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ABSTRACT

Total Hip Arthroplasty (THA) is a widely performed surgical procedure in which an
artificial prosthesis replaces a diseased or fractured hip joint. An important factor in
determining primary stability and long-term mechanical performance in cemented total
hip arthroplasty is implant orientation. This study aims to predict the effects of implant
positioning at varus and sagittal to implant stability in hip arthroplasty. Using finite
element analysis (FEA), this study examined how sagittal and varus angular positioning
affected the stress, strain, and deformation responses of a cemented THA. Computed
tomography (CT) data was used to reconstruct a three-dimensional femur model, and
Abaqus was used to model a cemented THA assembly that included an femur (6y= 115
MPa), cement mantle (6y=29 MPa), and hip implant (c,= 205 MPa). The findings show
that even little variations in implant placement have a significant impact on cement
mantle stress and deformation. Maximum stress and deformation occurred at 0.3°
(24.62 MPa and 10.29 um, respectively) in sagittal positioning and -0.25° (20.19 MPa
and 10.33 um) in varus positioning during stair climbing. Implant stability is reflected
in the mechanical reaction of the cement mantle, which mediates load transfer between
the implant and bone. Although stresses remained below the PMMA yield strength,
misalignment of implants may still increase fatigue-related risk, potentially
compromising stability.
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CHAPTER 1
INTRODUCTION

1.1 Research Background

The hip is the joint where the femur and acetabulum meet. It is a ball-and-socket
joint that permits flexible and multidirectional movement (Chen et al., 2023). The
femur, also called the thigh bone is the largest and longest human bone (Gupta & Ming
Tse, 2013).

Osteoarthritis is commonly known as "wear-and-tear" arthritis, age-linked
arthritis, or degenerative joint disorder. It entails a gradual deterioration of articular
cartilage, the development of subchondral cysts, the formation of osteophytes, the
loosening of periarticular ligaments, muscle weakening, and potential inflammation of
the synovial lining. This condition impacts the major joints of the lower limbs, such as
the hips, which can lead to decreased mobility and significant physical limitations. This
can result in a decline in self-sufficiency and a greater reliance on healthcare resources
(Lespasio et al., 2018).

Meanwhile, osteoporosis is a condition affecting the skeletal system, marked by
the deterioration of bone tissue's microarchitecture and a reduction in bone mass
(Clynes et al., 2020). It weakens bone strength and increases the risk of fracture
(Cosman et al., 2014). Among elderly individuals, the forearm, hip, and vertebrae are
the locations most prone to experiencing fractures (Clynes et al., 2020). It not only
affected the quality of life but also increased the financial burden (Carey et al., 2022).
Total hip arthroplasty (THA) involves replacing the hip joint with femoral components
that simulate a ball and socket joint in order to reconstruct the hip joint (Marwan et al.,
2017). The femoral component consists of the femoral head, neck and shaft segments
(Thejeel & Endo, 2022a). It helps to restore function and to improve the quality of life
(Zhang et al., 2021). It offers a cost-effective way to make improvements and relieve
discomfort (Aznan et al., 2020).

Primary stability is initial fixation and secure attachment of the implant within
the surrounding bone immediately after surgery. It is crucial for the long-term success
of the implant as well as the overall function of the joint. Dislocation of the implants

which commonly occurs in early post-operative is caused by surgical approach, the



integrity of the soft tissue envelope and component design (Thejeel & Endo, 2022b).
Implant stability in THA influenced by the implant positioning and orientation during
primary fixation between the long axis of femur and prosthesis stem. (Yusof et al.,
2021). One of the dislocation factors is component malposition (Meneghini, 2018).
According to Wera et al., the malposition could occur at the acetabular and femoral
components (Wera et al., 2012). The current study will be focusing on two types of
malposition which are sagittal and varus. In the hip arthroplasty context, varus
malposition refers to the alignment of the implant components in such a way that the
femoral component deviates inward or medially from the vertical axis of the femur as
shown in Figure 1.1. Sagittal malposition refers to improper alignment or positioning

of the components of the implant in the sagittal plane as shown in Figure 1.2.

W

Figure 1.1 Implant Malposition at Varus Plane with Different Angles (Yusof et
al.,2021).

Figure 1.2 Implant Malposition at the Sagittal Plane with Different Angles (Yusof et
al., 2021).

There are two types of fixations which are cemented and cementless fixation.
Polymethylmethacrylate (PMMA) is used in cemented THA as a grout to create an
interlocking fit between the prosthesis and cancellous bone. Meanwhile, bone is
biologically fixed to a surface layer of the prosthesis in uncemented hips (Maggs &

Wilson, 2017). The current study will focus on cemented fixation. Blythe et al. found



the cemented fixation of THA is more cost-effective compared to uncemented (Blythe
et al., 2020).

Moarrefzadeh et al found that the Health-Related Quality of Life (HRQoL) is
noticeably improved after half and a year after THA, especially when compared to
before THA. The analysis of the findings suggests that during the initial six months
following THA, enhancements in the physical component of HRQoL were primarily
responsible for improving elderly individual life. In the subsequent 12 months post-
THA, improvement in both the mental and physical aspects of HRQoL contributed to
the overall enhancement of life quality after the surgery (Moarrefzadeh et al., 2022)

1.2 Motivation for This Work

The finding of this study will help to reduce the risk of dislocation as well as
the revision of total hip arthroplasty. A study by Khan et al. found that the surgeon
experiences more physiological stress during performing revision THA and total knee
arthroplasty (TKA) compared to primary THA and TKA. The findings also help to
improve the surgical technique and increase the lifespan of the implant. Also, indirectly

reducing the cost spent by the patients.

1.3 Problem Statement

Total Hip Arthroplasty (THA) is a surgical procedure that replaces the diseased
hip joint with a hip implant. This procedure helps relieve pain, restore normal hip joint
function, and improve quality of life. The procedure has shown an increasing trend over
the years for treating hip joint diseases reflecting its effectiveness in improving patient
mobility.

While this procedure is typically effective, THA is associated with its own set
of risks and potential complications such as dislocation, instability, aseptic loosening
and infection. Instability can occur due to various factors such as improper positioning
of the component, inadequate soft tissue tension, lack of experience and incorrect
surgical technique of surgeon. Hip implant instability can lead to discomfort, pain and
reduced mobility. This condition leads to the revision of THA which is more complex
compare to the initial hip replacement surgery. Also, revision THA procedure requires

the patient to make additional financial commitments. To ensure positive long-term



outcomes, lower the risk of problems, and improve the overall functionality of the
implanted joint, excellent primary stability must be attained.

In the THA scenario, the stability of implant position can be defined as the
capability of the implanted femoral component to withstand the mechanical
environment under physiological loading, with minimal micromotion at the implant-
cement or cement-bone interfaces. The primary stability is commonly determined by
analysing the stress and strain distribution in the cement mantle and the surrounding
bone under physiological loading conditions. It is crucial to assess implant orientation
at the sagittal and varus planes because various orientations affect load transmission
and stress-strain distribution.

The goal of providing a highly stable implant position, especially in cemented
THA procedures, is critical to ensure effective implant function. This can be attained
through a tight fit of the implant at the cement-bone interface.

Despite advances in surgical procedures and implant designs, inconsistencies in
implant orientation during hip arthroplasty have been noted, which may compromise
the implant's initial stability. The influence of small variations in implant orientation on
primary stability remains a subject of ongoing investigation. To address this gap, this
study will use finite element analysis to investigate how small deviations in implant
orientation affect the implant’s initial stability by analysing the stress and strain

distribution in the cement mantle of cemented total hip arthroplasty.

1.4  Research Objectives

The objectives of the study are:
i.  To develop a 3D model of femoral bone from the Computed Tomography (CT)
scan images.
ii.  To reconstruct a finite element model of cemented Total Hip Arthroplasty.
iii.  To predict the effects of small variation of angles at varus and sagittal to implant

stability in hip arthroplasty.
1.5 Significance of Study
This study is important because it investigates the effects of implant placement

on load transfer and stress distribution in cemented hip replacement. Important

information is offered to enhance surgical results by analyzing the effects of minor



changes in implant angles in the sagittal and varus planes. Improved implant designs
and surgical methods may result from the findings, which would increase hip implant
longevity and lower the possibility of problems like wear or loosening. Additionally,
this study contributes to the field of biomedical engineering by deepening the
understanding of stress mechanics in orthopaedic implants, paving the way for future

research and clinical advancements.

1.6 Limitation

1)  Computed Tomography (CT) scan data was obtained from The Cancer
Imaging Archive (TCIA). The data belongs to 60 years old male, has a
weight of 78kg and height of 170cm.

i1)  This study represents two types of positioning which are varus and sagittal.
In the sagittal plane, the implant angles are set at -0.3°, -0.2°, -0.1°, 0.1°,
0.2°, and 0.3°. In the varus plane, the implant angles are -0.75°, -0.5°, -0.25°,
0.25°,0.5° and 0.75°.

iii)  The models are assumed to be homogeneous, isotropic and linear elastic
material.
iv)  Walking and stair climbing are considered as loading conditions in this

study.

1.7 Thesis Scope

The scope of this thesis focuses on investigating the effects of implant
positioning on stress distribution and load transfer in cemented hip arthroplasty. It
utilizes finite element analysis (FEA) software, specifically Abaqus, to simulate and
assess how different implant angles in the sagittal and varus planes influence
biomechanical outcomes. Key variables such as stress components (S), Mises
equivalent stress (MISES), and translations/rotations (U) are analyzed to provide
insights into how implant positioning can impact the performance and longevity of the

hip implant.



CHAPTER 2
LITERATURE REVIEW

2.1 Clinical Background

The hip joint is a vital anatomical structure in the human body, consisting of a
ball-and-socket assembly created by the rounded head of the femur and the concave
acetabulum of the pelvis (Zaghloul, 2018). It allows for a wide range of movements
essential for daily activities and physical functions. These movements include six
primary plane motions such as flexion, extension, abduction, adduction, internal
rotation, and external rotation, as well as various combinations and successive
movements (Aghayan & Lee, 2014). Figure 2.1 shows the cross-sectional view of the
normal hip joint. Figure 2.2 illustrated the part of the femur which consists of the
proximal, shaft and distal. The proximal region is divided into 3 zones, which are A is
trochanteric, B is neck and C is head. The femur is the longest and most robust bone in
the human body. The length correlates with a striding motion, whereas the strength
relates to weight and muscle forces. It consists of an upper end, a shaft, and a lower end.

The proximal femur comprises the head, neck, greater trochanter, and lesser trochanter

(Singh et al., 2023).

Acetabular

labrum
Acetabulum

Head of femur

Epiphyseal
line
Greater Neck of
trochanter femur
Femoral
neck axis
Shaft of Anatomical
femur L SR axis of femur

Figure 2.1 Cross-sectional View of the Normal Hip Joint (Zaghloul, 2018)
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Figure 2.2 Part of the Femur (Chang et al., 2018).

The Gruen zone system is a widely adopted clinical protocol for evaluating implant
status, dividing the bone-implant interface into seven distinct zones as shown in Figure
2.3. Currently, clinicians manually identify these zones and the implant boundary, a
process that is time-consuming and prone to errors and inconsistencies. Automating this
process could improve efficiency, accuracy, and patient outcomes. Although some
studies have attempted to automate hip implant segmentation, there is currently no
research focused on automating the identification of Gruen landmarks specifically in
radiographs of total hip arthroplasty (Alzaid et al., 2024). Zone 1 refers to the top of the
stem in bone down to the inferior point and Zone 2 refers to the end of Zone 1 to
halfway to the tip point. Zone 3 refers to the end of Zone 2 to the tip point meanwhile
below the tip point refers as Zone 4. Zone 5 is the opposite of Zone 3 meanwhile Zone
6 is the opposite of Zone 2. Zone 7 is opposite to Zone 1. Alzaid et al introduced the

new landmark of each zone as shown in Figure 2.4.



