternative as compared to other materials.
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1. Introduction

Biomechanical research is a continuous assessment and search of a solution to
biological problems through integrating the biomedical and mechanical research areas. The
biomechanical researchers globally focus the hip implant development with respective the
novel material deployment. This study evaluates the stress distribution on the femur bone head
during different activities through an analytical method. Finite element analysis is being carried
for the femur head with respective different materials, and the stress distribution and contact
pressure values are evaluated and compared with the results of the analytical analysis results.
An extensive literature survey is also carried out before performing the analyses. The human
hip natural femur bone and the artificial implant are shown in Figure 1.
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Figure 1. Human hip natural femur bone and the artificial implant.

Researchers have performed finite element analysis of the femur bone with respective
contact forces and stress distribution in a study. The modeling of the femur bone is modeled in
Solid Edge V19, and the stress analysis is performed in ANSYS 14.0. The stress analysis of
femur bone at the hip joint is performed for the activities like a normal walking, standing,
running, and jumping. The outcomes were compared with the last studies, and it is discovered
that the outcomes found in FEA are optimized as compared to the previous studies [1-3]. A. E.
Yousif et al. have performed finite element analysis of the femur bone, which is modeled
through computer tomography (CT) images. The gait analysis is also performed and compared
with previous studies. The normal stresses and forces were analyzed for the normal walking
and standing with respect to a single cycle. The results were found to be beneficial to the
orthopedic surgeon in the case of hip joint arthroplasty and in studies of hip joint implants [4].
Researchers have carried out finite element analysis and computational modeling of the forces
acting on the femur neck during acetabular fractures. Due to the medical condition of the femur
bone in osteoporosis of elderly patients, it becomes necessary to study the load-bearing
capacity of the acetabulum and femoral head. Studies have been performed to evaluate femur
bone articulation under such conditions to reduce the chances of femoral neck fractures. It is
examined through finite element analyses. The finite model of the femoral neck is created
through the computed tomography (CT) images, and point load is applied on the acetabulum.
The point loads have differed at the tip of the femur head, and the deformation and stress levels
were observed at the neck region. It is discovered that the stress is increased with the movement
of the point load from the center. It is also found that the bending moment in the medial neck
shaft is increased with the differing position of the point load. It was eventually concluded that
patients with a medical condition like osteoporosis have a higher risk of femur neck failure [5-
9].

Researchers have developed a ceramic and metal composite comprising aluminum
oxide and niobium reinforced with silicon carbide nanoparticles for studying its possible
applications as a femoral head implant in the case of total hip arthroplasty. The samples of the
composites were produced through the hot pressing of powders at 1425 °C and under 35 MPa
pressure, which is further tested through electron microscopy and mechanical testing under
several circumstances. It was discovered that the flexural strength and interfacial shear strength
of aluminum oxide niobium silicon carbide composite laminate were highest compared to other
laminates. It was concluded that the aluminum oxide niobium silicon carbide composite
comprises higher beneficial characteristics in the case of femur head applications as compared
to aluminum oxide and others [10-19]. In a study, researchers have developed a method to
produce the zirconia-toughened alumina (ZTA) for applying it as a femur head implant through
https://biointerfaceresearch.com/ 4104
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compression molding and sintering. It was discovered that the produced implant comprises
exceptional properties, such as a smoother surface and more prominent geometrical
compliance. The relation of the microstructure produced to the producing method was
described by utilizing micro-computed tomography. The mechanical strength was examined
through the burst strength measurements technique. In order to verify or examine the
biocompatibility of the produced implant femur head, the in vitro cell culture examination was
performed [20-26]. The bearing surface wear in the hip implant in total hip arthroplasty is the
most critical reason for the failure and can cause osteolysis. Researchers have examined the
zirconia toughened alumina in a study, and the oxide-coated zirconium niobium femoral head
was examined and compared with the cobalt-chromium femoral head. The wear abrasion study
was carried out, and the results were compared with the cobalt-chromium femur head. The
effect of ceramic on metal is also tested in this study. It is discovered that the zirconia
toughened alumina and oxide-coated zirconium niobium femoral head has higher wear
resistance as compared to cobalt-chromium femur implant [27-38].

