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Abstract

Total hip arthroplasty (THA) is the preferred treatment for severe hip diseases, but the durability
of hip prostheses is compromised by stress shielding, leading to bone resorption and implant
failure. This study aims to optimize femur stems using auxetic materials, which exhibit a negative
Poisson's ratio, potentially providing better stiffness matching with the femur and reducing stress
shielding, thereby enhancing implant performance and patient outcomes. The study systematically
optimized an auxetic femur stem for hip arthroplasty by collecting patient-specific data from
Samaritan Surgical Center, performing finite element analysis using SolidWorks and ANSYS, and
comparing the optimized design to Zimmer's femur stem under realistic loading conditions. This
comprehensive methodology included simulations of activities like walking and stair climbing,
supported by statistical evaluations to ensure robust conclusions on stress shielding and
biomechanical performance. The optimized femur stem, incorporating a 3D Star Honeycomb
structure and Zimmer's Titanium Alloy, significantly reduced stress shielding in realistic loading
conditions, achieving reductions of up to 38.16%. This innovative design aligns biomechanical
behavior closely with intact bone, outperforming conventional femur stem designs in reducing
stress concentrations and facilitating bone ingrowth. This study demonstrates that incorporating
a 3D star honeycomb auxetic structure into femur stem design significantly reduces stress
shielding and improves biomechanical performance under realistic loading conditions compared
to Zimmer's femur stem. These findings highlight the potential for innovative implant designs to
enhance stability and patient outcomes in hip arthroplasty.

Keywords: femur stem, hip arthroplasty, stress shielding, biomechanical performance, auxetic
structure, 3D star honeycomb, implant optimization, realistic loading conditions, orthopedic
surgery, patient outcomes
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Chapter One

1. Introduction

In recent years, the design and optimization of orthopedic implants have become increasingly
critical in the field of biomechanical engineering [1]. Among these, the femur stem plays a pivotal
role in total hip arthroplasty, providing structural support and ensuring long-term implant success
[2]. Traditional femur stems have been designed with conventional materials and geometric
configurations, often leading to stress shielding, implant loosening, and reduced bone density over
time [3]. To address these challenges, researchers have turned to innovative materials and
structures, such as auxetic materials, which exhibit negative Poisson's ratios and unique mechanical
properties [4]. The application of auxetic structures in femur stem design has shown promising
results in laboratory settings[5]. However, their performance under realistic loading conditions
remains to be thoroughly investigated and optimized [6].

Within the realm of femur stem design, the integration of auxetic materials offers a novel approach
to address the aforementioned challenges [4]. Unlike conventional materials, auxetic materials
exhibit a negative Poisson's ratio, which allows them to expand laterally when stretched
longitudinally[7]. This unique behavior has the potential to distribute stress more uniformly,
reducing the risk of stress shielding and improving load transfer to the surrounding bone [5].
Despite promising laboratory results, the application of auxetic femur stems under realistic loading
conditions remains a subject of limited research [6]. Additionally, the optimal design parameters
for auxetic femur stems, such as the geometric configuration and material properties, are yet to be
systematically explored and optimized for practical clinical use [8].

In particular, the optimization of the geometric configuration of the auxetic femur stem is a critical
aspect that requires focused investigation [9]. The intricate interplay between the unit cell
geometry, porosity, and material properties of the auxetic structure can significantly influence its
mechanical performance under different loading conditions [10]. Previous studies have indicated
that variations in these parameters can affect the stress distribution, implant-bone interface
stability, and overall biomechanical behavior of the femur stem [11]. Therefore, a comprehensive
understanding of how these design parameters interact and impact the performance of auxetic
femur stems under realistic loading scenarios is essential for advancing their clinical application
and ensuring long-term implant success [12].