Figure 2.3 Gruen Zones of Femur (Alzaid et al., 2024)

¥ Zone1: Top of the stemin bone down to the
inferior point of GT

Zone 2 : End of zone 1 to halfway to the tip point.
Zone 3 : End of zone 2 to the tip point

4 : Below the tip point

Zone 5 : Oppositeto zone 3

Zone 6 : Opposite to zone 2

Zone 7 : Opposite to zone 1

Zone
Zone 4

Point# Description

1 Superior edge of shoulder
The inferior point of GT
Halfway to the tip point
Tip point
opposite to point 3

opposite to point 2
Collar mid point

Figure 2.4 Modified Definition of Gruen Zone (Alzaid et al., 2024)
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The Total Hip Arthroplasty (THA) is a surgical technique in which an artificial
hip implant prosthesis completely replaces the diseased or broken hip. It involves an
acetabular and a femoral component that need secure attachment to the pelvic and
femoral bones. The primary goal is to achieve optimal positioning for the effective
functionality of the prosthesis. The acetabular component, referred to as the acetabular
cup, may consist of a single piece adhered with cement to the acetabulum, or it may
comprise two parts: an outer dome secured by impaction (known as "press fit") and/or
screws, along with an inner component (referred to as "liner" or "insert") housed within
the outer component. As for the femoral component, it typically consists of a stem that
can be cemented or press-fitted without cement, and a head that attaches to the stem.

(Torini et al., 2023). Total hip arthroplasty is indicated for patients with hip



osteoarthritis, femoral head necrosis, and refractory joint pain, with factors influencing
the need for surgery including patient characteristics like age, body mass index (BMI),
and comorbidities (Panwar et al., 2023). THA typically occurs in elderly individuals
(Goémez Alcaraz et al., 2021; Moarrefzadeh et al., 2022). However, previous study
found that THA is becoming more prevalent among a younger demographic,
specifically individuals aged between 40 and 60 years, with a rising demand and low
revision rates, especially in those with osteoarthritis and higher surgeon volumes (A. G.
Chen et al., 2023). Due to rising accident rates and unhealthful lifestyle choices, the rate
of total hip prostheses is likewise rising in modern society (Belwanshi et al., 2022).
Shichman et al. predict an increase in THA procedures of 176% by 2040 and 659% by
2060 (Shichman et al., 2023). Understanding femur anatomy and Gruen zone is

important to determine the load transfer and mechanical stability.

2.2  Implant & Stability

Implant fixation is defined as the techniques employed to securely affix a
medical implant to bone or adjacent tissue, preserving its stability and functionality
within the body. There are two types of fixations which are cemented and cementless.
Cement in THA act as a grout to create an interlocking fit between the prosthesis and
cancellous bone. Figure 2.5 refers to the schematic of cemented hip illustrating the
layered configuration of its components. Polymethylmethacrylate (PMMA) works like
a dynamic filler, occupying the space between the implant and bone. It helps to stabilize
the implant and allows the load to be smoothly transferred from the implant to the
surrounding bone tissue (Douglas et al., 2021). Meanwhile for cementless fixation the
bone is biologically fixed to a surface layer of the prosthesis in uncemented hips (Maggs
& Wilson, 2017).

Cemented implants can be categorized into taper-slip (force-closed) and
composite beam (shape-closed). Taper slim are collarless and have a highly polished
surface finish. Cemented sockets are typically polyethylene cups with thick walls.
Commonly, they contain grooves on the outer surface to promote stability within the
cement mantle and an embedded wire marker to enable positioning to be assessed on
postoperative X-rays (Maggs & Wilson, 2017). It is believed that cemented fixation is

less risk of periprosthetic fracture, loosening and revision (Thejeel & Endo, 2022a).



Cemented hip stems have the advantage of less rehabilitation time as the patient can
walk without help immediately after surgery (Singh & Harsha, 2016).

A study by X. T. Chen et al., shows that cemented fixation in THA is related to
lower probabilities of periprosthetic fractures at various postoperative time points which
are 30, 90, and 180 days, compared to cementless fixation (X. T. Chen et al., 2023).
Additionally, previous research indicates that cemented and hybrid THA procedures
result in lower blood loss compared to cementless THA, although this does not
necessarily translate to lower transfusion rates (Meifiner et al., 2023). As a result, the
biomechanical consequences of small deviations in cemented implant orientation and
their potential contribution to long-term failure mechanisms remains unclear. This
highlights the need for detailed finite element—based analyses to evaluate cement mantle
stresses and implant stability under realistic loading conditions. Finite element-based
research are necessary to close this knowledge gap since the impact of these variances
on the distribution of cement mantle stress and long-term implant stability under

functional loading conditions has not been fully examined.

CMMG 2000

Figure 2.5 Schematic of Cemented Hip Arthroplasty (Hung et al., 2019)

Revision of THA is a technique in which an implanted hip prosthesis is removed
and replaced with a new one. The number of revision THA procedures performed each
year grew by 28% from 2012 to 2018 (Upfill-Brown et al., 2021). While THA is
performed with great success, there are risks with the procedure; PJI occurs from 0.6%
to 2.2%, which can lead to serious complications and possible revision surgery (Fowler

et al., 2019). Previous studies have identified instability as one of the common
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indications of revision of total hip arthroplasty (Shichman et al., 2022; Upfill-Brown et
al., 2021). Although, according to Shichman et al., aseptic loosening is the main
common indication of revision hip arthroplasty, followed by the dislocation and
instability of implants. (Shichman et al.,, 2022). Additionally, patients with
osteonecrosis, post-traumatic osteoarthritis, and femoral neck fractures are more likely
to have revision within five years of original THA, with infection and instability being
prominent causes (Oltean-Dan et al., 2022).

A study by Patel et al. found the most frequent cause of revision of THA appears
to be dislocation and instability (21.8%), followed by mechanical loosening (19.74%),
mechanical complications (17.38%) and infection (15.10%). The findings were
influenced by the demographic and comorbidity profile of the patients. Most patients
(42.33%) required revision of all components, which is the most common type of
revision (Patel et al., 2023). Experience and surgical techniques of surgeons also
contribute to implant failure (Anil et al., 2022). Ravi et al. concluded that patients were
more likely to experience dislocation and early revision if their operation was performed
by a surgeon who had performed 35 or fewer similar procedures in the year prior to the
index procedure (Ravi et al., 2014). There are many THAs performed each year which
now exceeds one million world-wide, which makes it important to look at these
complications, and find ways to improve surgical technique in order to provide a higher
quality of life for patients (Fontalis et al., 2021; Fowler et al., 2019).

There is a study that investigates the unstable of total hip arthroplasty. The
contributing factors of the implant dislocation are including component malposition,
extra-prosthetic impingement, polyethylene wear, abductor muscle incompetence,
altered neurologic or proprioception about the hip from neurologic disease or spinal
disease, and less frequently an adverse local tissue reaction from metal hypersensitivity
or infection (Meneghini, 2018). This study uses a CT scan to access the acetabular and
femoral positions which are acetabular abduction angle, anteversion, and femoral
component anteversion. However, the current study will predict the implant malposition
at the varus and sagittal position.

According to Sirignano at al., instability at the one-year mark subsequent to
primary total hip arthroplasty saw a decrease from around 4% in the year 2000 to 2.3%
in 2010 and further down to 1.6% in 2018. The primary reason behind the need for
revision surgery was identified as infection (18.6%), followed by periprosthetic fracture

(14%), mechanical loosening (11.5%), and instability (9.4%). Groups at higher risk for
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instability post-total hip arthroplasty continue to encompass individuals of older age,
those with elevated Charlson index scores, individuals with obesity, patients with
lumbar spine issues, as well as those with neurocognitive disorders (Sirignano et al.,
2023).

Dislocation commonly occurs during the early phase of THA. It happens when
the forces on the implant head, which are mostly generated by impingement, exceed the
soft tissue tension or resistance helping to limit the head's excessive motion. Patient,
surgical technique and implant are the possible cause of dislocation (Kobayashi &
Yukizawa, 2023). Dislocation is a recognised complication which can negatively affect
health-related QoL, and this effect is especially true for patients undergoing primary
THA, as patient-reported outcomes suggest that hip-related QoL worsens after
dislocation (Hermansen et al., 2022). In addition, dislocation increases healthcare costs
and resource utilization with median costs significantly increasing for patients who
require revision surgery (Galvain et al., 2022). Additionally, several studies have
established that dislocation can negatively impact patient-reported outcomes, given the
need to implement effective management strategies (Galvain et al., 2022; Hermansen
et al., 2022).

Anil et al. focus on aseptic loosening in THA. Aseptic loosening is the failure
of the fixation of a prosthetic component in the absence of infection. Aseptic loosening
is caused by ineffective initial fixation, as well as mechanical and biological loss of
fixation (Anil et al., 2022). A long-term follow-up of an uncemented hydroxyapatite
coated femoral stem reported a survival rate of 98.4% at 20 years for aseptic loosening
with a single case revised for this reason. (Yee et al., 2024). The trabecular oriented
pattern (top) acetabular cup had a 90.5% survival rate with aseptic loosening being a
leading cause of revision (Mosconi et al., 2021). In a study of tapered titanium femoral
components, the survivorship for aseptic loosening was exceptionally high at 30 years
(99%) (Mclaughlin et al., 2023).

Misalignment is one of the causes of total hip arthroplasty failure. The seminal
contribution has been made by Yusof et al. in promoting implant stability by predicting
the effects of varus and sagittal positioning. It has been shown that the stress in varus
positioning is higher than in sagittal positioning during stair-climbing condition (Yusof
etal., 2021). A critical open question is whether the cemented hip arthroplasty will have

the same result in both positioning.
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Marwan et al. also investigated the stress distribution in cementless THA femur
during walking and stair climbing at straight, varus +3° and varus -3° malposition. This
study also found the maximum Von-misses in intact femur is higher during stair
climbing, compared to walking conditions. Misalignment of the stems can lead to
increased deformation around the fixation site, particularly in cases with a varus
angulation of -3 (Marwan et al., 2017). However, the effects of stem malalignment due
to sagittal orientation parameters, particularly with regard to the stresses in the cement
mantles, on cemented THA implants are not well clarified biomechanically.

Another previous study is focusing on two types of misalignments which are
retroversion and anteversion on cemented hip arthroplasty (Aznan et al., 2020). Loading
condition that has been investigated in this study includes walking that (normal), and
stair climbing (highest force activities). This study shows that retroversion has the
highest magnitude of stress during walking and stair climbing. Stair climbing has the
highest stress magnitude as compared to walking because the activity requires more
force. The highest stress distribution is located at the distal region due to highly
concentrated loading applied in hip joint contact. This study was limited to extraversion
and anteversion conditions. The similarity with the current study is both studies are
focusing on the cemented THA.

As has been reported in the previous literature (Belaid et al., 2022), the stress
decreased as the valgus angle (positive angle) increased meanwhile, the stress increased
when the varus angle (negative angle) increased. The mean maximum principal stress
at the proximal femur was 12.56MPa (SD=+4.14), 9.44MPa (SD=+3.24) and 6.48MPa
(SD=+2.49) for -10°, 0° and +10° respectively. Meanwhile, the mean minimum
principal stress was 17.11MPa (SD=+4.59), 15.11MPa (SD=+4.08) and 12.69MPa
(SD=%£3.5) for -10°, 0° and +10° respectively. Hwang et al also performed finite
element analysis to find the maximum principal stress (MPS) and maximal tensile
stress. When the mechanical axis was applied from the valgus to varus alignment, there
was an increase in MPS and a distal movement of the femoral weakest point. In addition,
this study found that peak strain position and magnitude were influenced by the lower
limb geometry (Hwang et al., 2022).