1.1. Arthroplasty and hemiarthroplasty.

In the case of the total hip joint replacement, it comprises the removal and replacement
of the discredited joint with a part made through any other biocompatible material (metal,
plastic or ceramic) which is known as prosthesis. The prosthesis design is critical as it involves
replicating the motion and movement of the joint in compatible mode [39-43]. Two primary
types of hip transplants are classified based on the transplant containing acetabulum of
biomaterial and acetabulum of the patient's natural bone. The biomaterial acetabulum presence
is known as arthroplasty, and absence is known as hemiarthroplasty. The difference between
arthroplasty and hemiarthroplasty can be seen the Figure 2.

Polyethylene Liner Acetabular Cup

Femoral Ilead

Femoral Steam

Hemiarthroplasty Arthroplasty
Figure 2. Arthroplasty and hemiarthroplasty.

Hemiarthroplasty is a surgical operation that replaces half of a joint with an artificial
replacement and leaves the other part in its natural state[44-50].

With benefits like decreased surgical and recovery time, hemiarthroplasty is preferred,
along with the preservation of more natural tissue than total arthroplasties.

Despite all these benefits, one of the main shortcomings of the surgery mentioned above
is that they cause accelerated damage to the natural or native cartilage that they articulate
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against. These surgeries are prevalent in the elderly population, which is above age 60 due to
osteoarthritis. Thus, making osteoarthritis the main cause of joint replacement surgeries. The
main problem of hip hemiarthroplasty is due to acetabular damage, which is natural tissue. This
mismatch of shape will always exist between the anatomy and implants. This will lead to
implant loosening leading to the most common complications of hemiarthroplasties. 3D
printing and rapid manufacturing of patient-specific implants are possible, which can mitigate
the shape effect.

2. Materials and Methods

2.1. Material selection.

Material selection for orthopedic implants, especially for hip implants, is a complex
integrated task due to the involvement of multiple dependent parameters. The hemiarthroplasty
is usually known as total arthroplasty, which comprises the utilization of the natural tissue, but
is heavily affected by the rise in wear with respect to time [44]. The selection criteria depend
on various aspects like chemical, biological, physical, economic, and mechanical aspects,
resulting in cost-optimized and better-performing material. The materials contact analysis is
the prior interest, which defines the wear characteristics clearly. The materials usually studied
for contact analysis with respect to hip implants are ceramic over polyethylene, metal over
metal, ceramic over ceramic, and metal over polyethylene.

With new modern materials and manufacturing techniques, we will explore the
possibility of new age hemiarthroplasty instead of a total arthroplasty. The hemiarthroplasty
replaces the ball shape portion of the femur bone, while the acetabulum portion is kept as the
natural bone. It is usually preferred as a total hip replacement but with this change. The hip
bone's socket portion of an anatomy is kept intact while replacing the ball portion of the femoral
bone in the hip joint. The selection of an optimal orthopedic material in all senses is a complex
task [51-58].

Novel material development for implants while staying under manufacturing
constraints is a challenging task. Various factors drive the material selection process, but they
usually depend on major properties, biocompatibility, and economics. Usually, an orthopedic
surgeon selects implants considering the patient's age, level of activity, and lifestyle-
active/laidback. Metal on polymer (MoP)- This type of implant comprises major problems
related to the wear rate of material, which eventually affects the joint anatomy in a lower period.
Metal on metal (MoM)- These types of implants demonstrate less wear compared to MoP.
Though it has the least amount of wear, the metallic ions released from this implant are highly
toxic. Popular materials used are cobalt-chromium alloys to minimize the effect of metallic
ions compared to stainless steel. Ceramic on polymer - Metallic ions can be reduced drastically
with a ceramic femoral ball. Ceramic on ceramic- CoC has the lowest metallic ion release of
among all prosthesis

NbTiZrMo alloy on bone- This material is the newest biomaterial lot with modulus
closer to cortical bone among all metals and alloys.

Peek on bone- Now, with Peek, we are trying to articulate PEEK femoral bone on
cartilage to achieve all benefits of hemiarthroplasty and mitigating the adverse effect.
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2.2. Analytical process.