Several studies have explored the mechanical properties and potential applications of auxetic
materials in biomedical engineering [13]. Grima et al. (2005) investigated the unique mechanical
behavior of auxetic structures and highlighted their potential for improving load distribution and
reducing stress concentrations in orthopedic implants [14]. In the context of femur stem design,
Zhang et al. (2017) conducted finite element analysis to evaluate the biomechanical performance
of auxetic femur stems under various loading conditions [15]. Their findings suggested that auxetic
designs could enhance stress distribution and minimize stress shielding effects compared to
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conventional designs [15]. However, the study by Smith et al. (2019) raised concerns about the
potential drawbacks of high porosity auxetic structures, such as reduced mechanical strength and
increased risk of wear and fatigue[16]. These contrasting findings underscore the need for further
research to optimize the design parameters of auxetic femur stems and to evaluate their long-term
performance and biocompatibility in realistic clinical settings [17].

Despite the advancements and insights gained from previous studies, several gaps and challenges
remain in the field of auxetic femur stem design [17]. First, there is a lack of consensus on the
optimal geometric configuration and material properties of auxetic structures for femur stem
applications[18]. While some studies have highlighted the potential benefits of auxetic designs in
improving stress distribution and reducing stress shielding, others have raised concerns about their
mechanical strength and long-term durability[18]. Second, most existing research has focused on
the biomechanical performance of auxetic femur stems in laboratory settings, with limited studies
evaluating their performance under realistic loading conditions mimicking daily activities and
movements[19]. This gap in research limits our understanding of how auxetic femur stems will
behave in vivo and their potential clinical efficacy [19]. Third, there is a need for comprehensive
in vitro and in vivo studies to evaluate the biocompatibility, wear resistance, and long-term
osseointegration of auxetic femur stems compared to traditional designs[20]. Addressing these
gaps is crucial for advancing the development and clinical translation of auxetic femur stems and
ensuring their safe and effective use in orthopedic applications[20].

In light of the aforementioned gaps and challenges, this study aims to address the following
research question: 'How can the geometric configuration and material properties of auxetic femur
stems be optimized to enhance their biomechanical performance, durability, and biocompatibility
under realistic loading conditions?' By systematically investigating the interactions between design
parameters and their impact on the mechanical behavior and long-term performance of auxetic
femur stems, this research seeks to contribute to the advancement of orthopedic implant design and
improve patient outcomes in total hip arthroplasty[17].

Solving the identified problem of optimizing auxetic femur stem design holds significant
implications for the field of orthopedic surgery and biomechanical engineering[17]. First and
foremost, improving the biomechanical performance and durability of femur stems can lead to
enhanced implant longevity, reducing the need for revision surgeries and associated healthcare
costs[17]. Secondly, by minimizing stress shielding and improving load distribution, optimized
auxetic femur stems have the potential to reduce post-operative complications and improve patient
comfort and mobility[17]. Furthermore, the successful development and clinical translation of
auxetic femur stems could pave the way for the broader application of auxetic materials in other
orthopedic implants and medical devices, expanding the possibilities for innovative and effective
treatments in musculoskeletal healthcare[17]. Overall, addressing the research question and
optimizing auxetic femur stem design can significantly contribute to improving patient outcomes,
advancing the field of orthopedic implant design, and fostering innovation in biomechanical
engineering[17].
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The objective of this study is to optimize the geometric configuration and material properties of
auxetic femur stems to enhance their biomechanical performance, durability, and biocompatibility
under realistic loading conditions. This involves conducting a comprehensive literature review to
identify gaps and establish the current state of knowledge, designing and fabricating prototype
auxetic femur stems with varying configurations and properties, performing biomechanical testing
using finite element analysis and mechanical testing, assessing biocompatibility and
osseointegration through in vitro and in vivo studies, and comparing the performance of optimized
auxetic femur stems with traditional designs to determine their clinical efficacy. Through these
objectives, this study aims to advance orthopedic implant design and improve patient outcomes in
total hip arthroplasty.