Furthermore, the effects of the deviations, often occurring during surgical
practice, with regard to the relatively high precision necessary for implants not initially
surpassing the yield abilities of the implant material, have not drawn much attention,

although they may contribute to the development of regions with high stresses due to
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mismatch orientation. Thus, there is a need for a comprehensive finite element analysis

on the effects of implant orientation on the cemented THA under high-load activity.

2.3 Loading and Boundaries Conditions

Walking and the act of climbing stairs are biomechanical loading conditions that
provide critical insight into the considerations of total hip arthroplasty (THA) research,
particularly regarding their consequences on still other conditions, including
osteoarthritis (OA) of the hip. As a weight-bearing activity, it is one of the important
functional tasks. Studies suggest that performance in doing the task of stair ascent and
descent correlates with severity in cases of hip OA thus, influences some decisions
regarding THA (Stasi et al., 2023). Such activities are essential for evaluating joint
power generation and functional recovery following surgery, as they represent aspects
of daily living most affected by hip osteoarthritis (Queen et al., 2019). Furthermore,
Yusof et al. considered stair climbing as a loading condition in their analysis to predict
how varus and sagittal implant positioning might influence implant stability in
cementless hip arthroplasty.(Yusofet al., 2021). Similarly, Aznan et al. considered both
loading conditions when estimating the effects of stem malalignment on bone
adaptation(Aznan et al., 2020).

Walking and stair climbing are primary activities that influence the wear and
tear of total hip arthroplasty (THA) components since various loading conditions will
influence micromotion and wear rates. Previous study examined the effects of various
factors on hip implant wear rates, highlighting the importance of considering daily life
activities in wear predictions (Alpkaya et al., 2024). Stair climbing creates larger
micromotion at the proximal and distal ends of hip stems, which may affect implant
initial fixation and long-term stability (Kanaizumi et al., 2022). Normal walking along
with cycling has been shown to dramatically increase the volumetric wear rates of THA
components, with cycling further raising wear by 67% (Toh et al., 2023). Also
concerning is stress shielding, whereby the excessive loading of the prosthesis leads to
a reduction in bone density, especially in younger patients with a potential need for a
second surgery (Gabriele et al., 2022).

While walking and climbing stairs are acknowledged as essential functional
loading conditions for assessing the performance of total hip arthroplasty (THA), most

research to date has concentrated on cementless implants, wear prediction, or bone
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adaptation outcomes. Although these activities have been demonstrated to affect
micromotion, wear rates, and stress shielding, little is known about their biomechanical
effects on cemented THA, especially with regard to cement mantle behaviour and
implant stability.

Additionally, while walking and stair-climbing loads have been used to study
implant malalignment and positioning, these analyses seldom incorporate the combined
effects of everyday activities, cemented fixation mechanics, and minor variations in
implant orientation within a single framework. Therefore, it is still unclear how
physiologically relevant loading conditions affect implant micromotion, cement mantle

stress distribution, and long-term stability in cemented THA.

2.4  Finite Element Analysis

Additionally, there is a review article aimed to identify the major criteria and
approaches that Finite Element Analysis (FEA) can implement to obtain superior
performance from hip implants (Belwanshi et al., 2022). FEA helped numerous studies
in identifying the critical areas where fatigue, fractures, mechanical stresses, and strains
are most likely to occur and cause hip implant failure (Belwanshi et al., 2022). Previous
study implemented FEA to obtain the maximal principal stress in the proximal femur in
varus and sagittal positioning. FEA allows to determine the stress distribution and load
transfer in the femoral shaft (Yusof et al., 2021). Belwanshi et al. also emphasizes the
benefits of using FEA, such as its ability to optimize the geometry and shape of an
implant without compromising its mechanical behaviour or increasing implant weight.
Also, FEA helps to perform quick testing of the specimen with different materials
(Belwanshi et al., 2022). As for the current study, FEA will be performed to predict the
effects of implant malposition at varus and sagittal to implant stability in hip
arthroplasty in Abaqus software.

This study utilized InVesalius 3.0 software to convert the 2D CT scan image to
3D model. InVesalius is an open -source software that has user-friendly graphical
interface. It allows users to perform the manual segmentation, thresholding and
watershed techniques (Paulo Amorim et al., 2015). Previous researches has
demonstrated the utilization of InVesalius for the reconstruction of 3D models from
DICOM images (Mendonga et al., 2023; Stocco et al., 2022). Moreover, Ruppert et al

were using InVesalius to build a hand tracking and gesture recognition system based on
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the Kinect device. The surgeon is allowed to control this software through hand gestures

performed in the air. (Ruppert et al., 2012).

Table 1 shows the comparison the past studies related to the positioning and

orientation of femur and THA. The combination effects of small angle variations of hip

implant at various varus and sagittal orientation of cemented total hip arthroplasty

remain little investigated.

Table 1
Comparison of Previous Studies
Previous
studies
(Marwan et al., | (Yusofetal., (Belaid et al., (Hwang et al.,
(Aznan et
2017) 2021) al.. 2020) 2022) 2022).
Ty[fe‘of. Straight, varus varus and o normal, Neutral
positioning +3° and varus - sagittal( -1°, - anterversion. | varus neutral, varus,
5 2°,-3°,1°, 2°, . i and valgus
3°. 3%) retroversion | valgus
Loading Walking & stair S We}lklng & . .
oo - Stair climbing stair Standing standing
condition climbing S
climbing
Type. of Cementless Cementless Cemented Femur only Femur only
fixation
Critical area Within the hip
L implant until
Medial distal the distal end Cement Femoral neck | Shaft of femur
end of femur mantle
of the
prosthesis
Research gap | Limited to Limited to Focusing on
cementless cementless Considering | varus Loading
THA only THA without the cemented | malaligment condition
without considering the | THA but on femur only | limited to
considering the | walking activity | different type | during walking and
sagittal as loading of orientation | standing stair climbing
orientation condition activity
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Introduction

This chapter consists of the methodology implemented in this study to achieve
all objectives. A three-dimensional (3D) femur model was developed from a computed
tomography (CT) scan image. Then, the Finite Element model for the femur, stem
prosthesis and cement mantle was reconstructed. The research was conducted in
collaboration with the University of Malaya, which provided essential data for the
investigation. The research methodology involved multiple phases, including the
assembly of all components of cemented hip arthroplasty using advanced simulation
software, Abaqus. Finite element analysis (FEA) was then applied to simulate the
mechanical behaviour of the hip joint. This approach made it possible to thoroughly
investigate stress distribution and pinpoint areas of concern under different loading
conditions, providing a comprehensive view of the system's performance. Figure 3.1

shows the flow chart of this study.
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Figure 3.1 Flow Chart
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3.2 Generation of Femur Model

InVesalius 3.1, an open-source software, was used to transform 2D CT scan
images into detailed 3D models. Figure 3.2 shows a 2D CT image of the whole body.
Before creating the 3D model, the femur was isolated through a process called
segmentation. Segmentation involves identifying and separating specific parts of the
scan, such as bones or organs. This was done by selecting regions based on their
brightness or using tools to clearly define the areas of interest. In this case, the focus
was on isolating the femur for detailed study which was represented in yellow colour
as shown in Figure 3.2.

The final 3D model of the femur, shown in Figure 3.3, represents the segmented
area in a clear and refined form. To ensure accuracy, the model’s surface has been
smoothed, and any unwanted artifacts from the segmentation process have been
removed. These adjustments help create a clean and precise representation of the femur,
making it more suitable for visualization and analysis. Figure 3.3 shows the model of
intact femur with an approximate length of 454 mm.

This process highlights how InVesalius effectively converts medical imaging
data into 3D models, providing a better way to study and understand anatomical

structures.
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Figure 3.2 Segmentation of Femur.

Figure 3.3 3D Model of Intact Femur
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3.2.1 Validation of Femur

The femoral model employed in this study was validated against the
experimental findings reported by Simoes et al (Simdes et al., 2000). Model validation
was achieved by comparing the strain distribution within the intact femur to that
observed in the experimental study. The loading (X= -263.8N, Y= -1841.3N, Z= -
433.8N) and boundary conditions were applied as shown in Figure 3.4(a). The
measurement locations have been assigned as M1-M5 and L1-L5 in the medial and
lateral planes respectively as shown in Figure 3.4(b). The half of the femur was used to
reduce the time of analysis. The similarity of strains and its magnitude at points of
interest indicates the credibility of the created model to represent the biomechanical

behaviour of the femur.

(a) (b)

Figure 3.4 (a) Location of Loading and Boundary Condition. (b) Measurement
Location of Strain Distribution.

3.2.2 Convergence Study

A convergence study was conducted to ensure the accuracy and reliability of the
finite element analysis (FEA) in evaluating stress distribution in the femur of Total Hip

Arthroplasty (THA). In finite element analysis (FEA), greater precision in the solution
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1s achieved with the utilization of finer mesh elements. Nevertheless, this comes at the
cost of increased computational time, necessitating a convergence analysis to determine
the optimal mesh size for accurate FEA results (Mohamad Azmi et al., 2024).

To achieve this, models with element sizes of 4 mm, 4.5 mm, 5 mm, 5.6 mm,
and 6 mm were analyzed. The FEA focused on evaluating the Von Mises Stress, with
specific node groups extracted from each model to assess convergence, as illustrated in
Figure 3.5. Convergence was determined by comparing the percentage difference in
stress values at each node between consecutive mesh sizes. If this difference was below
5%, the model was considered converged. As shown in Figure 3.6 , the results exhibited
a consistent trend across all element sizes, with stress values decreasing progressively
from node 1 to node 6. The mesh convergence analysis confirmed that the percentage
differences between 4.5 mm and 5 mm were below 5%, leading to the selection of 5
mm as the optimal element size. This ensures that the analysis achieves a balance
between computational efficiency and result accuracy, providing reliable insights into

stress distribution, bone remodelling and implant stability.
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3.3  Generation of Cemented Total Hip Arthroplasty of Finite Element Model

After the development of 3D model, finite element model was reconstructed in
Abaqus software. CAD model was imported into the software. As shown in Figure 3.7,
this study used a cemented THA model that consisted of three main components, which
are hip implant, cement mantle, and femur with approximate length of 166.15mm,
148.29 mm and 243.06 mm, respectively. In this study, only the upper region of the
femur was utilized to minimize analysis time. The femoral head was removed in order
to allow for the accurate insertion of the hip implant into the femoral canal. For this
study, CT scan data was obtained from The Cancer Imaging Archive (TCIA). The bone
cement model has a distal thickness of 20 mm and a surrounding thickness of 2 mm

(Ahmad et al., 2020).

(a) (b) (c) (d)
Figure 3.7 (a) Cement Mantle (b) Implant (¢) Femur (d) Assembled of THA
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3.3.1 Material Properties

To achieve an accurate model, material attributes were designated for each
component. In this study, the femur was made of cortical bone, whereas polymethyl
methacrylate (PMMA) material was used for the cement mantle (Ahmad et al., 2020).
The hip implant was assumed to be made of biocompatible stainless steel, which was
known for its remarkable resistance to corrosion and superior strength (Olugbade,
2022). All materials were assumed to be homogenous, isotropic and linear elastic. Table

1 shows the material properties that will be used in the finite element model.

Table 2
Material Properties (Lamvohee et al., 2014).

