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ABSTRACT - In the present work, a finite element model with standard Charnley’s implant of hip QER;:S:;& I;rlds ,\'I/'lgrR 2\322
joint is considered for investigation under different patient-specific dynamic activities obtained in Revised: 215t Sept 2022
vivo. The application of forces occurred due to human movement, which ultimately generates Accepted: 20t Oct 222
dynamic stress over the prosthesis. Anatomical loading constraints are more clinically relevant than Published: 28" Oct 2022
ISO standards. The performance of different materials for each suitable gait pattern is analyzed
using commercial finite element code. A liner isotropic material Ti-6Al-4V and PMMA material is KEYWORDS
utilized for an implant and bone cement, respectively. However, cortical and cancellous bone are Gait cycle;
treated as non-isotropic in nature. Clinically obtained dynamic forces and torque are being used Fatigue life; _
for the present investigation. Additionally, Goodman, Solderberg, Gerber and ASME elliptic fatigue %Zam'c Ioadmg’,

. . . : . ; O uctor muscle;
theories were considered to obtain the fatigue life of the implant. The most strenuous activity in Charnley

terms of stress and strain are, going downstairs followed by going upstairs, walking, standing up
and sitting down, which have been found in good agreement with the safety factor for every activity.
Additionally, the life expectancy of the implant was a minimum of 23 years under every dynamic
motion. The present work exhibits the greater relevance in terms of the life expectancy of implant
for the pre-surgical analysis before implanted in vivo.

INTRODUCTION

The hip joint is an important weight-bearing and shock-absorbing ball and socket joint in the human body.
Additionally, it plays a very significant role in the movement like normal gait, running, climbing and jumping. Hip
replacements have been performed to reduce pain induced by disease and injuries. Hip arthroplasty/replacements are
successfully applied to patients undergoing diseases [1—4]. Hip arthroplasty was introduced in 1938, and extensively (0.3
million) surgeries are being performed worldwide every year [5]. The study of hip prostheses is interesting due to the
reduction of minimum repeated surgical revision, especially in younger patients [5—7]. Forces applied by human activity
to the hip prosthesis generate dynamic stresses varying with time and lead to dynamic failure of the implant.
Consequently, it is significant to ensure implant resistance against dynamic failure. Fatigue and dynamic failure have
significantly reduced in the last three to four decades due to material and design advancements [8,9]. More than two
million Total Hip Replacements (THR) are being performed annually worldwide. The number of surgeries has increased
rapidly in recent times due to an increase in the aged population [10]. As per the Canadian Joint Replacement Surgery
report (2018-2019), the number of THR has increased by 20.1% in the last five years [11]. For instance, in the last ten
years, 26% and 22% of revision surgeries have been reported in Sweden [12] and US, respectively [13]. Every new
implant design and material has to be insured against fatigue failure. The success of an implant largely depends upon its
compatibility and attachment to the bone cement and ultimately, to the host bone. Failure and loosening between cement-
metal and cement-bone interfaces initiate the fracture and which may lead to revision surgeries [14]. Implant showcase
higher stress at the interface fixation area, which may lead to a short or long-term failure occurs under dynamic gait
movement [15,16].

Most of the stems for hip arthroplasty are made up of titanium alloys. Ti-6Al-4V alloys are extensively used as a
biomaterial due to their excellent biocompatibility, high mechanical strength, chemical inertness, and modulus, which is
half of the cobalt-chromium alloys [17,18]. The modulus of a metallic prosthesis (E= 110-220 GPa) is much higher than
the host bone (E=15-20 GPa). High stiffness leads to stress shielding around the femoral prosthesis [19]. The higher
modulus of implant leads to modulus mismatch, that’s why an interface layer of bone cement is used between the implant
(E=110 GPa) and bone (E=18 GPa). However, a very low stiffness leads to small migration of prosthesis and subsequent
micro dislocations [20]. Multiple materials from high to low modulus with different combinations are being tested to
observe and reduce the stress shielding effect and increase anatomical mobility [21,22]. Some of the investigations suggest
that shape optimization with geometric remodeling is an alternative approach to reduce stress shielding and bone
resorption [23-25]. An implant should fulfills the structural and mechanical demands of the hip joint. El ‘Sheikh et al.
[26] used the finite element technique to optimize design as well as material for artificial hip joints under peak static load
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and stumbling dynamic loading conditions. Peak von mises stress and stress volume are to be measured in the study. It is
concluded that stress volume is preferred for precise analysis of hip joints.