1.1. Background And Motivation
1.1.1. Background

Total hip arthroplasty (THA) is considered the gold standard for treating severe hip diseases when
other treatment options prove ineffective. It involves the surgical replacement of the damaged hip
joint with a prosthetic implant. Despite the success of THA, the lifespan of hip prostheses remains
a challenge, especially for younger patients who have a longer life expectancy. Implant failure
often occurs due to stress shielding, a phenomenon in which the implant's stiffness does not match
that of the host bone, leading to altered stress distribution and subsequent bone resorption. This
mismatch can result in aseptic loosening, implant failure, and the need for revision surgeries[21].

Revision Total Hip Replacement :
Cause of failure temporal profile

Implant breakage
Late (>10 yr]

Peri-Prosthetic Fracture
= Mid Term (2-10vr)

Instability

W Early (<2 yr)

||||'|

Aseptic Loosening

Infection

Figure 1:Aseptic loosening was the primary cause of RTHR in 85 instances (33%), with a higher incidence in midterm (32%
of all midterm failure cases) and late-failures (38% of all late failure cases [21]).

Causes of revision surgery
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Figure 2:Loosening was the leading reason of revision (38 instances, 29.9%), followed by instability
(30 cases, 23.6%). Pain was the least frequent cause, accounting for only 6 occurrences (4.7%) [14].

To address the issue of stress shielding, cementless femoral stems have gained popularity as an
alternative to cemented implants. Cementless fixation relies on press-fitting the implant into the
prepared bone, allowing for bone ingrowth and biological fixation. This method has shown
potential for improved long-term outcomes, reduced complications, and decreased revision rates
compared to cemented implants. However, even with the use of cementless designs, stress
shielding can still occur, necessitating further optimization to enhance implant performance[22].

1.1.2. Motivation

The motivation behind this study lies in the need to improve the long life and performance of hip
prostheses by addressing the issue of stress shielding in cementless femoral stems. While
cementless fixation has shown advantages over cemented implants, stress shielding remains a
significant concern. The negative consequences of stress shielding include bone resorption, aseptic
loosening, and the need for revision surgeries, all of which compromise the success of THA and
patients' quality of life.

Auxetic materials present a promising solution to mitigate stress shielding in femoral stems. These
materials exhibit a unique mechanical behavior characterized by a negative Poisson's ratio, which
means they expand laterally when subjected to longitudinal stretching. This property allows
auxetic materials to potentially provide a better match in stiffness with the femur, reducing stress
shielding and its associated complications.

The primary motivation of this study is to optimize the design of femur stems using auxetic
materials and evaluate their performance under realistic loading conditions. By employing
advanced simulation techniques, such as finite element analysis (FEA), the stress distribution and
mechanical behavior of the optimized auxetic femur stem can be evaluated during daily activities.
This research aims to provide valuable insights into the effectiveness of auxetic designs in reducing
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stress shielding, promoting bone preservation, and improving the longevity of hip implants. To
achieve the objectives of this study, advanced simulation techniques, such as finite element
analysis (FEA), will be employed. FEA allows for the virtual testing and evaluation

1.2. Problem Statement

Hip joint implants are prone to stress shielding of the femoral bone, which is caused by stress
shielding due to a disparity in rigidity between the femoral stem and femur. This can cause bone
resorption and resultant loosening of the implant.

The hip joint plays an important role in our daily activities, such as walking, cycling, driving, and
playing. Unfortunately, due to the lack of consideration on the realistic loading conditions and the
characteristics of the patients, hip joint prosthesis design is facing stress shielding effect and
mismatch between on the femoral stem and femur. Therefore, this research is going to focus on
analysis, design and simulation by using realistic loading condition is essential to know the exact
capabilities of auxetic femoral stem and to provide a good solution to mitigate aseptic loosening
and to improve stress shielding in the hip implant. Basis for the design of innovative device for
improved solution to orthopedic clinical problem

1.3. Objective
1.3.1. Main objective

The main objective of this research is to optimize the auxetic structure femur stem using in realistic
loading condition.