. Poisson Ratio, Yield Strength, oy
Component | Materials | E(GPa) N (MPa)
Femur Cortical 17 0.3 115
bone
Cement Mantle PPMA 2 03 29
. Stainless
Hip Implant steel 200 0.28 205

3.3.2 Mesh

Generate the mesh for the complete hip arthroplasty model to ensure that the
computational algorithms yield robust and reliable numerical results (Yusof et al.,
2021). By integrating global and local seed parameters and employing tetrahedral
elements, the meshing process is designed to generate an optimized mesh that accurately
represents the structural complexities and loading conditions of the cemented hip

arthroplasty model.
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Figure 3.8 Meshing of (a) Cement Mantle (b) Hip Implant (c) Half Femur

3.3.3 Assembly & Interaction

The femur, cement mantle, and implant were combined using the Assembly
feature in Abaqus. Based on Figure 3.9, an instance is created for each model
component and a dependent part instance was selected. These instances are carefully
positioned and aligned to replicate the arrangement of the components as they would be
during surgery. Coincidence Point Constraint was used to arrange the component.

In the interactions stage, the model setup was defined to iteratively analyze
stress distribution and load transfer within the hip model. Surface contact constraints
were essential to ensure accurate biomechanical simulations for cemented hip
arthroplasty in the finite element analysis (FEA). The "Tie" function in Abaqus was
utilized by established surface to surface contact to secure the connections between the
femur and cement mantle, as well as between the cement mantle and the hip implant
component as shown in Figure 3.10. Figure 3.11 show the combination of individual

models that generates the complete THA model.
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Figure 3.11 Model of Total Hip Arthroplasty
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34 Configuration of Different Implant Positioning at Varus and Sagittal Plane

The 'Step' phase employs Abaqus software to assess the effects of implant
positioning in cemented hip arthroplasty. Outputs include S (stress components and

invariants), MISES (Mises equivalent stress), and U (translations and rotations).

3.4.1 Sagittal and Varus Positioning

Figure 3.12 shows the implant positioning at various angle at the varus plane

meanwhile Figure 3.13 refers to the implant positioning at the sagittal plane.

V

-0.75° -0.5° -0.25° 0°

Figure 3.12 Implant Positioning in Different Angles at the Varus Plane (Anterior
View).
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Figure 3.13 Implant Positioning in Different Angles at the Sagittal Plane (Medial
View).
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3.4.2 Loading and Boundary Conditions

Forces and boundary conditions were implemented by mapping the walking and
stair-climbing activity profile onto the hip model. Two forces have been exerted on the
femur model, representing hip loading (P1) and muscle reaction (P2), with a fixed load
positioned at the lower end as shown in Figure 3.14(a). Table 3 shows the magnitude of

force for both loading conditions.

Table 3
Magnitude of Force for Walking and Stair Climbing (Aznan et al., 2020)
Loading Point Forces (N) X Y Z
condition
Walking P1 Hip Joint -263.8 N -1841.3 N -433.8 N
Contact
P2 Abductor 345N 695 N 465.9 N
Stair P1 Hip Joint -486.8 N -1898.3 N -476.4 N
climbing Contact
P2 Abductor 2314 N 682.1 N 563.1 N

Pl
P2

(a) (b)

Figure 3.14 (a) Location of Each Loading and Boundary Condition at Different
Views and (b) Meshing of Cemented Hip Arthroplasty Model
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter explored the impact of implant positioning on stress distribution,
strain distribution, and deformation. For stress distribution, each model was visually
represented with a colour gradient, where grey indicated areas of higher stress
concentrations, and blue represented regions with lower stress levels. Similarly, in the
strain distribution analysis, the colour gradient ranged from blue for minimum strain to
grey for maximum strain. Lastly, for deformation, the colour scale ranged from blue,

denoting minimal deformation, to red, representing maximal deformation

4.2 Finite Element Analysis of Femur

The validation of the femur model was determined by analyzing the strain
distribution within the femur of the model. The femur model employed in this study
was validated against the experimental findings reported by Simoes et al (Simdes et al.,
2000). Model validation was achieved by comparing the strain distribution within the
femur to that observed in the experimental study. To replicate the experimental
conditions, an identical loading configuration comprising joint reaction forces and
abductor muscle forces was applied, with the distal end of the femur constrained. As
shown in Figure 4.1, the strain distribution exhibits a similar pattern despite differences
in magnitude. This variation can be attributed to the individual differences in

physiological loading conditions (Abdullah et al., 2009).
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4.3 Effect of Implant Positioning on the Stability of Cemented Total Hip
Arthroplasty

4.3.1 Variation in Small Angles at Sagittal Positioning

Sagittal alignment during walking and stair climbing activity was assessed by
examining six angles: -0.3°, -0.2°, -0.1°, 0.1°, 0.2°, and 0.3°, with 0° designated as the

reference angle.

4.3.1.1 Total Hip Arthroplasty

Figure 4.2 and Figure 4.3 illustrates that the colour consistency suggests the
stress pattern remains relatively unchanged across different sagittal angles under
walking and stair climbing loading conditions. For both loading conditions, the regions
of high stress are located along the medial and lateral aspects of the bone and implant,
likely due to the transfer of load from the implant to the femur. The THA model also
demonstrates elevated Von Mises stress at the distal end of the cement mantle. A study
by Oshkour et al also found that higher stress was exhibited at the distal part of cement
mantle which may contributed to an increased risk of cement mantle fracture and fatigue
crack propagation (Oshkour et al., 2013). This stress concentration is likely attributed
to the high reaction force at the lower cement mantle, resulting from force application
at the hip joint contact (Aznan et al., 2020). The elevated stress in these areas raises
concerns regarding potential implant failure or bone resorption due to stress shielding.

Figure 4.4 and Figure 4.5 shows the consistent strain pattern across all the tested
angles. The strain appears to concentrate along specific regions of the femur, which
could indicate areas at higher risk for mechanical failure or stress concentration
depending on the implant position. The increased strain observed is likely a result of
the load being transferred from the prosthesis to the bone, a common occurrence in
proximity to the region where the implant stem is positioned. Moreover, the grey
coloration in the area of the cement indicates a region of elevated strain. The
relationship between strain and stress is characterized by an increase in strain
corresponding to elevated stress levels. During weight-bearing activities, the lower
section of the femoral component is exposed to significant strain resulting from bending

moments and shear forces. The variations between angles are subtle; however, they may
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be pivotal in determining the optimal sagittal angle to minimize stress within the cement
mantle or the surrounding bone. Stress concentrations frequently occur at interfaces
between materials with differing stiffness, such as between the bone cement and the
bone or between the implant and the cement. These regions of stress concentration are
of particular importance, as they can significantly influence the longevity and stability
of the implant within the bone. During the act of climbing stairs, the distribution of
strain within the femur rises, especially when using the Muller prosthesis, resulting in
elevated stresses and a risk of aseptic loosening. This situation can adversely affect bone
health, hasten degenerative changes and require vigilant observation after total hip
arthroplasty (Sofuoglu & Cetin, 2015).

Figure 4.6 and Figure 4.7 show the amount of deformation is relatively
consistent across the range of angles, showing a similar pattern under both loading
conditions with the highest deformation occurred at the top of the component while the
least deformation is observed at the base. This phenomenon can be attributed to the
cantilever effect, in which the load applied at the hip joint generates the largest moment
arm at the superior portion of the implant. Such a result is anticipated, as the superior
portion of the implant experiences the greatest deformation under load, given its
position as the most distal point relative to the fixed support at the base of the femoral
bone. A smooth gradient from grey to blue suggests a consistent stress distribution
across all sagittal angles. The deformation patterns are symmetric, with similar effects
seen at both negative (-0.3° to -0.1°) and positive (0.1° to 0.3°) angles. This may indicate
a more optimal load transmission through all the components and remains unaffected

by deformation.
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Figure 4.2 Stress Distribution Analysis for All Components at Different Sagittal
Angles under Walking Loading Condition (a) -0.3°, (b) -0.2°, (¢) -0.1°,
(d) 0°, (e) 0.1°, (f) 0.2° and (g) 0.3° (h) Close-up View
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Figure 4.3 Stress Distribution Analysis for All Components at Different Sagittal
Angles under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c) -
0.1°, (d) 0°, (e) 0.1°, (f) 0.2° and (g) 0.3° (h) Close-up View
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Figure 4.4 Strain Distribution Analysis for All Components at Different Sagittal
Angles During Walking (a) -0.3°, (b) -0.2°, (¢) -0.1°, (d) 0°, (e) 0.1°, (f)

0.2° and (g) 0.3° (h) Close-up View
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Figure 4.5 Strain Distribution Analysis for All Components at Different Sagittal
Angles under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c) -
0.1°,(d) 0°, (e) 0.1°, (f) 0.2° and (g) 0.3° (h) Close-up View
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Figure 4.6 Total Deformation Analysis for All Components at Different Sagittal
Angles under Walking Loading Condition (a) -0.3°, (b) -0.2°, (¢) -0.1°,
(d) 0°, (e) 0.1°, (f) 0.2° and (g) 0.3° (h) Close-up View
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Figure 4.7 Total Deformation Analysis for All Components at Different Sagittal
Angles under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (¢) -
0.1°,(d) 0°, (e) 0.1°, (f) 0.2° and (g) 0.3° (h) Close-up View

4.3.1.2 Half Femur

There is a distinct pattern of distal load transfer noticed in the stress distribution
throughout the femur divided into Gruen zones, as shown in the Figure 4.80. In the
Gruen zones 1, 2, 6, and 7 located in the proximal area of the femur, most of these stress
areas appear blue, indicating very low stress, suggesting that there is a very limited load
transfer proximally, leading to probable stress shielding and probably bone resorption
in the calcar region, Zone 7 over a prolonged amount of time. Zones 5 and 3, which
occupy the mid to distal region, displayed a progressive increase through the stress
range, represented by a shift from blue to green and yellow, suggesting a mild stress.

Zone 4 is at the distal tip of the stem and contains the highest stress concentration, from
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yellow to red and grey. This indicates load transfer has become completely distal, and
this pattern appears with stiff or long cemented femoral stems. The overall stress
distribution in Figure 4.8 indicates a pattern of mechanical load shifting from the
proximal femur to the distal femur, and this may have long-term effects on bone

remodelling and stability of the implant.

Figure 4.8 Stress Distribution Across the Femoral Gruen Zones

Figure 4.9 and Figure 4.10 show the Von Mises stress for the femoral bone at
different sagittal angles under walking and stair climbing loading condition,
respectively. The stress distribution does not exhibit significant alterations when
subjected to various sagittal alignments. For both loading conditions, high stress is
concentrated in the lower regions of the femoral bone, while the upper region (proximal
femur) exhibits a lower stress concentration suggesting the implant absorbs and
redistributes load, reducing stress on the surrounding bone. This phenomenon is likely
associated with the bending moment effect of the femur (Luo et al., 2020). Moreover,
the stress distribution remains stable across different activities, such as stair climbing
with assistive devices, suggesting that the human body naturally adapts to varying loads
without significant shifts in stress patterns (Zhu et al., 2023). Previous studies found
femoral neck strains are generally higher during descent, suggesting a greater risk of
hip pain and stress fractures in this phase (Deng et al., 2021).

Next, Figure 4.11 and Figure 4.12 illustrates the strain distribution across

various angles under walking and stairs climbing loading conditions, respectively. In
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all models, strain is primarily localized in the distal portion of the femur, particularly
along the cortical bone adjacent to the implant or in load-bearing regions, with a more
pronounced concentration observed on the right side. This asymmetry may be attributed
to variations in loading conditions or differences in bone density, leading to an uneven
distribution of strain. The grey colour seems visible near the distal femur and medial
cortex. These regions are subjected to greater strain suggesting a higher risk of structural
failure under excessive loading. Strain distribution in the femur increases, especially
with the Miiller prosthesis, resulting in higher stresses that may contribute to aseptic
loosening. This can adversely affect bone health, accelerate degenerative changes, and
highlight the need for careful post-operative monitoring following total hip arthroplasty
(Sofuoglu & Cetin, 2015). The consistency in strain distribution across the different
angles suggests that changes in the sagittal angle have a minimal impact on the
deformation of the femoral bone under load, which is a positive indication of the
implant's stability across the tested range of angles. In contrast to the previous study,
both sway-back and forward-flexed postures demonstrated increased stress and
deformation as the angle between the femoral axis and the gravity line increased. These
findings underscore the significant influence of posture on femoral mechanical
behaviour during gait (Belaid & Bouchoucha, 2015). A study from Altai et al. found
that during walking, significant variability in peak strains, influenced more by gluteus
medius forces than hip joint contact forces (Altai et al., 2021).