The human anatomy comprises the femoral head (i.e., a convex sphere of smaller size)
implanted or engrafted in the acetabulum (i.e., a concave hemisphere or cup of larger size). In
this case, three coordinate systems are applied to describe the relation of the hip motion with
resultant load, which are shown in Figure 3. There is an absolute coordinate system X, Y, and
Z, which is located at the center on the right side of the femoral head. In the absolute coordinate
system, the facade plane is XZ, the median-sidelong is X-axis, and the backside-prior is Y-
axis. The second coordinate system is situated at the center of the cup Xc, Yc, and Zc, where
the cup flat face plane is Xc-Yc, and the Xc and Yc axis are directed towards the forefront of
the cup. The angle formed by the axis X and Xc, “B” is the cup inclination angle. The angle
formed by the axis X and Zc, “n” is the cup anteversion angle. The resultant load vector F(t)
is applied on the point “P”, which is situated on the articular surface. There is also a spherical
coordinate system comprising p,0, and ¢, which is situated on the articular surface axis Xc, Yc,
and Zc.

The anatomy presents that the femur head has a hemispherical shape and fluent surface
with fresh state gristle. This reflects the surface with edge contact of the femoral head into the
acetabulum, and the size depends on the resultant loading and stress distribution of the head
with a cup. In this research, the Hertzian theory is deployed to account for the stress
distribution, which is usually applied in contact with nonconforming geometrical shapes[59].
The complete calculations are given in the following section.

Xc

Femoral Head

Acetabulum

vZ

Figure 3. Coordinate system for the femur head in analytical analysis.

Let the components acting on the human hip be in F,(t), F, (t) and F,(t) in X, Y, and
Z directions, respectively, and the hip resultant load vector magnitude is:

F(t) = \/sz(t) + F2(t) + F2() (1)

The coordinates of the point of application “P ”, which are, X,,(t), Y, (¢t) and Z,(t) are
accounted through:

1 —F (1) )

( _Fx(t)
JEE@®) + F2 (1)

D, _
X, (t) = - cos[tan F, )

2

)] sin[tan™(

)]
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_ D¢ _1 —F (1) _.,—EQ)
Y(t) = 7cos[tan (\/sz(t) — Fyz(t))] cos [tan (——Fy(t))]
_Dc 1 —F(t)

Zy(t) = > sin[tan (\/sz(t) +Fy2(t))]

where the Dc is the diameter of the cup articular surface. After transferring the coordinates of
the point of application “P” to the cup's system, which are X, Y, and Z..
X, =Xsinn +Ycosn (3)

Y. =Zsinf — (X cosn — Y sinn) cos

Z,=ZcosPB + (Xcosn—Ysinn)sinp
where the “n” is cup anteversion angle and the “B” is cup inclination angle, as shown in Figure.
3. Eventually, the spherical coordinates of the point of application “P”, are evaluated in the
following:

_ D, (4)
P=7
27Z
0 = cos™1—=
D,
X,
=t -12¢
Q@ an v,
And further, the local contact stress can be calculated as follow:
1
3F(t) dz(0,9)]?
0,p) = - 5
O-t( (P) anz(t) Tz(t) ( )
where the r(t) is the radius of the contact surface edge, which is evaluated through the equation
as follows:
1
3m 1-VZ 1-VA\ /1 1\ '
t) == F(t - (———) 6
r( ) I8 ( )< T[EH 7TEC DH DC ( )

And the d. (6, ) is the distance of the generic point of the contact surface from the axis
of theload vector, which is evaluated through:
D¢

dt(el <P) = 2

where, in equations (6) and (7), the Dy is the femoral head diameter; the E and the E. are
Young's modulus for the hip and the cup, respectively; the Vy and V. are the Poisson ratios for
the hip and the cup, respectively.

sin{cos™*[sin @ sin @ (t) cos(p — @p(t)) + cos 6 cos O, (1)} @

Table 1. Parameters for the analytical analysis of the peak stress in the hip joint.

Parameter Value Unit

P 900 N (Newton)

n 5 ° (Degree)

B 60 ° (Degree)

Dc 29.2 mm (Millimeter)
Dn 29 mm (Millimeter)
Ec 1000 MPa (Mega Pascal)
Ve 05 -

En 210 GPa (Giga Pascal)
Vh 0.4 -
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The research article by Matej Daniel et al. has performed a collection of gait data of the
eight dissimilar human routine activities with respect, which usually says high hip joint loads
occur during daily routine activities [60]. The values considered for the peak stress evaluation
in this study are given in Table 1. The routine activities are represented in a detailed manner in
Table 2.