In the present work, a femoral prosthesis with bone cement and inserted Charnley’s implant were tested under dynamic
analysis with patient-generated gait data. Activities like walking, going up-down stairs, standing up and sitting down have
been considered for present work. For the analysis, a three-dimensional model of a human femur, bone cement and
implant have been constructed as per the bone geometries. Anatomical forces generated by the human body, retracting
abductor muscle forces and induced torsional moment acting over the prosthesis are major considerable forces and
moments which have been considered for the present study. The main aim of this study is to evaluate the performance of
combination under different dynamic loading conditions and to check the implant life, which leads to the development of
better implant design with extended life. Essential mechanical properties like stress, strain and deformation have been
analyzed using the FEM technique and compared with other dynamic activities.

MATERIAL AND METHOD
Finite Element Modeling

The FEM technique [27-30] is a fast and efficient technique widely employed for solving complex shape analysis.
Additionally, these techniques are used to assist and optimize the design of hip prostheses and provide an understanding
of their mechanical behavior under multiple loading constraints [31-33]. The finite element model of the prosthesis
assembly is depicted in Figure 1. A three-dimensional model of the hip joint was created using standard Charnley’s
implant. The modeling of the cortical and cancellous segments of the bone was done separately using SolidWorks to
develop a suitable shape similar to actual human bone. All the components i.e., metallic implant, bone cement, cortical
and cancellous, were assembled and repositioned to mimic the anatomical posture of the human body [34-36].

(b) (© (d)

Figure 1. Hip joint assembly, (a) cortical bone, (b) cancellous bone, (c) cone cement, (d) implant.
Materials

Titanium alloys are said to be the most suitable implant material in terms of biocompatibility, corrosion resistivity and
mechanical strength [17]. Materials for both implant and bone cement are linear isotropic, but not in the case of bone.
The inner and outer side of the bone (cancellous and cortical) is modeled with a transversely isotropic material
combination. Assembly components with their essential mechanical properties are tabulated in Table 1 and 2.

Table 1. Material properties of hip stem and bone cement materials [31, 37, 38].

. . . . Ultimate strength Yield strength
3 E
Materials Density (kg/m°)  Modulus (GPa)  Poission’s ratio (MPa) (MPa)
Ti-6Al-4V 4500 110 0.32 900 800
PMMA 1200 2.64 0.4 - 43.8
Table 2. Material properties of cortical and cancellous bone [39].
Materials Density (kg/m?) Modulus (GPa) Shear modulus (GPa) Poisson’s ratio
Ex=11.5 Gxy=3.6 vxy =0.51
Cortical bone 600 Ey=11.5 Gxy =3.3 oxy =0.51
Ez=17 Gxy =33 vxy =0.31
Cancellous bone 1900 E=27 - v=0.35

Meshing and Boundary Condition

The structural element of ten-node tetrahedral elements are considered for generating mesh. Tetrahedral elements
have three degrees of freedom (DOF) at each node (translation into x, y and z-direction) and a quadratic displacement
behavior well suited for irregular and complex bodies. The total number of nodes and elements for bone assembly were
652753 and 353197, respectively see Figure 3. Increasing the element number represents the real-world body more
accurately. The meshed model of femur assembly is shown in Figure 2.
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Figure 2. Meshed model of femur bone.
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Figure 3. Mesh independency test.

Figure 4 describes the boundary conditions i.e., forces and support constraints. Time-dependent patient-specific
dynamic forces and torque are extracted from Bregmann et al. [40]. A major retracting force of the abductor’s muscle
(Fabductor) 1s applied to the proximal region of the greater trochanter. Furthermore, a distal (lower) end of the femur remains
to fix and does not allow it to move horizontally and vertically [41].