Moreover, Figure 4.13 and Figure 4.14 demonstrate the degree of deformation
diminishes from proximal to distal, indicating that the proximal femur undergoes the
greatest deformation due to load transfer and its relative flexibility. Both loading
conditions demonstrate consistent patterns, with no significant variation in magnitude
observed. The femoral bone’s response to loading remains stable across the various
sagittal alignments analyzed, indicating a consistent behavior under the tested
conditions. Understanding total deformation in total hip arthroplasty is essential for
evaluating implant stability and long-term success. It plays a key role in determining
the risk of complications like dislocation and the need for revision surgery However, in
Figure 4.14, deformation appears slightly larger in the femoral head region. The

gradient seems more uneven which suggests increased structural displacement
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Figure 4.9 Stress Distribution Analysis for Femoral Bone at Different Sagittal Angles
under Walking Loading Condition (a) -0.3°, (b) -0.2°, (c¢) -0.1°, (d) 0°, (e)
0.1°, (f) 0.2° and (g) 0.3° (h) Close up View
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Figure 4.10 Stress Distribution Analysis for Femoral Bone at Different Sagittal
Angles under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c) -
0.1°, (d) 0°, () 0.1°, () 0.2° and (g) 0.3° (h) Close-up View
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Figure 4.11 Strain Distribution Analysis for Femoral Bone at Different Sagittal
Angles under Walking Loading Condition (a) -0.3°, (b) -0.2°, (¢) -0.1°,
(d) 0°, (e) 0.1°, (f) 0.2° and (g) 0.3° (h) Close-up View
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Figure 4.12  Strain Distribution Analysis for Femoral Bone at Different Sagittal
Angles under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (¢) -
0.1°,(d) 0°, (e) 0.1°, (f) 0.2° and (g) 0.3° (h) Close-up View
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Figure 4.13 Total Deformation Analysis for Femoral Bone at leferent Sagittal

Angles under Walking Loading Condition (a) -0.3°, (b) -0.2°, (¢) -0.1°, (d)
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Figure 4.14 Total Deformation Analysis for Femoral Bone at leferent Sagittal

Angles under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c) -
0.1°,(d) 0°, (e) 0.1°, (f) 0.2° and (g) 0.3°

As shown in Figure 4.15, the highest stress value for the walking loading
condition is 236.7 MPa which occurred between -0.1° to 0.3°. Angles -0.3° and -0.2°
have a stress value of 236.6 MPa which indicates minimal difference in the maximum
von Mises stress across the different angles. However, the deformation values remain
consistent across all angles. This suggests that while there is a slight variation in the
stress experienced by the bone at more negative angles, this does not result in a change
in deformation, highlighting the resilience of the bone-implant system to these stress
variations. As shown in Figure 4.16, The magnitude of deformation slightly decreases
as the sagittal angle shifts from negative to positive. However, this change is minimal,
indicating that the deformation of the femoral bone remains largely unaffected by the

variations in the angles studied.
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Meanwhile, Figure 4.17 reveals that the angles -0.3°, -0.2°, and 0.3° exhibit the
highest strain, whereas the angles 0.1° and 0.2° display the lowest strain. Angles 0° and
-0.1° lie between the highest and lowest strain values. The strain observed at the extreme
angles which are -0.3° and 0.3°, may indicate potentially adverse biomechanical
conditions, which could lead to increased wear or an elevated risk of bone remodelling
over time. Figure 4.18 further illustrates that the maximum strain in the femoral bone
remains remarkably consistent across different sagittal alignment angles. The maximum
strain values range from 0.06886 to 0.06888, with only small fluctuations observed
between the angles. These results suggest that there is no significant variation in the
maximum strain as the sagittal alignment angle changes, indicating that the bone's
response to mechanical loading stays relatively stable across the tested angles.
Compared to walking activity, the strain distribution during stair climbing is higher.
Research suggests that descending stairs induces higher femoral neck strains compared
to ascending, potentially increasing the risk of hip pain and stress fractures, particularly

in older individuals (Deng et al., 2021).
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Figure 4.15 Comparison of Maximum Von Mises Stress and Displacement for
Femoral Bone at Different Sagittal Angles under Walking Loading
Condition
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Figure 4.18 Strain of Femoral Bone Against Different Sagittal Angles under Stair
Climbing Loading Condition
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4.3.1.3 Cement mantle

Figure 4.19 and Figure 4.20 shows the relatively uniform pattern of stress
distribution across various angles, suggesting that the sagittal alignment angle has
minimal influence on the stress exerted on the cement mantle under walking and stair
climbing loading conditions, respectively. The stress concentration localized near the
proximal region of the cement mantle. It helps to prevent the prosthetic stem from
migrating further into the femoral canal (Aznan et al., 2020). Similarly, higher stress
concentrations are localized near the proximal region of the cement mantle due to the
bending of the femoral stem, particularly with materials like titanium alloy (Ti6Al4V),
which leads to increased interfacial stresses and micro movements (Singh & Harsha,
2016). A previous study from Kimura et al. found that the fixation of the cement mantle
is frequently stronger distally, resulting in unsupported proximal areas that endure
considerable bending moments during load application, which may lead to localized
stress concentrations and the possibility of fractures (Kimura et al., 2018). 0° displays
a relatively uniform stress distribution which indicates the optimal stress management
in the cement at these alignments. In positive angles, the stress concentration is less
severe than the negative angles but slightly higher than the neutral alignment. The stress
zones appear more localized and contained near the medial region. High stress is
primarily concentrated in the medical and proximal regions of the cement mantle for all
tested angles. The distal area experiences significantly lower stress indicated by the
predominantly blue colour.

Strain is concentrated in regions similar to the stress distribution as shown in
Figure 4.21 and Figure 4.22 . Higher strain is located at the proximal medial and lateral
ends of the cement mantle. This suggests that these areas experience concentrated
mechanical stress regardless of sagittal alignment changes. Strain represents an adaptive
reaction to applied stress and serves as an indication of the extent to which the material
is undergoing deformation in response to the exerted load. The consistency observed in
strain distribution pattern across various angles suggests that the response of the cement
mantle to loading conditions remains stable, regardless of the slight changes in
alignment. Variation in strain intensity at different angles indicates discrepancies in load
transmission and possible failure regions. Furthermore, the optimal thickness of the

cement mantle holds significant importance; a thickness exceeding 2mm may diminish
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stress-strain levels and alleviate stress shielding, thereby improving the mechanical
performance of the cement (Levadnyi et al., 2017).

Figure 4.22 shows the grey region appears more intensive at 0.3° indicating
increased strain in the cement mantle compared to the neutral position. At the neutral
position, the strain distribution appears to be most uniform with minimal red regions
suggesting that this position optimizes the stress distribution within the cement.

The total deformation of the cement mantle remains consistent across all angles
both loading conditions as shown in Figure 4.23 and Figure 4.24 . This implies that
changes in sagittal alignment have minimal impact on cement mantle deformation. The
pattern of the deformation same as the previous study where the higher deformation is
exhibited at the upper part of the cement mantle (Aznan et al., 2020). The displacement
of the cement mantle under load remains relatively consistent despite variations in
sagittal alignment, indicating that the cement mantle exhibits a uniform material
response. This stability suggests that the cement mantle can accommodate the range of
tested sagittal angles without compromising its structural integrity. The cement mantle
demonstrates a consistent material behaviour in total hip arthroplasty attributable to its
viscoelastic characteristics, which facilitate the even distribution of loads, thereby
reducing stress concentrations and improving stability at the interfaces of cement-bone
and cement-prosthesis (Hernigou et al., 2009). Figure 4.24 shows that the deformation,

which is 10.29 um, is constant at all angles.
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Figure 4.19  Stress Distribution Analysis for Cement Mantle at Different Sagittal
Angles under Walking Loading Condition (a) -0.3°, (b) -0.2°, (¢) -0.1°, (d)
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Mantle
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Figure 4.20 Stress Distribution Analysis for Cement Mantle at Different Sagittal
Angles under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c) -
0.1°,(d) 0°, (e) 0.1°, (f) 0.2° and (g) 0.3° (h) Close-up View of Proximal
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Figure 4.21 Strain Distribution Analysis for Cement Mantle at Different Sagittal
Angles under Walking Loading Condition (a) -0.3°, (b) -0.2°, (¢) -0.1°, (d)
0°, (e) 0.1°, (f) 0.2° and (g) 0.3° (h) Close-up View of Proximal Cement
Mantle
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Figure 4.22 Strain Distribution Analysis for Cement Mantle at Different Sagittal

Angles under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c) -
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Cement Mantle at 0.3°
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Figure 4.24 Total Deformation Analysis for Cement Mantle at leferent Sagittal

Angles under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c) -
0.1°, (d) 0°, (e) 0.1°, (f) 0.2° and (g) 0.3°

As shown in Figure 4.25, 0.3° exhibits the highest value of stress which is 21.36
MPa meanwhile 0.2° exhibits the lowest stress value which is 14.85 MPa. Both values
are below the value of PMMA yield strength which is 29 MPa. The highest deformation
1s 9.974 um at 0.3° while the lowest deformation is 9.974 um at -0.3°, showing only a
slight difference. Figure 4.26 indicates a trend in which Von Mises stress increases
with positive sagittal angles. This suggests that as the sagittal angle shifts forward, the
stress within the cement mantle progressively rises. Additionally, the stress values
exhibit fluctuations within a specific range, with notable peaks observed at 0.2° and
0.3°. The deformation values, portrayed by the blue line, show a rather steady
disposition through all sagittal angles, implying that there are no significant changes in
the overall displacement should changes in implant orientation be made throughout the
indicated range. This suggests that while stress within the cement mantle is sensitive to
sagittal angle variation, the structural integrity and macroscopic deformation of the
cement layer remain relatively unchanged.

Furthermore, Figure 4.27 demonstrates that the strain values vary from a
maximum of 0.0095 at 0.3° to a minimum of 0.0075 at -0.2°. While the differences are
minimal, they may still hold significance when considering long-term mechanical
performance. Figure 4.28 illustrates the strain distribution within the cement mantle
across different sagittal angles. The results indicate a relatively stable strain pattern for
angles ranging from -0.3° to 0.1°, with a slight increase observed at 0.2° and 0.3°. An

angle of 0.3° exhibit the highest value of strain which is 0.011 and -0.2° exhibits 0.009.
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This implies that while strain remains consistent across most of the analysed angles, a

forward tilt beyond 0.1° may contribute to higher strain levels within the cement mantle.

30 Threshold of PMMA = 29 MPa 9.980
25
;«? 9.978 _
s g
520 =
p=t o
n 9.976 5
215 g
= k5
g A
> 9.974
10
5 9.972
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Sagittal Angles
mmmm Von Mises stress (Mpa) === Deformation (um)

Figure 4.25 Comparison of Maximum Von Mises Stress and Deformation for
Cement Mantle at Different Sagittal Angles under Walking Loading
Condition
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Figure 4.26 Comparison of Maximum Von Mises Stress and Deformation for
Cement Mantle at Different Sagittal Angles under Stair Climbing Loading
Condition
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Figure 4.28 Strain of Cement Mantle Against Different Sagittal Angles under Stair
Climbing Loading Condition

4.3.1.4 Hip Implant

The stress distribution is greater at the proximal and distal ends of the implant
as shown in Figure 4.29. The upper part experiences elevated stress because it is the
direct point of load application. Additionally, the lower part is a high-stress area as it is
where the implant transfers load to the bone, leading to stress concentration at the
interface which indicates areas experiencing greater mechanical loading, which
eventually lead to material failure, implant loosening, or bone resorption (Firdaus et al.,
2024). The pattern of stress distribution is uniform across all angles. Under stair
climbing loading condition, the pattern of stress distribution is uniform within the
implant as shown in Figure 4.30. Generally, the pattern of stress distribution is similar
to the walking loading condition. However, during stair climbing activity, the neck
region experiences greater stress too. The neck of the implant, being narrower due to its
geometric design, concentrates stress at the lower part, the taper of the implant leads to
a smaller contact area, concentrating the load in a smaller region, which increases the
stress. The midsection consistently shows lower stress values, indicating it is less
affected by sagittal positioning for both loading conditions.