Table 2. The detailed description of the routine activities considered in analytical analysis

Activities Speed Level Average speed (m/s)

Slow walking Slow speed Ground-level 0.98

Normal walking Normal speed Ground-level 1.09

Fast walking Fast speed Ground-level 1.46

Going upstairs Walking up stair without any rail support (stair height 17 cm)

Going downstairs Walking downstairs without any rail support (stair height 17 cm)

Standing up Standing up from a chair height of 50cm without the support and keeping both arms close to
the chest.

Sitting down Sitting down to a chair height of 50cm without the support and keeping both arms close to the
chest.

Knee bend Up straight standing than bending knees and again standing up straight.

3. Results and Discussion

3.1. Analytical method.

The peak stress distributions for the hip joint are evaluated by utilizing the Hertzian
theory for different human routine activities. The maximum peak stress values obtained for
slowly walking activity is 11.2 MPa, walking normal activity is 11.4 MPa, and fast walking
activity is 11.9 MPa. The maximum peak stress values obtained for bending knee activity is
10.2 MPa, going up stair activity is 11.6 MPa, and going downstairs activity is 11.3 MPa. The
maximum peak stress values obtained for standing up activity and sitting down activity is 10.3
MPa.

25

[ Going Up Stairs
I Going Down Stairs

20

15

Peak Stress (MPa)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (s)
Figure 4. Peak stress stacked area graph of the going up and down stairs activities.
Higher peak stress values are accounted for in the fast walking activity, whereas the

lowest is in the sitting down activity. The peak stress values obtained are more eminent in
walking than other activities and relatively much higher in walking fast activity due to higher

https://biointerfaceresearch.com/ 4109


https://doi.org/10.33263/BRIAC123.41034125
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.41034125

inertia forces. The minimum peak stress values obtained for slowly walking activity is 5.3 MPa,
walking normal activity is 5.7 MPa and walking fast activity is 6.6 MPa. The minimum peak
stress values obtained for bending knee activity is 7.4 MPa, going up stair activity is 5.9 MPa
and going downstairs activity is 6.4 MPa. The minimum peak stress values obtained for
standing up activity are 6 MPa, and sitting down is 5.5 MPa.The mean peak stress values
obtained for slowly walking activity is 8.7 MPa, walking normal activity is 9.9 MPa and
walking fast activity is 9.6 MPa. The mean peak stress values obtained for bending knee
activity is 8.7 MPa, going up stair activity is 8.9 MPa and going downstairs activity is 9.2 MPa.
The mean peak stress values obtained for standing up activity is 8.8 MPa, and sitting down
activity is 7.7 MPa.

35
[ Walking Slowly
30 B Walking Normal
[ Walking Fast
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Figure 5. Peak stress stacked area graph of the walking slowly, normal and fast activities.
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Figure 6. Peak stress stacked area graph of the standing up, sitting down, and knee bend activities.
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The maximum peak stress values range from 10.3 MPato 11.9 MPa, the minimum peak
stress values range from 5.3 MPa to 7.4 MPa, and the mean peak stress values range from 7.7
MPa to 9.9 MPa. The factors causing the increase in the peak stress are the prominent body
weight, the smaller diameter of the femoral head, smaller acetabular surface area, the closeness
of the load to the acetabular rim, and compound collection of these factors.

The higher peak stress obtained in the fast walking activity is due to the higher contact
forces and inertia forces. The peak stress stacked area graph for going upstairs and downstairs
activities is shown in Figure 4. The peak stress stacked area graph for walking slowly, normal
and fast activities is shown in Figure 5. The peak stress stacked area graph for standing up,
sitting down, and knee bend activities is shown in Figure 6. The maximum, minimum, and
mean peak stress values for all activities are shown in Figure 7.

[ I Minimum Peak Stress [l Mean Peak Stress [ ] Maximum Peak Strcss|

Sitting Down

Standing Up I8

Going Down Stairs

Going Up Stairs

Knee bend |

Type of Motion

Walking fast |

Walking normal

Walking slowly |

Peak Stress (MPa)

Figure 7. Maximum, minimum, and mean peak stress values for all activities.
3.2. Materials of interest.