1.3.2. Specific Objective

The specific objectives of this work are listed as follows;

» To quantify the peak forces and moments applied to Zimmer's Titanium Alloy femur
stem during various daily activities such as walking, going upstairs, going downstairs,
standing up, and sitting down, and to analyze the corresponding equivalent (Von
Mises) stress and total deformation.

> To investigate the impact of varying geometric parameters (wall length, cell wall
thickness, and cellular structure angle) on the biomechanical performance of a 3D Star
Honeycomb Auxetic Structure femur stem under the same daily activities, focusing
on load distribution and stress management.

» To compare the stress shielding effects and stress distribution patterns between
Zimmer's Titanium Alloy femur stem and the 3D Star Honeycomb Auxetic Structure,
assessing their implications on the surrounding bone to identify the design that
minimizes bone resorption and implant failure.

» To determine the optimal geometric configuration of the 3D Star Honeycomb Auxetic
Structure for femur stem applications, aiming to enhance overall implant performance
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and durability in total hip arthroplasty, and to provide insights for future orthopedic
implant designs.

1.4.  Scope Of the Study

The scope of this study encompasses the optimization of auxetic femur stems using auxetic
structure materials in realistic loading conditions. The research will focus on the design,
development, and analysis of the femur stem to improve its performance and address the issue of
stress shielding.

To achieve the objectives, the study will involve the following aspects:

1. Design and Specification: The research will involve the design of the femur stem based on
established specifications and requirements. The design process will consider factors such as
implant dimensions, material properties, and geometric configurations.

2. Material Selection and Development: Suitable auxetic metamaterial composites will be
identified and utilized in the development of the femur stem model. The selection of
appropriate materials will be based on their mechanical properties, biocompatibility, and
potential for reducing stress shielding.

3. Realistic Loading Conditions: The study will consider realistic loading conditions that
simulate the mechanical environment experienced by the femur stem during daily activities.
These loading conditions may include walking, running, stair climbing, and other typical
movements.

4. Static and Realistic Loading Analysis: Static and dynamic analysis will be conducted on the
femur stem design to evaluate its mechanical behavior and stress distribution under different
loading scenarios. Finite element analysis (FEA) technigues will be employed to simulate and
analyze the performance of the femur stem.

5. Parameter Optimization: Significant parameters affecting the performance of the femur stem
will be identified and optimized. These parameters may include the geometry of the auxetic
structure, pore size, shape, and distribution, as well as other design variables. The optimization
process aims to minimize stress shielding and enhance the load transfer between the implant
and the host bone.

The study will be conducted using computational modeling and simulation techniques, specifically
employing the ANSY'S software package for finite element analysis. However, it is important to
note that this research focuses on the optimization of the femur stem design and does not include
the clinical implementation.

The outcomes of this study will provide valuable insights into the effectiveness of auxetic femur
stem designs in reducing stress shielding and improving the long-term performance of hip
implants. The findings may have implications for the development of innovative and durable femur
stem designs that can enhance the lifespan of total hip arthroplasty and contribute to improved
patient outcomes.
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1.5. Organization Of the Thesis

The thesis is organized into six chapters, each focusing on specific aspects of the research on the
optimization of auxetic femur stems in realistic loading conditions.

Chapter 1 serves as the introduction, providing a comprehensive background and motivation for
the study. It highlights the importance of improving femoral components in hip prostheses to match
the long-life expectancies of young patients undergoing total hip arthroplasty. The problem
statement is presented, emphasizing the issues caused by the stiffness mismatch between the
femoral stem and the host bone, leading to stress shielding, bone resorption, and aseptic loosening.
The objectives and scope of the project are clearly outlined, followed by a description of the
research methodology that focuses solely on finite element analysis (FEA). The chapter concludes
with an overview of the thesis organization.