According to the Figure 4.31 and Figure 4.32, the strain magnitude is higher at
the proximal and distal of the implant as the strain distribution closely follows the stress

distribution. The consistency observed across all angles indicates that the implant's
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material properties and geometry are well-suited to managing stress without significant
changes in deformation, which is advantageous for the implant's long-term durability.
The strain distribution is similar to the stress distribution, in which the lower part of the
implant experienced the higher strain. Regions of high strain are generally observed in
areas where the implant undergoes the greatest mechanical loading or at points of cross-
sectional transitions, which can result in localized stress concentrations

The pattern of deformation across all tested angles is consistent for walking and
stair climbing loading conditions as shown in Figure 4.33 and Figure 4.34. respectively.
There is no significant changes in the shape or distribution of the deformation areas
under both loading conditions This indicates that small variations in the sagittal angle
have minimal effect on the implant's deformation where the implant can be positioned
without substantially impacting its biomechanical performance in terms of stress and
deformation. Such findings suggest the potential for a degree of flexibility in surgical
implantation, without compromising the implant's structural integrity, patient safety, or
comfort. The debonding of the hip implant will result in the formation of a void between
the implant and the femur. This phenomenon is induced by the subsidence of the hip
implant within the cement mantle. The loosening of the hip implant may predispose the

individual to fractures and dislocation of the femur (Aznan et al., 2020).
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Figure 4.29 Stress Distribution Analysis for Implant at Different Sagittal Angles
under Walking Loading Condition (a) -0.3°, (b) -0.2°, (c¢) -0.1°, (d) 0°, (e)
0.1°, (f) 0.2° and (g) 0.3° (h) Close-up view of upper part of hip implant
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Figure 4.30 Stress Distribution Analysis for Implant at Different Sagittal Angles
under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c) -0.1°, (d)
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Figure 4.31 Strain Distribution Analysis for Implant at Different Sagittal Angles
under Walking Loading Condition (a) -0.3°, (b) -0.2°, (c) -0.1°, (d) 0°, (e)
0.1°, (f) 0.2° and (g) 0.3°
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Figure 4.32 Strain Distribution Analysis for Implant at Different Sagittal Angles
under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c¢) -0.1°, (d)
0°, (e) 0.1°, (f) 0.2° and (g) 0.3° (h) Close up view

62



U, Magnitude

+1.0952401
+1.000e+01
+9.3752400

+8.750e+400
+8.1252400
+7.500e+400
+6.8752400
+6.250e400
+5.6252400
+5.000e+400
+4.3752400
+3.750e+400
+3.1252400
+2.500e+400

(a) (b) (c) (d) (e) (2

Figure 4.33 Total Deformation Analysis for Implant at Different Saglttal Angles

under Walking Loading Condition (a) -0.3°, (b) -0.2°, (c¢) -0.1°, (d) 0°, (e)
0.1°, (f) 0.2° and (g) 0.3°

U, Magnitude
+1.130e+01

+1.000e+01
+9.375e400
+8.750e+00

+8.125e400
+7.500e+00
+6.875e+400
+6.250e+00
+5.625e400
+5.0002+00
+4.375e+400
+3.750e+00
+3.125e400
+2.50024-00

(a) (b) (c) (d) (e) (2

Figure 4.34 Total Deformation Analysis for Implant at D1fferent Sagittal Angles

under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c) -0.1°, (d)
0°, (e) 0.1°, (f) 0.2° and (g) 0.3°

Figure 4.35 illustrates that the neutral 0° angle experiences a significantly higher
stress, measuring 173.7 MPa, compared to other angles, which range from 164.7 MPa
to 167.4 MPa. Despite these variations in stress, the deformation remains consistent
across all angles at 10.95 um, indicating that the implant's deformation is unaffected by
changes in sagittal alignment. In other words, the deformation does not vary with
sagittal angles. Figure 4.36 illustrates that the magnitude of deformation remains
constant at 11.3 um across all implantation angles from -0.3° to 0.3°. This consistency
indicates that the deformation experienced by the implant does not vary significantly
within the studied angular range. It suggests that the implant material, polymethyl
methacrylate (PMMA), and its structure can effectively withstand physiological loads

encountered during stair-climbing activities without notable deformation changes.
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Furthermore, Figure 4.36 reveals that the lowest Von Mises stress occurs at -0.3°, while
the highest is observed at 0.3° with the value of 188.4 MPa and 188.8 MPa, respectively.
However, this increase is minimal, demonstrating that variations in the implant angle
within the sagittal plane have a negligible impact on the stress distribution under the
simulated physiological loads. Compare to the previous study, the circular-shaped
implant has the stress values 218.78MPa and deformation of 0.16mm (Chethan et al.,
2019). This different may be attributed to the behaviour of the implant design and the
magnitude of applied loading conditions.

Figure 4.37 shows a slight increase in strain across the angles, with the highest
strain at 0.3° and the lowest at -0.3°, with a difference of 0.7u between the highest and
lowest values. This trend could be attributed to the biomechanical responses of the
implant to changes in sagittal alignment. As the sagittal angle shifts, it may alter the
distribution of mechanical forces and moments acting on the implant, which in turn
affects the strain patterns within the implant structure. The bar graph in Figure 4.38
demonstrates the uniformity of strain values across the range of tested angles, indicating
that the implant design is optimized to achieve consistent strain distribution despite
minor angular variations within the investigated range. While the differences in strain
values are subtle, the highest strain is observed at an angle of 0.3°, suggesting a relative
increase in deformation at this specific angle. This phenomenon may be attributed to
factors such as changes in contact pressure or variations in load distribution on the

implant with increasing angle.
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Figure 4.35 Comparison of Maximum Von Mises Stress And Displacement for
Implant at Different Sagittal Angles under Walking Loading Condition
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Implant at Different Sagittal Angles under Stair Climbing Loading
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Loading Condition
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4.3.2 Variation in Small Angles at Varus Positioning

Varus alignment during walking and stair climbing activity was assessed by
examining six angles which are 0.75°, -0.5°, -0.25°, 0.25°, 0.5° and 0.75°, with 0°

designated as the reference angle.

4.3.2.1 Total Hip Arthroplasty

Figure 4.39 and Figure 4.40 shows barely any variation in the distribution of
stress across all varus angles ranging from -0.75° to 0.75°, with more pronounced
concentration of stress along the medial and lateral aspects of the bone and implant
which possibly indicates an uneven distribution of load due to the misalignment. These
localized increases in stress are likely due to the abrupt transition in stiffness between
the implant and the surrounding bone tissue. It is anticipated that elevated stress could
result from the significant reaction force at the lower cement mantle, as the force is
exerted at the hip joint contact (Aznan et al., 2020). This pattern seems to be consistent
with other research, which found the maximum von Mises stress distribution was
observed at the distal region of the hip prosthesis, while the peak von Mises stress at
the inner femoral bone was located at the medial side (Ismail et al., 2023). However,
Ismail et al focusing on the cementless hip arthroplasty. High von Mises stress in the
implant indicates that it is experiencing a significant load, which could exacerbate stress
shielding in the surrounding bone. In particular, the existence of a hip implant can
instigate the development of denser osseous tissue in regions subjected to mechanical
stresses exceeding physiological levels, while simultaneously leading to atrophic bone
formation in areas of the femur that are no longer subjected to physiological loading
(commonly referred to as the stress-protected or stress-shielded zone). This
phenomenon occurs due to the introduction of a prosthetic device into the skeletal
structure, which substantially modifies the load distribution, thereby altering the
mechanisms of bone remodelling (Savio & Bagno, 2022).

Additionally, Figure 4.41 and Figure 4.42 demonstrates that the medial region
of the femoral bone consistently experiences high strain across all tested angles under
walking and stair climbing loading conditions, respectively. This region is subjected to
bending and compressive forces as the load is transferred through the implant, leading

to elevated strain levels with an increased likelihood of mechanical failure based on the
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placement of the implant. In cemented THA, load transfer transpires when the cement
promptly secures the implant to the bone, facilitating efficient load distribution from
the implant to the adjacent bone, hence improving initial stability and long-term fixation
(Enoksen et al., 2017). The uniform strain distribution across different varus angles
suggests that these angles do not influence the overall strain pattern. Previous study
found that the strain measurements observed in the cemented stem exhibited higher
concentration on the medial aspect of the femur in contrast to those recorded for the
uncemented stem (Enoksen et al., 2017).

Similarly, Figure 4.43 and Figure 4.44 reveals a consistent deformation pattern
across all varus angles, indicating a uniform response of the implant system to applied
loads. The red and grey regions highlight the highest deformation levels, primarily in
the upper portion of the implant. Notably, the grey area appears more extensive under
stair climbing loading condition as shown in Figure 4.44. This observation aligns with
expectations, as the upper part of the THA model experiences the most deformation due
to its greater distance from the fixed support at the base of the femoral bone. This
finding similar to the previous study where the highest deformation was found at the
femoral head . According to Ammarullah et al., the upper region of the THA model
undergoes the greatest deformation due to the elevated vertical loads associated with
higher body mass index (BMI) categories, leading to increased displacement in the

negative y-direction under normal walking conditions (Ammarullah et al., 2022).
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Figure 4.39 Stress Distribution Analysis for All Components at Different Varus

Angles under Walking Loading Condition (a) -0.75°, (b) -0.5°, (¢) -0.25°,
(d) 0°, (e) 0.25°, () 0.5° and (g) 0.75°
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Figure 4.40 Stress Distribution Analysis for All Components at Different Varus
Angles under Stair Climbing Loading Condition (a) -0.75°, (b) -0.5°, (¢) -
0.25°, (d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.41 Strain Distribution Analysis for All Components at leferent Varus

Angles under Walking Loading Condition (a) -0.75°, (b) -0.5°, (c) -0.25°,
(d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.42 Strain Distribution Analysis for All Components at leferent Varus

Angles under Stair Climbing Loading Condition (a) -0.75°, (b) -0.5°, (¢) -
0.25°, (d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.43 Total Deformation Analysis for All Components at Different Varus
Angles under Walking Loading Condition (a) -0.75°, (b) -0.5°, (c) -0.25°,
(d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.44 Total Deformation Analysis for All Components at Different Varus

Angles under Stair Climbing Loading Condition (a) -0.75°, (b) -0.5°, (¢) -
0.25°, (d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°

4.3.2.2 Half Femur

Figure 4.45 and Figure 4.46 demonstrate the constant pattern of stress
distribution in the femur bone at various varus angles under walking and stair climbing
loading conditions, respectively. This demonstrates that the stress distribution is not
impacted by the various varus angles. The maximum stress is concentrated mostly in
the distal and medial areas of the femur. This stress distribution pattern is similar to the
previous research that found the stress level progressively increased from the proximal
to the distal region, peaking in the middle and lower parts of the femur which likely
associated with the bending moment effect of the femur (Luo et al., 2020). At the neutral
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position, the stress appears symmetrically distributed. As has been previously reported
in the literature, the stress distribution followed a predictable pattern. This was observed
under neutral loading cases, meaning the forces applied were balanced. Since the stress
pattern was regular, it suggests that the femur was mainly experiencing pure bending
which means the bone is mainly bending in one direction without additional twisting or
compression (Belaid et al., 2022). Meanwhile Figure 4.46 shows slight variations in
colours across different varus angles indicating a change in the stress distribution
pattern of the femur bone under stair climbing loading condition. At -0.75°, -0.5°, and
-0.25°, there is a slightly higher stress at the proximal femur which possibly indicates
an uneven distribution of load due to the misalignment. However, the overall stress
distribution shows minimal variation. The distribution might be affected by how the
bone normally transmits load, notably because the varus positioning alters
biomechanics.