A Fixed Support
Bl Force:1239.4N
B Force2:2872.9N

Figure 4. Boundary and loading constraints.
Validation with Prior Studies

No other studies examined mechanical characteristics with implant material for such a wide range of dynamic
activities and compared them with previous studies. A prior study of implant assembly used approximately similar design
configurations. Sensoy et al. [41] exploit the CT scan data to create a finite element model of a hip prosthesis with ten
biocompatible materials. Dynamic peak joint forces and abductor muscle forces were applied over the prosthesis. It was
concluded that austenitic, annealed, and bio-durable stainless steel is the best-suited material in terms of micromotions
with 20.69% less strain value compared to Ti-6Al-4V assembly. In our present model with Sensoy et al. [41], loading
constraints showed almost similar results. The comparison of deformation between Sensoy et al. and the present model
with percentage deviation are tabulated in Table 3.
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Table 3. Validation of present work deformation (mm) with Sensoy et al. [41].

Materials Implant Bone cement  Cancellous bone Cortical bone
Present work 14.941 13.163 14.067 14.253
Sensoy et. al. 16.59 13.99 14.75 14.94
Percentage error (%) 9.93 591 4.63 4.59

RESULTS

Preliminary static and dynamic studies have been carried out to investigate the mechanical behavior of hip arthroplasty
with standard Charnley’s implant manufactured with Ti-6Al-4V material and Poly (methyl methacrylate) PMMA bone
cement. It was noticed that the resultant mechanical parameter changes significantly with every dynamic activity and
becomes constant with the static analysis.

Static Analysis
Von Mises stress

The load applied over any of the structural body causes stress generation. In the present work, the static human
anatomical loadings (caused by human weight) are applied over the hip implant at a standing position. Stress generation
in the hip joint is depicted in Figure 5. It can be seen that maximum stress has developed over the femoral implant, which
can be seen in Figure 5(b). This occurs because the implant (after hip surgery) is the main structural part that bears the
upper body loadings and transfers it towards the femur bone. Furthermore, the stress reduces accordingly towards
cancellous bone (in Figure 5(e)), cortical bone (in Figure 5(d)), and bone cement (in Figure 5(c)). The maximum stress
on an implant is being developed at the proximal end. However, for cortical and cancellous bone, it is maximum at the
proximal end and medial side. Similar results are demonstrated by Sensoy et al. [41] for approx similar prosthesis
configurations.
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Figure 5. Von Mises stress for (a) bone assembly, (b) cortical bone, (¢) implant, (d) bone cement and (e) cancellous

bone.
Deformation

The deformation contours for static (standing) analysis for hip joint assembly are depicted in Figure 6(a) to 6(e). The
implant has demonstrated maximum deformation at the proximal end. This could be due to the maximal load (body
weight) applied at the proximal end. A similar trend in static analysis is followed by Sensoy et al. [41]. Maximum
deformation has been developed over the implant (see Figure 6(b)), followed by cancellous bone (can be seen in Figure
6(e)), cortical bone (Figure 6(d)) and bone cement (see Figure 6(c)). The maximum deformation has been generated at
the proximal side of every hip joint member, i.e., implant, bone cement, cancellous bone, and cortical bone and
continuously reduces toward the distal end.
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Figure 6. Deformation for walking at various percentages of the gait cycle; (a) bone assembly, (b) cortical bone,
(c) implant, (d) bone cement, and (e) cancellous bone.

Strain

Strain is largely correlated with stress and depends upon the modulus of the parts. The strain contours for hip joint
assembly are demonstrated in Figures 7(a) to 7(e). Similar to stress, maximum strain is demonstrated by cancellous bone
(in Figure 7(d)) followed by bone cement (in Figure 7(b)), cortical bone (in Figure 7(e)) and implant (Figure 7(b)). The
concentration of strain is localized at the interior side of the proximal end. Low modulus parts of the hip joint assembly
like cancellous and cortical bone demonstrates higher strain value as compared to stiff parts.
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Figure 7. Strain for walking at various percentages of the gait cycle; (a) bone assembly, (b) implant, (c) bone cement,
(d) cancellous bone and (e) cortical bone.