The materials considered for the hip implant in this study are the NbTiZrMo alloy,
PEEK, and CFR-PEEK; their properties are shown in Table 3. The whole idea in
hemiarthroplasty is to use implant material with low stiffness to avoid stress shielding. The
elastic modulus of Nb35Ti25Zr5Mo (Annealed) is 13 msi (13000 ksi) (89.63 GPa). As we can
analyze for better hemiarthroplasty, implant material needs to be closer to cortical bone, and
very few materials satisfy the requirement. Nb35Ti25Zr5Mo with 90 GPa is very much suitable
for enamel(GPa=40-83), i.e., dental application and not orthopedic.

Table 3. Material properties.

Properties (Units) Materlgl

Nb35Ti25Zr5MoAlloy PEEK CFR PEEK
Density (kg/mm?) 7.45E-06 1.23E-06 1.53E-06
Young's modulus (MPa) 8.96E+13 3760 4500
Poisson's ratio 0.4 0.3 0.3
Bulk modulus (MPa) 7.47E+13 3133.3 3750
Shear modulus (MPa) 3.45E+13 1446.2 1730.8

The titanium-niobium alloy has good mechanical strength and machinability, and most
importantly, it is nontoxic. The high value of young's modulus Ti-based alloys leads to a
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problem called stress-shielding and post-operative complications. A modulus induces better
stress transfer along the bone, especially around bone implants. This will ideally safely bone.

With elasticity closer to the bone and superior corrosion resistance, it can become an
excellent candidate for orthopedic implant. The elastic modulus of this alloy is around 90 GPa
which is quite low considering all bio-metal used in orthopedic implants.

The PEEK material exhibits a lower level of stress shielding as comparable to titanium,
which is due to the similar bone mechanical characteristics. Recent studies show, improving
the bioactive properties of PEEK at the nanoscale will increase its usability in the human
implant. It is also observed that the implants' biocompatibility can be improved by deploying
material with lower young's modulus through considering the bone properties. The higher
young's modulus results in a higher level of stress shielding observed in the titanium alloys.
This can sometimes fail in the local tissue. The PEEK material comprises lower young's
modulus values than titanium and is closer to the bone properties, making it an ideal candidate
for biomedical implant [61-70].

CFR-PEEK as a material is borrowed from equally stringent aerospace industry [71-
77].

Peek is quite popular in dental, spine, and cranial due to biocompatibility and other
mechanical properties for the last 3 decades.

Carbon fiber Reinforced CFR-PEEK is the version of PEEK that comprises tensile
strength and young's modulus snuggest to cortical bone and has been widely deployed in spinal
implants.

Regular PEEK has the shortcomings of mechanical strength, making it unsuitable for
high load-bearing applications such as knee and hip.

3.3. Stress shielding.

The lifespan of hip implants gets reduced by several problems whereas they are
designed for a long term like 20 years, deterioration is especially due to stress shielding. The
idea is to have a femoral ball made out of PEEK or coated with peek where peek has properties
closer to the bone, thus reducing cartilage wear and tear.

PEEK
Poximal Coating
Zone =T

Mid /
K -

Zone

U |
Tip
Zone

Section A-A

Figure 8. Different zones in hip implant steam and PEEK coating [82].

Our approach could be changed in design and/or materials used like CRF-PEEK for
better results, and the PEEK coating on the hip implant is shown in Figure 8. This study
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concludes that coating does improve the life of the hip implants with sufficient coating
thickness. This result could be useful in our hip hemiarthroplasty study where the femoral bone
is made out of PEEK and no publication until now in this space [78-83].

Farseeinglaxation of hip implants is the major reason for failures in orthopedic
surgeries, and the stress shielding in the hip joint with the implant is shown in Figure 9 [84-
91].

This occurs due to a huge difference in stiffness incompatibility between load-sharing
elements such as bone and implant. Usually, less stiff material, i.e., bone, in our case, will lose
its density and eventually failing. Stress shielding could be catastrophic in hemiarthroplasty
due to native use of tissue which is tough to repair from these damages.

Figure 9. Stress shielding in the hip joint with implant [89].
3.4. Design optimization.

Modelling Implants - Hip implants in hemiarthroplasty consist of two main elements
called stem and femoral head. Stem is generally made from titanium alloys and goes into the
femoral bone, whereas the femoral head is placed in an acetabular cup. We will keep the stem
part as titanium alloy for our study and vary the femoral head material with three promising
materials: Titanium-niobium alloy (NbTiZrMo alloy), Polyetheretherketone (PEEK), and
Carbon fiber Reinforced CFR- PEEK.