Figure 4.47 and Figure 4.48 illustrates the strain distribution across the femur
under varus alignment under walking and stair climbing loading conditions,
respectively. The higher strain are primarily concentrated in the medial regions of the
femur, consistent with the strain distribution observed in the sagittal plane under stair
climbing loading conditions. This pattern is likely influenced by the directional forces
acting on the bone due to the implant's alignment. Despite variations in varus angles,
the strain distribution remains consistent, suggesting that the femur's biomechanical
adaptation to the implant does not significantly vary within the tested range. Previous
studies suggested that areas of elevated strain are predominantly localized in the medial
and distal femur, resulting from altered load distribution and stress shielding effects
induced by the implant. These factors contribute to modifications in tensile and
compressive stresses within these areas (Todo & Fukuoka, 2020). Higher strain values
raise the risk of hip pain, falls, and stress fractures (Deng et al., 2018).

Similarly, Figure 4.49 and Figure 4.50 highlights a uniform deformation pattern
across different angles in the magnitude deformation analysis under walking and stair
climbing loading conditions, respectively. As shown in Figure 4.50, the proximal femur
experiences greater deformation under stair climbing loading conditions compared to
walking. This indicates that implant placement within the tested range has minimal
impact on bone deformation under simulated physiological loads. The results suggest
that the femur maintains its structural integrity despite changes in alignment, which is

crucial for the implant-bone complex's durability and stability. However, identifying
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the optimal implant positioning remains a challenge, emphasizing the need for further

research to refine alignment strategies for improved biomechanical outcomes.
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Figure 4.45 Stress Distribution Analysis for Femur Bone at Different Varus Angles

under Walking Loading Condition (a) -0.75°, (b) -0.5°, (c) -0.25°, (d) 0°,
(e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.46 Stress Distribution Analysis for Femoral Bone at Different Varus Angles

under Stair Climbing Loading Condition (a) -0.75°, (b) -0.5°, (¢) -0.25°,
(d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.47 Strain Distribution Analysis for Femur Bone at Different Varus Angles
under Walking Loading Condition (a) -0.75°, (b) -0.5°, (c) -0.25°, (d) 0°,

(e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.48 Strain Distribution Analysis for Femoral Bone at Different Varus Angles

under Stair Climbing Loading Condition (a) -0.3°, (b) -0.2°, (c) -0.1°, (d)

0°, () 0.1°, (f) 0.2° and (g) 0.3°
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Figure 4.49 Total Deformation Analysis for Femur Bone at Different Varus Angles

under Walking Loading Condition (a) -0.75°, (b) -0.5°, (¢) -0.25°, (d) 0°,

(e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.50 Total Deformation Analysis for Femoral Bone at leferent Varus Angles

under Stair Climbing Loading Condition (a) -0.75°, (b) -0.5°, (¢) -0.25°,
(d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°

Figure 4.51 demonstrates that Von Mises stress values are marginally higher at
more negative varus angles, with a peak stress value of 236.8 MPa observed at -0.75°.
The stress slightly decreases as the angles become less negative, stabilizing at
approximately 236.6 MPa for angles ranging from 0.25° to 0.75°. Conversely,
deformation exhibits an inverse relationship with the varus angle, with higher angles
corresponding to slightly lower deformation values. This suggests that the bone-implant
system may exhibit increased rigidity as the varus angle increases. Figure 4.52
demonstrates that as the angle of the varus increases from -0.75° to 0.75°, there is a
slight decrease in Von Mises stress. This might suggest that as the implant angle
approaches the neutral which is at 0°, the stress on the femur decreases. However, the
change in stress is very minimal, indicating that within the range of angles assessed, the
stress distribution does not vary significantly. Besides, as the varus angle increases from
-0.75° to 0.75°, the magnitude of deformation reduces from 10.92 um to 10.85 pm,
implying that the femoral bone experiences less deformation as the implant angle moves
towards the positive side. The trend is relatively linear, suggesting a predictable and
proportional relationship between the varus angle and the deformation magnitude
within the tested range. This information could be indicative of how the bone would
behave under a load in real-world scenarios, where a slight variance in the angle of
implantation could potentially affect the deformation experienced by the bone.

Similarly, Figure 4.53 highlights a slight but noticeable variation in strain across
the angles, with the highest strain occurring at -0.75° and the lowest at 0.75°. The graph
in Figure 4.53 reveals a linear decrease in strain values as the varus angle increases. The

elevated strain at more negative angles may indicate that these angles impose slightly
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greater mechanical demands on the femoral bone. However, the minimal differences
observed suggest that the bone-implant system’s strain response remains highly
consistent across the analyzed range of varus angles. Figure 4.54 shows the strain
distributions against the varus angles under stair climbing loading condition. The strain
magnitude remains consistent across all the tested angles, with only a slight increase

observed at -0.75° with the value of 0.069.
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Figure 4.51 Comparison of Maximum Von Mises Stress And Deformation for Femur
Bone at Different Varus Angles under Walking Loading Condition
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4.3.2.3 Cement mantle

Figure 4.55 and Figure 4.56 shows the pattern of stress distribution for the
cement mantle remains consistent across all angles due to the von Mises stress values
exhibiting minimal differences. The majority of the model exhibits a pronounced
gradient of the blue colour, signifying lower values of von Mises stress. However, the
upper part of the cement mantle, near the load application point, exhibits a noticeable
concentration of high stress. This finding similar with the previous study by Aznan et
al that concluded this phenomenon occured due to its critical role in transferring load
from the prosthesis to the bone. This particular site is either in proximity to the external
loading points or linked with geometric stress concentrators resulting from abrupt
alterations in the cross-sectional area of the prosthesis (Aznan et al., 2020). Previous
studies suggested that the stiffness difference between the rigid femoral stem and the
adjacent bone results in stress shielding, particularly in the proximal femur where load
is concentrated during activities like walking and stair climbing (Shuib et al., 2023;
Xiao et al., 2023).

Besides, Figure 4.57 and Figure 4.58 show the strain distribution for cement
mantle across different varus angles under walking and stair climbing loading
conditions, respectively. Both figures highlight greater strain in the upper regions of the
cement mantle, aligning with areas of elevated stress under physiological loading
conditions. The strain distribution across various angles suggests that the cement mantle
effectively absorbs and dissipates the mechanical forces exerted by the implant,
irrespective of the varus angle. This demonstrates the material's ability to deform in
response to stress. Additionally, the high stiffness of materials, such as ceramics with a
large Young's modulus, can intensify stress shielding effects, resulting in an uneven
strain distribution and an increased strain energy density in the upper regions (Saadoon
et al., 2021). The pattern of the strain distribution under both loading conditions is
similar to the sagittal positioning which corresponds to the pattern of stress distribution.

Additionally, Figure 4.59 and Figure 4.60 reveals that deformation is highest in
the upper regions of the cement mantle, corresponding to areas of high stress and strain
similar to the previous study (Aznan et al., 2020). The analysis further shows that the
overall deformation distribution remains consistent across all angles, confirming that

total deformation is unaffected by the varus angles tested.
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Figure 4.55 Stress Distribution Analysis for Cement Mantle at Different Varus
Angles under Walking Loading Condition (a) -0.75°, (b) -0.5°, (c) -0.25°,
(d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.56 Stress Distribution Analysis for Cement Mantle at Different Varus
Angles under Stair Climbing Loading Condition (a) -0.75°, (b) -0.5°, (¢) -
0.25°, (d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.57 Strain Distribution Analysis for Cement Mantle at Different Varus
Angles under Walking Loading Condition (a) -0.75°, (b) -0.5°, (¢) -0.25°,
(d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.58 Strain Distribution Analysis for Cement Mantle at Different Varus

Angles under Stair Climbing Loading Condition (a) -0.75°, (b) -0.5°, (¢) -
0.25°, (d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.59 Total Deformation Analysis for Cement Mantle at leferent Varus
Angles under Walking Loading Condition (a) -0.75°, (b) -0.5°, (c) -0.25°,
(d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°
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Figure 4.60 Total Deformation Analysis for Cement Mantle at leferent Varus
Angles under Stair Climbing Loading Condition (a) -0.75°, (b) -0.5°, (¢) -
0.25°, (d) 0°, (e) 0.25°, (f) 0.5° and (g) 0.75°

According to Figure 4.61, the stress values vary across different angles, with the
highest stress of 17.61 MPa occurring at -0.25° and the lowest stress of 12.33 MPa
observed at -0.75°. In contrast, deformation follows an inverse pattern where the
greatest deformation, 10.02 pm, is recorded at -0.75°, while the smallest deformation,
9.9285 um, is observed at 0.75°. This inverse relationship suggests that as varus angles
become more extreme, the cement mantle may undergo slightly greater deformation.
This could indicate a more compliant material response or a more flexible interaction
between the cement mantle and the implant.

Furthermore, Figure 4.62 illustrates that the von Mises stress values fluctuate as
the varus angle changes under stair climbing condition. Notably, there is a peak at -
0.25° and -0.5°, suggesting these positions experience higher stress. There is a
noticeable reduction in stress as the angle shifts from -0.25° to 0.25°, followed by a
slight increase towards 0.75°. This pattern could suggest that certain angles are more
prone to induce stress within the cement mantle, which could affect the longevity and
stability of the implant. This may result from PMMA being softer facilitating the
adaptation of implants and femurs to mitigate the strain transmitted from the implants
to the femurs through deformation akin to a dashpot (Yavuz Solmaz et al., 2018). The
magnitude of deformation gently decreases as the angle moves from -0.75° to 0.75° as
shown in Figure 4.62. The changes are small but consistent. The highest deformation
occurred at -0.75° with the value of 10.33um. The smallest deformation is observed at
0.75° with the value of 10.26um, indicating this may be a more stable configuration

under the simulated conditions.
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The strain graph in Figure 4.61 illustrates minimal variance, with the highest
strain observed at -0.75° and the lowest at 0.25°. These small differences in strain values
indicate that the cement mantle’s deformation capacity under load remains consistent
across the studied range of varus angles. However, even minor variations could hold
clinical importance, implying that slight changes in the varus angle might influence how
the cement mantle responds to strain during loading.

Figure 4.63 shows the strain of the cement mantle against different varus angles.
The greatest strain is observed at the most negative varus angle (-0.75) with the value
of 0.0097 and typically diminishes as the varus angle nears zero. After that, it
experiences a slight increase once more at positive varus angles. The lowest strain is
found at 0.25 varus angle with the value of 0.0069, indicating that this position may
offer enhanced stability or reduced stress to the cement mantle.