Dynamic Analysis

Static analysis is important in terms of mechanical acceptance, stability of the human joint, and standing position.
However, the performance of hip joint does not only rely on static analysis method. The main functionality of hip joint is
only demonstrated by its performance during the human gait cycle. The present section demonstrates mechanical
parameters like stress, strain and deformation during human gait movements like walking, going down stairs, going up
stairs, standing up and sitting down. In addition, contours of dynamic walking motion and variation into stress, strain and
deformation were depicted in mainly four instances, i.e., 25, 50, 75, and 100% of the gait cycle.
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Von Mises stress

Stress is the result of the loadings; as loading changes, the values of stress also change. The contour of stress for
walking gait with bone assembly has been illustrated in Figure 8. Stress on implant assembly, cortical bone, implant, bone
cement and cancellous bone are shown in Figure 8(a) to 8(e), respectively. Stress is maximum at the proximal end of the
implant, medial side of bone cement and cancellous bone (see Figure 8). Whenever the heel of the human lands on the
ground, a maximum amount of force is generated over the bone (15-20% of gait) and continuously reduces towards the
mid-stance phase, i.e., the foot landed completely (32-98 % gait). In order to walk again, a person lifts their foot from the
mid-stance phase (45 % gait) for the next step. At the same instance, the Toe-off condition of the gait occurs and leads to
an increase in the forces over the bone (peak force at 50% of gait). Thereafter, the stress drastically reduces to its minimum
level at the swinging phase (75-95 % gait). The same process is repeated over time. The maximum stress occurs at the
heel strike phase then, reduces at the mid instance, increases to the toe off and then drastically reduces to a minimum at
the swinging phase.
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Figure 8. Von Mises stress for walking at various percentages of the gait cycle; (a) bone assembly, (b) cortical bone, (c)
implant, (d) bone cement and (e) cancellous bone.

The next step of investigation involves different patient-specific dynamic gait movements, i.e., walking, going
upstairs, going downstairs, standing up and sitting down with the same implant model. The stress variation for previously
mentioned gait cycles has been presented in Figure 9 (a) to 9(e), respectively. Figure 9(a) demonstrates the stress
perceived by all bone assembly parts, i.e., implant, bone cement, cancellous and cortical bone. At the peak forces, the
maximum stress occurs at the implant, followed by cortical bone, cancellous bone and lastly by bone cement (see Figure
9(a) to 9(c). In standing up and sitting down movements, the foot does not undergo motions like stance and swing; that’s
why lesser peak forces are generated as compared to other motions. For every gait motion, cortical bone demonstrates
higher forces than cancellous, and bone cement always showcases the least value of stress.
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Figure 9. Von Mises stress observed by hip assembly, (a) walking; (b) going up stairs; (c) going down stairs; (d)
standing up and (e) sitting down.

Deformation

The application of the dynamic forces and torsional moments leads to deformation in the hip assembly. The maximum
deformation observed by the hip assembly at four main instances, i.e., 25, 50, 75 and 100% are shown in Figure 10. It
can be seen that the maximum deformation occurs at the proximal side of the bone and continuously reduces toward the
distal end. In addition, cortical bone and cancellous bone demonstrate the maximum and minimum deformation,

respectively (see Figure 10(b) and 10(e)).

Maximum deformation for different dynamic motions, i.e., walking, going upstairs, going downstairs, standing up
and sitting down, are represented in Figures 11(a) to 11(e) respectively. The values of deformation for all assemblies
seem approximately similar. However, careful investigation revealed that the implant observed the maximum deformation
followed by cortical bone, cancellous bone and lastly by bone cement for each dynamic activity.
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Figure 10. Max. deformation for walking at various percentages of the gait cycle; (a) bone assembly, (b) cortical bone,
(c) implant, (d) bone cement and (e) cancellous bone.
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Figure 11. Deformation observed by hip assembly: (a) walking; (b) going up stairs; (c) going down stairs;
(d) standing up and (e) sitting down.

Strain

Figure 12(a) to 12(e) presents the strain distribution in the different parts of hip assembly like cortical bone, cancellous
bone, bone cement and implant at different gait instances. Similar to deformation distribution, the maximum strain is
attained by bone assembly, cortical bone, implant, bone cement and cancellous bone in four instances of 25, 50, 75 and
100% of gait instances respectively. Cancellous bone has shown the maximum, and implant demonstrates the minimum
strain. In addition, the lateral side of bone demonstrates the maximum strain, while the proximal end of the implant and
cancellous bones also depicts the same (see Figure 12).
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Figure 12. Max. strain for walking at various percentages of the gait cycle; (a) bone assembly, (b) cortical bone, (c)
implant, (d) bone cement and (e) cancellous bone.