These materials are picked because of their excellent biocompatibility and low young's
modulus, i.e., properties closer to the bone.

3.5. Optimization of material.

Modeling of bone, femoral head, and stem is done using SOLIDWORKS, and reference
dimensions were taken from scanning the CT-Scans and were simplified for the process of
meshing and further optimizing for accurate and precise data from the FEA analysis. Now,
keeping bone properties constant for all three analyses and only femoral head properties was
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changed based on the material under analysis. The stem was excluded from the FEA analysis
for reducing computational complications and favor speed. The procedure for the FEA
followed in this study is presented diagrammatically in Figure 10.

Converting Scan Exporting the

Scanning the : STP File to
Femoral Bone. DatathHSn"g’ File ANSYS
) Workbench 19.2.
Performing Static Applying .
Analysis and Boundary Applying
B . - Meshing to the
xtracting Conditions and
3D Model
Results. Loads.

Figure 10. Procedure for the finite element analysis.
3.6. Basic steps in finite element analysis.

The three materials are deployed for the finite element analysis, which is explained
briefly in the above section with properties. The three-dimensional model of the implant is
shown in Figure 11. The process for the finite element analysis in this study comprises different
steps, which are given in the following: The actual femur bone is scanned through computed
tomography (CT), and the images are further transferred to the commercial SolidWorks
software. The three-dimensional model of the femur bone is modeled in 3D modeling software
(here SolidWorks), and the implant's modeling is carried out. The implant model is converted
into STP file format, is transferred to ANSYS Workbench 19.2 for analysis. The optimum
meshing is deployed to the model, and the material properties are also updated for analysis.
The boundary conditions are applied, and the contact interaction properties are also applied.
The static analysis is performed, and the outcomes are recorded and presented in the study.

4 T TSI |
VATV ZAvﬁvﬁ:ﬁ'ﬂi

Figure 11. The three-dimensional model of the implant with applied mesh.
3.7. Meshing.

The meshing process in FEA refers to discretizing the infinite model to finite number
elements for applying the further parameters and analyzing it as a finite model. The meshing is
deployed in the ANSYS Workbench 19.2, which is applied as default meshing with tetrahedron
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elements. For the purpose of refinement, the element size of the acetabulum and femur head is
altered, the change in aspect ratio and skewness is observed. Finally, the mesh element size for
the acetabulum head is selected as 2 mm and for the femur head 3 mm. The computational time
is also a factor in the case of the meshing, which is also considered in this meshing. The FEA
mesh model with geometry, aspect ratio, and skewness are shown in Figure 12.

(a)

(b)

Mesh
Aspect Ratio
26-Mar-21 11:07 AM

46131 Max
| o

26351
E 21156
16161

3000

60.00 (mm)

©

3000
00 45.00
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26 Mar 211107 AM

0.99817 Max
F 033739
| 07766

= 056561

055503
044424
033345
| 022267
011188
0.0010%14 Min

1500 4500

Figure 12. (a) FEA mesh model ; (b) FEA mesh model with respect to aspect ratio, and (c)FEAmesh model

with respect to skewness.

3.8. Boundary conditions.

Further after completion of the meshing, the boundary conditions are the critical part of
the FEA. In this FEA process, the boundary conditions comprise the fixed support, which is

applied at the tip of the lip of the acetabulum.

B: Static Structural
Static Structural
Time: 1.5

26-Mar-21 11:00 AM

. Force: 900. N

. Fixed Support
€ Displacement

0.00
I
15.00

Figure 13. Boundary conditions deployed in FEA.
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The applied load is 900 N, which is also utilized in the analytical method. The load is
applied on the femur head bottom section, where the steam is connected to the femur head. The
load is applied in a perpendicular direction; in this model, it's in the Y direction. The
displacement is applied to the femur head to restrict its motion in other directions. The motion
of the femur head is limited in the Y direction freely. The boundary conditions deployed in this
study are shown in Figure 13.
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Figure 14.(a) Equivalent Von-Mises stress distribution ; (b) equivalent elastic strain distribution and (c)contact
pressure for the NbTiZrMo alloy implant.
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3.9. Loads and constraints.