Chapter 2 delves into the literature review, providing an in-depth analysis of the relevant topics
related to femur stem design. It starts with an introduction to femur stems and their significance in
total hip arthroplasty. The existing implant materials, conventional stem designs, auxetic materials
and designs, FEA in femur stem design, and biomechanical loading of femur stems are extensively
discussed. The chapter concludes with a summary of the literature review, highlighting the key
findings and insights gained from the analyzed sources.

Chapter 3 presents the methodology employed in the research. It begins by outlining the design
specifications for the femur stem, followed by the selection of appropriate material properties. The
chapter further describes the CAD modeling process for creating the femur stem model, as well as
the subsequent development of a finite element model. The meshing technique and establishment
of realistic boundary conditions are explained, leading to a detailed analysis procedure using FEA.
The chapter provides a comprehensive overview of the methodology used in the research, laying
the foundation for the subsequent chapters.

Chapter 4 focuses on the results and discussion. It starts by introducing the obtained results and
provides a thorough analysis of the stress and strain distribution in the femur stem. The
optimization of the auxetic femur stem design is extensively examined, comparing it with
conventional stem designs. A sensitivity analysis is conducted to assess the impact of parameter
variations. The chapter concludes with a comprehensive discussion of the results, interpreting their
implications and providing valuable insights into the performance of the optimized auxetic femur
stem.

Chapter 5 presents the conclusion and recommendations. It begins with a summary of the research,
recapping the objectives, methodology, and key findings. The chapter then provides conclusive
remarks, highlighting the main conclusions drawn from the research. The contributions made by
the study are discussed, along with any limitations encountered. Future research directions are
suggested, presenting potential areas for further investigation. The chapter concludes with practical
recommendations for the application and implementation of auxetic femur stem designs.
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Finally, Chapter 6 consists of the reference section, listing all the sources cited throughout the
thesis, ensuring the work'’s academic integrity and providing readers with the opportunity to explore
the referenced materials further.
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Chapter Two
2. Literature Review

2.1. Introduction To Femur Stem

Liang.et.al.[23]The design of femur stems is multifaceted, encompassing various factors such as
achieving primary stability, promoting osseointegration, and withstanding the demanding
mechanical loads experienced by the hip joint during daily activities. The femur stem serves as a
conduit for transmitting loads from the femoral head to the surrounding bone, ensuring proper load
distribution and minimizing stress concentrations. It must possess sufficient strength, stability, and
flexibility to withstand both physiological loads and unexpected forces.

The success of femur stem design relies on achieving an optimal balance between implant
properties and biological factors. The choice of biomaterials is a critical aspect, considering their
biocompatibility, mechanical properties, and ability to promote bone integration. Traditionally,
metallic alloys, such as stainless steel and cobalt-chromium, have been utilized due to their
favorable mechanical characteristics and long-term performance Improving Biocompatibility for
next Generation[24]. However, advancements in biomaterial science have introduced alternative
options, including titanium and its alloys, which offer improved biocompatibility, reduced weight,
and enhanced imaging compatibility.

In addition to biomaterial selection, the geometric design of femur stems plays a significant role in
implant performance. Implant geometry involves considerations such as stem length, shape, taper,
and surface characteristics. The length and shape of the stem are important factors in achieving
implant stability, proper load transfer, and optimal bone contact. The taper design influences the
fit between the stem and the femoral canal, affecting primary stability and implant fixation. Surface
characteristics, such as roughness, coatings, or porous structures, impact osseointegration and
long-term implant survival[25].

Rawal et.al.[26] states to ensure successful clinical outcomes, it is crucial to consider patient-
specific factors when designing femur stems. These factors encompass variations in bone quality,
anatomy, and individual biomechanics. Achieving an optimal fit between the stem and the femoral
canal is crucial for minimizing complications such as stem loosening, stress shielding,
periprosthetic fractures, and implant-related pain. Therefore, a comprehensive understanding of
femur stem design principles and their impact on biomechanics is essential for successful clinical
outcomes.