Figures 13(a) to 13(e) present the maximum strain for different dynamic gait cycles. It can be observed that the cortical
bone undergoes the maximum strain and is followed up by bone cement, cancellous bone and lastly, an implant. The peak
strain was observed in walking (12-50 %), going upstairs (20-50 %), going downstairs (50-95 %), standing up and sitting
down (0-20% and 40-55%), (65-100%) of the gait cycle.
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Figure 13. Max. strain observed by hip assembly, (a) walking; (b) going up stairs; (c) going down stairs;
(d) standing up and (e) sitting down.

Fatigue Analysis

An implant must satisfy the maximum or infinite fatigue life to minimize the fatigue effect on the bone cement. The
fatigue life can only be calculated by experimental testing or fatigue analysis. In the present study, the fatigue life of the
prosthesis is calculated with the help of finite analysis code ANSYS. In order to get the fatigue life, the S-N curve is an
essential parameter that shows the relation between alternating stress and the number of cycles. The values of S-N curve
for Ti-6Al-4V and PMMA bone cement were extracted from Kayabasi et al. [40]. Solderberg, Goodman, Gerber and
ASME Elliptic fatigue theories were used to calculate the fatigue life of the prosthesis and are illustrated in Table 4.

Table 4. List of fatigue theories with respected formulae [42].

Fatigue theories

Formulation

Solgerberg
Goodman
Gerber
ASME elliptic

(64/Se) H(om/Sy) = I/N
(6/Se) H(Om/Su) = I/N
(NGa/Se) +H(Now/Su)? = 1
(NG/Se)? +H(Now/Sy)? = 1

In Table 4, N indicates the fatigue life safety factor in cycles, S, indicates endurance limit, Sy indicates ultimate tensile
strength of a material. Mean stress (om) and alternating stress (c.) are defined as:

and,
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o = max___ min (2)

Every fatigue simulation follows the standard infinite life criteria of N = 10° cycles. The minimum safety factors for
Ti-6Al-4V implant under five dynamic motions of walking, going downstairs, going upstairs, standing up and sitting
down are tabulated in Table 5.

Table 5. A safety factor of Ti-6Al-4V implant under walking, going downstairs, going upstairs, standing up and sitting
down gait activities.

Safety factor

Materials Walking Going downstairs  Going upstairs _ Standing up Sitting down
Solderberg 7.0224 6.3577 5.5502 8.2064 42178
Goodman 7.2611 6.5738 5.7389 8.4854 43612
Gerber 8.8722 8.0324 7.0123 10.368 5.3289
ASME Elliptic 9.1947 8.3243 7.2671 10.745 5.5226

Table 5 illustrates that Ti-6Al-4V implant validates a greater safety factor under every dynamic gait motion. Standing
up and sitting down demonstrate the maximum and minimum safety factors. The maximum fatigue cycle demonstrated
by implant and bone cement is 4.58E+07, and 2.28E+07 respectively.

DISCUSSION

General Findings

The present work is the first one of its kind, which develops a fully functioning FE model of femur hip assembly and
predicts their mechanical performance under dynamic constraints. Hip arthroplasty consists of four major parts of metallic
implant, PMMA bone cement, cancellus and cortical bones. Neither a single point load applied over the hip joint nor a
single movement of a leg represents the appropriate outcome of the analysis. Many of the past studies are focused on
linear static (only single point load) [19] and simple dynamic gait analysis [42]. A patient-specific gait data replicates
actual anatomical loading constraints. A dynamic torsional moment with dynamic forces is extracted from Bergmann et
al. [40], Charnley’s implant is fitted into femur bone with an interface layer of bone cement between the implant and
bone. Von mises stress for different gait activities is depicted in Figure 14.
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Figure 14. Von Mises stress of hip joint: (a) walking; (b) going up stairs; (c) going down stairs; (d) standing up and (e)
sitting down.