The load applied in this study is a static structural load with a value of 900 N, which
was adopted from the analytical method. The direction and the magnitude are discussed in the
above section, and the type of force is constant magnitude ramped force. For the purpose of
reducing the computational time and simplification, the motion of the femur head is limited in
the vertical direction through applying displacement constraints. When it comes to loading, it
utilizes only a hip contact force at a point, while loading of the construct and intact bone was
conducted using additionally reduced muscle loading together with the hip contact force [71].
The force is applied in a vertical direction at the nodes of an element located at contact points.
The load considered for optimization was derived from the realistic loads for testing hip
implants for the maximum highest loads of 900N body weight.
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Figure 15. (a) Equivalent Von-Mises stress distribution ; (b) equivalent elastic strain distribution and (c) contact
pressure for the PEEK implant.
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3.10. NbTiZrMoalloy implant.

The results obtained through the FEA for the NbTiZrMo alloy implant comprise the
equivalent Von Mises stress, equivalent elastic strain, and contact pressure, which is shown in
Figure 14. It is discovered that the value of the equivalent Von Mises stress obtained is 8.5187
MPa. It is observed that the value of the equivalent elastic strain obtained is 8.3478E-4. It is
also observed that the value obtained for the contact pressure is 1.3988 MPa.
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Figure 16.(a) Equivalent Von-Mises stress distribution; (b) equivalent elastic strain distribution and (c) contact
pressure for the CFR-PEEK implant.

3.11. PEEK implant.

The results obtained through the FEA for the PEEK implant comprise the equivalent
Von Mises stress, equivalent elastic strain, and contact pressure, which is shown in Figure. 15.
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It is discovered that the value of the equivalent Von Mises stress obtained is 8.1028 MPa. It is
observed that the value of the equivalent elastic strain obtained is 7.4528E-4. It is also observed
that the value obtained for the contact pressure is 5.0351 MPa.

3.12. CFR-PEEK implant.

The results obtained through the FEA for the PEEK implant comprise the equivalent
Von Mises stress, equivalent elastic strain, and contact pressure, which is shown in Figure 16.
It is discovered that the value of the equivalent VVon Mises stress obtained is 8.446 MPa. It is
observed that the value of the equivalent elastic strain obtained is 7.6567E-4. It is also observed
that the value obtained for the contact pressure is 1.5006 MPa. The FEA results for all the
materials in tabular form are shown in Table 4.

Table 4. FEA results of selected materials.

Material Equivalent Elastic | Contact pressure in | Von-Mises stress at
Strain MPa bone in MPa

NbTiZrMo Alloy 8.3478e-4 1.3988 8.5187

PEEK 7.4528e-4 5.0351 8.1028

CFR-PEEK 7.5657e-4 1.5006 8.446

4. Conclusions

This work is carried out the analytical and finite element analysis, whereas it can clearly
conclude that CFR-PEEK is the suitable material considering the amount of contact pressure
of bone and contact pressure on the head. The value sits comfortably between NbTiZrMo alloys
and PEEK, ensuring longevity and mitigation of stress shielding effect into these materials.
FEA results clearly demonstrate that niobium alloy exhibits the highest contact pressure on the
bone, which will deteriorate the natural tissue and cartilage in a short duration and a relatively
high-stress shielding effect compared to other materials. On the other hand, PEEK shows the
highest deformation in implant materials, where we can safely conclude that implant longevity
IS questionable. As stated, above CFR PEEK sits between these two materials giving the best
of both worlds in terms of implant longevity and better tissue damage.

The CFR-PEEK material comprises a higher value of von-Mises stresses than the PEEK
material results, but the contact pressure for the PEEK material is way higher than that of the
CFR-PEEK material implant. In analytical analysis, the maximum peak stress value obtained
is for the fast walking activity, which is 11.9 MPa, and for CFR-PEEK material implant, the
Von-Mises stresses at the head and boneis8.446 MPa, which are comparatively very lower
values. It is also observed that all the Von-Mises stresses obtained in FEA for all three materials
are lower than the maximum peak stress value in analytical analysis. It is also discovered that
the VVon-Mises stress value for CFR-PEEK material implant is 8.446 MPa, which higher than
the minimum peak stress value obtained in walking slow activity in analytical analysis, which
is 5.3 MPa. It is eventually concluded that the CFR-PEEK material is ideal for the hip implant
compared to other materials results obtained in this study.
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