Advancements in computational modeling and finite element analysis have provided valuable
insights into the mechanical behavior of femur stems. By simulating and analyzing load
distribution, stress concentrations, and implant stability, researchers can evaluate and optimize
different design parameters. Computational models also allow for the exploration of various
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scenarios and the prediction of long-term performance, aiding in the development of improved
femur stem designs[27].

Moreover, clinical studies and retrieval analyses have contributed significantly to our
understanding of femur stem performance in real-world scenarios. These investigations provide
valuable data on implant survivorship, post-operative complications, and patient-reported
outcomes. Long-term follow-up studies have helped identify factors influencing implant longevity
and refine surgical techniques, implant selection criteria, and post-operative care protocols[28].

In summary, the design and optimization of femur stems play a critical role in the success of total
hip arthroplasty. Advancements in material science, biomechanical analysis, and clinical research
have contributed to improved femur stem designs and patient care. By furthering our understanding
of femur stem design principles and their impact on mechanical behavior, researchers and
clinicians can strive to develop innovative solutions that improve the longevity, stability, and
functionality of femur stems. These advancements will ultimately benefit patients undergoing hip
replacement surgery and enhance their quality of life.

2.2. Historical Background

The development and evolution of femur stem designs have played a pivotal role in the field of
orthopedics, particularly in hip replacement surgery. Over the years, significant milestones and
advancements have shaped the design and functionality of femur stems, aiming to improve patient
outcomes, enhance implant longevity, and minimize complications. This section provides a
comprehensive overview of the historical background, highlighting key milestones and
advancements in femur stem design over time[29].
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Figure 3:The history of the development of the regular straight stem in hip arthroplasty [22].
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Early Stages of Femur Stem Design:

Sir Jhon n.d.[30] States the earliest attempts at femur stem designs can be traced back to the late
19th century when hip arthroplasty was in its infancy. Sir John Charnley's pioneering work in the
1950s revolutionized the field with the introduction of the low-friction arthroplasty technique.
Charnley's design featured a stainless-steel femur stem with a polished surface, coupled with a
high-density polyethylene acetabular cup. This design laid the foundation for subsequent
advancements in femur stem development.

Cemented Femur Stems:

Hallab and Jacobs [14] stated during the 1960s and 1970s, cemented femur stems became the gold
standard for hip replacement surgeries. These stems were typically made of stainless steel or
cobalt-chromium alloys and fixed to the femoral canal using polymethylmethacrylate (PMMA)
bone cement. The central objective of cemented stems was to achieve immediate stability and load
transfer, ensuring long-term implant survival. Notable advancements during this period included
improved cement formulations and the introduction of surface textures on the femur stem to
enhance cement fixation.

Cementless Femur Stems:

Bota.et.al.[15] states the 1980s marked a significant shift in femur stem design, with the emergence
of cementless fixation techniques. This approach aimed to achieve long-term stability through
biological ingrowth into the bone. Porous-coated femur stems were developed, featuring a
roughened or porous surface to encourage bone integration. In the 1990s, modular femur stems
gained popularity, allowing surgeons to select the appropriate head-neck taper and offset. Titanium
alloy emerged as a preferred material due to its favorable mechanical properties and
biocompatibility.

Shorter and Anatomically Shaped Femur Stems:

Zhen et.al.[16], states advancements in imaging technologies and surgical techniques in the late
20th century led to the development of shorter and anatomically shaped femur stems. These stems
aimed to preserve more bone stock and allow for easier revision surgeries, if required. Anatomical
stems were designed to closely replicate the shape of the femur, improving stability and load
distribution. These developments were particularly beneficial for younger, more active patients.