Clinical Implantation

Forces and moment replicate actual boundary forces as per the normal anatomic functionality. Implants manufactured
by titanium alloys are preferred over cobalt-chromium alloys due to half modulus than Co-Cr alloys. The suitability of an
appropriate design for prosthesis plays a very significant role in avoiding loosening and for better anatomical functionality
of the human hip joint [43]. Charnley’s implant design has been clinically proven and used as the main stem design for
the last four to five decades. Implant geometries can easily be modified as per the human anatomy using the simple
geometrical technique. Simple proven techniques are compatible with a revision of femur size geometries. PMMA suits
as a bone cement having good sticking properties with bone and cement. Ti-6Al-4V implant and PMMA bone cement
are within the safety limit under every dynamic activity like walking, standing up and down etc.

Higher stiffness material provides better mechanical stability in the post-operative scenario. However, it may also
cause stress shielding, bone loss and implant loosening [44]. While lower stiffness results in increased load transfer to the
host femur and leads to bone ingrowth around the implant, minimizing bone loss and improving the stability of implant
for the long term [45].
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Novel Contribution

Despite some limitations (see Limitation title), there are multiple novel contributions to the present study. This is the
only kind of study which replicates the actual force and torque for such a wide range of gait motion of a hip joint and
compares mechanical parameters like stress, strain and deformation with the available literature. Prior studies examine
the implant assembly only for static analysis under similar boundary conditions [41]. It is a difficult task to apply
appropriate constraints while considering all significant forces of the musculoskeletal system. Quantifying change in the
loads during dynamic activities is significantly important to check suitability under pre-surgical analysis before being
implanted in vivo.

Limitations

Limitations/drawbacks are common for biomechanical investigations. Firstly and foremost limitation, only major
muscle force, i.e., abductor muscle force, is considered for the present simulation. The action of all surrounding muscles
is limited for the present study. Muscle force demonstrates a significant influence on mechanical parameters like stress,
deformation and strain for hip assembly. Secondly, the wear of alloy and cement under repeated cyclic loading conditions
has not been investigated in the present study. Third, the effect of femoral head, liner and acetabular cup has not been
considered for the present investigation. Fourth, the study is conducted as per the average loading constraints, but it has
also been an important factor in simulating assembly under peak dynamic loadings.

Apart from biocompatibility and mechanical properties, some other factors like size and geometrical parameters are
some factors that cause some implants to be superior or inferior. The present study is beneficial for future studies to
predict the performance of a variety of stem shapes with different materials under every anatomical and muscle force.
Every muscle load and torsional moment is to be extracted from the patient-specific models. Such works are beneficial
as a future step under the providence of a more clinically relevant scenario.

CONCLUSION

Ti-6Al-4V alloy is the most widely used implant material in the field of biomechanics due to excellent
biocompatibility and low chemical inertness. The present work compares the behavior of the prosthesis model for
different dynamic activities. The main outcomes of the present investigation are as follows:

L. The cortical bone and bone cement observed the maximum and minimum stress, respectively.
ii. Going upstairs and going downstairs motion demonstrates the maximum stress, while standing up and sitting
down demonstrates the minimum.
iil. Implant and bone cement demonstrate maximum and minimum stress simultaneously.
iv. The cortical and cancellous bone observed maximum and minimum deformation respectively.
V. Implant and bone cement demonstrated the maximum and minimum deformation at every gait cycle.
vi. The maximum strain is demonstrated by cancellous bone at the proximal end of the bone.
vii. Cancellous bone and implant demonstrate the maximum and minimum strain simultaneously.
viii. Going downstairs moment leads to higher strain, while standing up and sitting down demonstrate the minimum
strain.
iX. The maximum stress, deformation and strain were observed in walking (12-50 %), going upstairs (20-50 %),
going downstairs (50-95 %), standing up and sitting down (0-20% and 40-55%), (65-100%) of the gait cycle.
X. Fatigue analysis concluded that the life expectancy of Ti-6Al-4V implant is to be a minimum of 23 years in an

active patient.
Analysis of the patient-specific model with multiple gait cycle data demonstrates that the present hip joint model gives
us adequate results. This study is endorsed for the patient surgical implantation and also be advantageous for biomedical
engineers/doctors/surgeons for further research and to simulate diverse models pre-surgically.
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