According to Figure 4.64, as the varus angles moves toward the positive angles,
the strain value generally decrease. The highest value of strain is 0.0111 at -0.75° and
the lowest strain is 0.0079 occurred at 0.25°, which means the neutral position does not

exhibit the lowest strain.
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Figure 4.61 Comparison of Maximum Von Mises Stress And Displacement for
Cement Mantle at Different Varus Angles under Walking Loading
Condition
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Cement Mantle at Different Varus Angles under Stair Climbing Loading
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Figure 4.64 Strain of Cement Mantle Against Different Varus Angles under Stair
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4.3.2.4 Hip Implant

Figure 4.65 and Figure 4.66 illustrate implant models with a colour gradient
representing Von Mises stress distribution at different alignment varus angles under
walking and stair climbing loading conditions, respectively. Under walking loading
conditions, regions of higher stress are observed at the head and distal part of the
implant. This distribution aligns with fundamental mechanical principles, as these areas
are subjected to the greatest forces during walking activity. Meanwhile, under stair
climbing conditions, not only the head and distal part, but also the neck of the implant.
As the findings from both computational and experimental analyses are consistent, Patra
et al concludes that the maximum stress occurs at the neck of the hip prosthesis. The
stress concentration gradually decreases along the shaft of the prosthesis. This stress
distribution plays a critical role in the loosening or failure of the prosthesis (Patra et al.,
2020). The stress distribution pattern remains consistent across all tested angles,
suggesting that slight variations in implant positioning have minimal impact on the
overall stress distribution within the implant. These subtleties might not lead to
immediate clinical issues but could have long-term implications for the integrity of the
implant. Besides, a previous study found that varus and valgus deflections have a minor
effect in the coronal plane, particularly under varying loading condition which are

standing and walking (Kaku et al., 2022). In contrast, previous studies indicate that an
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increase in the varus angle correlates with higher maximum von Mises stress values,
suggesting an elevated fracture risk associated with varying degrees of varus positioning
(Belaid et al., 2022).

Besides, Figure 4.67 and Figure 4.68 present the strain distribution analysis for
an implant under different varus angles under walking and stair climbing loading
conditions, respectively. The regions of maximum strain are consistently localized near
the distal end of the implant, indicating that this area experiences the highest mechanical
loading (Firdaus et al., 2024). According to Vogel et al, increased strain distribution in
the lower region of the hip implant arises from differences in stiffness between the
implant materials and the surrounding bone, resulting in stress shielding effects,
especially when using stiffer materials (Vogel et al., 2021). The minimal variations in
the magnitude and pattern of strain across the angles suggest that the implant maintains
mechanical stability despite slight varus positioning. The stable strain pattern indicates
effective load transfer between the implant and the bone, reducing the risk of stress
shielding, which can lead to bone resorption and implant loosening. Since slight varus
positioning does not significantly impact the strain distribution, this suggests some
flexibility in surgical alignment during implantation.

Figure 4.69 and Figure 4.70 show the total deformation analysis of the implant
at various varus angles under walking and stair climbing loading conditions. Across all
varus angles, the deformation pattern remains largely consistent, with maximum
deformation localized near the proximal end of the implant and minimum deformation
occurring near the distal end of the implant. This pattern suggests that the mechanical
behaviour is dominated by the loading conditions associated with the femoral head
during walking and stair climbing activities. The pattern of deformation also similar to
the previous study in which the greater deformation occurred at the upper part of the
various type of the hip implant (K.N. et al., 2019).While slight variations in deformation
magnitude are observed across the tested angles, these changes are minimal. The
magnitude of deformation appears to be stable within a narrow range, indicating that
the implant is resilient to minor varus misalignments. The consistent deformation
behaviour highlights the implant’s ability to maintain structural integrity and
functionality across a range of small angular deviations. This is essential for preventing
excessive stress or strain that could lead to implant failure or damage to surrounding

bone tissue.
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Additionally, Figure 4.71 shows the neutral implant position experienced the
highest stress, and stress decreased with small deviations from the neutral position
whether in the negative or positive direction. This implies that small varus angles from
the neutral position would decrease peak stress, possibly affecting the longevity of the
implant and durability of the cement. The trend of deformation, represented by the blue
line, decreases from -0.75° to 0.75° indicating that the greater the varus angle from
neutral, the deformation is slightly lower. The deformation is highest at -0.75°, with a
value of 10.99um, and lowest at 0.75 °, with a value of 10.91um, The small range of
deformation variation suggests that stress is sensitive to varus positioning, whereas the
displacement does not change throughout this analysis. Then, Figure 4.72 shows a slight
but consistent increase as the angle moves from negative to positive. The stress
increases from 188.3 MPa at -0.75° to 188.9 MPa at 0.75°. This trend suggests that the
prosthesis experiences progressively higher stress as the angle deviates from the
baseline position. The higher value of Von Mises stress leads to the stress shielding
phenomenon, which might result in aseptic loosening and instability of the implant
(Yusofetal., 2021) . Besides, it also shows that the magnitude of deformation decreases
slightly as the angle increases, from 11.33 pm at -0.75° to 11.27 um at 0.75°. Even
though the changes are minimal, there is a consistent trend where the deformation
decreases as the angle becomes more positive.

The strain values are relatively small but show a distinct increasing trend as the
varus angle moves from -0.75° to 0.75° as shown in Figure 4.73. The strain at the
negative varus angles is low and approximately constant. Then, at 0° varus, there is a
slight increase in strain. With increasing varus angles, the strain gradually increases.
Strain is greatest at the 0.75° varus angle. Figure 4.74 indicates that the strain values at
the implant show a slight yet consistent increase as the varus alignment angle shifts
from negative to positive. However, the overall variation remains minimal, with a

difference of only 0.4 between the highest and lowest strain values.
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4.3.3 Comparison of Highest Stress Distribution, Strain Distribution and

Deformation between Sagittal and Varus Position.

4.3.3.1 Stress Distribution in Total Hip Arthroplasty, Femur, Cement Mantle and Hip
Implant

The graphs indicate that stress distribution represented by Von Mises Stress
(VMS), strain distribution, and deformation values are higher during stair climbing
compared to walking. While differences are observed between these activities, the VMS
value remains unchanged in stair climbing for both sagittal and varus positions in Figure
4.75. However, sagittal angles exhibit more VMS compared to varus angles. Figure 4.76
demonstrates that varus positioning at -0.75° results in higher stress in the femur
compared to sagittal (-0.1°,0°,0.1°,0.2° and 0.3°) during walking activity. Figure 4.77
shows no significant difference between sagittal and varus during the two activities.
For sagittal orientation, during walking activity the highest VMS occurred at 0.3° while
the highest VMS occurred at 0.2° and 0.3° during stair climbing activity. Figure 4.78
highlights that VMS in the cement mantle is higher in sagittal orientation (0.3°) than in

varus for both loading conditions.
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Figure 4.75 Comparison of Von Mises Stress in Total Hip Arthroplasty for Sagittal
and Varus Positioning under Two Different Loading Conditions
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Figure 4.78 Comparison of Von Mises Stress in the Cement Mantle for Sagittal and
Varus Positioning under Two Different Loading Conditions.
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4.3.3.2 Strain Distribution in Total Hip Arthroplasty, Femur, Cement mantle and Hip
Implant

Figure 4.79 shows that strain distribution in THA 1is slightly higher in sagittal
positioning than in varus during walking. Figure 4.80 indicates that strain distribution
in the femur is similar for both varus and sagittal orientation. Under walking loading
conditions, the highest strain exhibited at -0.3°, -0.2° and 0.3° at sagittal orientation
while -0.75° exhibited the highest strain at varus orientation. According to Figure 4.81,
strain in the cement mantle is higher during both walking and stair climbing activities
at 0.75° varus orientation. Meanwhile, Figure 4.82 demonstrates that strain distribution
is similar for both loading conditions in the hip implant. Under sagittal orientation, the
highest strain exhibited at 0° and 0.2°, 0.3° under walking and stair climbing loading

conditions, respectively.
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Figure 4.79 Comparison of Strain Distribution in Total Hip Arthroplasty for Sagittal
and Varus Positioning under Two Different Loading Conditions.
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Figure 4.80 Comparison of Strain Distribution in Femur for Sagittal and Varus
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Figure 4.81 Comparison of Strain Distribution in Cement Mantle for Sagittal and
Varus Positioning under Two Different Loading Conditions.
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Figure 4.82 Comparison of Strain Distribution in Implant for Sagittal and Varus
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4.3.3.3 Deformation in Total Hip Arthroplasty, Femur, Cement mantle and Hip
Implant

Figure 4.83 illustrates that when walking, the sagittal position experiences more
deformation than the varus position. For both walking and stair climbing, Figure 4.84
shows that the femur deforms more in the varus position than in the sagittal position
with the highest deformation occurred at -0.75°. At sagittal position, femur experienced
the highest deformation at -0.3°, 0.2°, 0.1° and 0° under stair climbing loading
conditions meanwhile the deformation is consistent under walking conditions.
Likewise, Figure 4.85 shows that for both activities, the cement mantle deforms more
in the varus position. In sagittal orientation, cement mantles experienced the highest
deformation at 0.3° during walking activity while deformation is consistent during stair
climbing activity at the various angles. Similarly, Figure 4.86 shows that during walking
and stair climbing, the hip implant deforms more in the varus position than in the sagittal
position. In varus orientation, the highest deformation occurred at -0.75° for walking
and stair climbing. In sagittal orientation, both loading conditions experienced a

consistent deformation across all the angles.
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Figure 4.83 Comparison of Deformation in Total Hip Arthroplasty for Sagittal and
Varus Positioning under Two Different Loading Conditions
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Figure 4.85 Comparison of Deformation in Cement Mantle for Sagittal and Varus
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CHAPTER S
CONCLUSION

5.1 Conclusion

In the present study, a three-dimensional femoral model was created using the
images of the CT scan, and the results were compared with previous research to validate
the finite element model used. A cemented total hip arthroplasty model was created with
a variable position of the implant to measure the biomechanical behavior of the cement
mantle, which is an essential factor for the estimation of implant stability in cemented
THA.

The results show that small deviations in the position of the implants
significantly affect the stress distribution and deformation of the cement mantle. In the
sagittal positioning, the maximum stress and deformation occurred at the 0.3° with the
value of 24.62MPa and 10.29MPa respectively. The amount of deformation during
stairs climbing is relatively independent of the sagittal position, and thus stress values
are more significant for the position-dependent effects for the stairs loading condition.
For varus positioning, under loading conditions of stair climbing, maximum stress
occurred at -0.25° with the value of 20.19 MPa while the highest deformation occurred
at the most negative angle with the value of 10.33um. In sagittal orientation, Optimal
positioning can be considered at -0.3° and -0.2° that exhibited lowest stress distribution
and deformation under walking and stair climbing conditions, respectively. Meanwhile,
in varus orientation, 0.75° can be considered as the optimal positioning. Although it
exhibited relatively high stress with low deformation under both loading conditions,
but the stress value did not exceed the threshold of the PMMA.

Since the cement mantle serves as the primary load transfer medium between
the implant and bone in cemented THA, any data that is derived from cement mantle
mechanics is a rational estimation of the stability of the implant. Although all
orientations led to cement mantle stresses lower than the yield strength for PMMA
which is 29 MPa, it is evident that, despite not leading to material failure, high levels in
malpositioned implants may pose risks in fatigue-related damage, thus leading to

implant instability.
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In general, this study confirms that the mechanical behaviour of the cement

mantle is a sensitive and reliable indicator for the assessment of implant stability in

cemented THA. These results stress how important precise positioning of the implants

is during surgery and support the use of cement mantle stress and deformation as

predictive metrics for long-term performance.

5.2

Recommendations

For future work, below are the recommendations to enhance clinical relevance and

simulation depth:

The mechanical performance of the hip implant system is highly dependent on
the properties of both the cement mantle and the implant orientation. Future
research should explore the impact of using various bone cement types at
different type of orientation.

Simulating the imperfections of cement mantle such as voids and cracks to
reveal significant stress concentrations and potential failure locations. Future
models must incorporate the impacts of cement porosity and inadequate
pressurization during implantation.

Simulating more actual-life events to the finite element simulations, like sitting-
to-standing transitions, seated postures, and fall impacts. By applying different
load magnitudes and directions, these scenarios provide information about stress
patterns and possible danger areas that might not be visible when walking or

stair climbing.
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