Resurfacing Femur Stems:

Resurfacing femur stems gained attention in the early 2000s as an alternative to total hip
replacement. This technique involved capping the femoral head with a metal prosthesis, preserving
more bone and potentially facilitating easier future revisions. However, concerns arose regarding
complications such as femoral neck fractures and metal-on-metal wear debris, leading to a decline
in the use of resurfacing femur stems[15].
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Modern Femur Stem Designs:

In recent years, technological advancements have driven further improvements in femur stem
designs. The use of computer-aided design and three-dimensional printing has allowed for
personalized and patient-specific femur stems. Additionally, the introduction of innovative
materials, such as ceramic or composite materials, has aimed to reduce wear, corrosion, and
implant-related complications. Dual-modular femur stems, providing flexibility in head-neck
coupling, have also gained popularity[31].

The development and evolution of femur stem designs have transformed the field of hip
replacement surgery over time. From the early cemented stems to the modern

2.3. Femur Stem Implant Materials

A variety of materials have been proposed for femur stem implants, each with unique advantages.
Costa [32] proposes a polymeric composite material, specifically a biopolymeric matrix reinforced
with fiberglass, that has demonstrated excellent mechanical properties. Kawamura [33] advocates
the usage of composite materials by demonstrating their performance in comparison to typical
metal stems. Hazlehurst [34] presents a monoblock Cobalt Chrome Molybdenum (CoCrMo)
femoral stem with functionally graded orthotropic structures made with Laser Melting (LM)
technology to attain stiffness matching properties. Finally, Dimitrievska [35] describes a new
carbon fiber composite femoral stem with better osseointegration that matches cortical stiffness
while reducing bone loss caused by stress shielding. These studies demonstrate the possibility of
composite and functionally graded materials in femoral stem implant design.

There are several existing materials used for femur stem implants in orthopedic surgery. The choice
of implant material depends on various factors such as patient age, bone quality, and surgeon
preference. Here are some commonly used materials[25]:

1. Stainless Steel: Stainless steel is a durable and corrosion-resistant alloy. It was one of the
earliest materials used for femur stem implants. However, due to its high stiffness, it may cause
stress shielding, where the implant bears most of the load, leading to bone resorption.

2. Titanium Alloys: Titanium and its alloys, such as titanium-6aluminum-4vanadium (Ti-6Al-
4V), are widely used in orthopedic implants. They have excellent biocompatibility, strength,
and resistance to corrosion. Titanium alloys have a lower modulus of elasticity, which can help
reduce stress shielding and promote better bone integration.

3. Cobalt-Chromium Alloys: Cobalt-chromium (Co-Cr) alloys, such as Co-Cr-Mo, are known
for their high strength, wear resistance, and corrosion resistance. They are commonly used in
hip implants, including femur stem components. Co-Cr alloys have a higher modulus of
elasticity compared to titanium, which can lead to more stress transfer to the bone.

4. Titanium/HA Composite: In some cases, femur stem implants may be coated or filled with a
bioactive material called hydroxyapatite (HA). HA is a form of calcium phosphate that mimics
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the mineral component of bone. The titanium/HA composite combines the mechanical
properties of titanium with the bioactivity of HA, promoting better bone integration[36].

5. Ceramic Materials: Ceramic materials like alumina (aluminum oxide) and zirconia
(zirconium oxide) have good wear resistance and biocompatibility. They are used in some
femur stem implants, particularly in younger patients, as they can reduce wear debris and
potential long-term complications. However, ceramics are more brittle than metals and may
have a higher risk of fracture[37].

6. Polymer-based materials: Polymer-based materials have been explored for use in femur stem
implants due to their unique properties and potential advantages. However, it is important to
note that polymer materials for femur stem implants are still in the research and development
stage, and their clinical use is not yet widespread.

It's important to note that the choice of implant material is made by the surgeon based on the

patient's specific needs and the available options. Different implant designs and materials are

continuously being researched and developed to improve patient outcomes and implant long life.

2.3.1. Stainless Steel for Femur Stem Hip Implant

Stainless steel has traditionally been a popular material for femur stem hip implants [38], although
its use has declined in recent years due to the emergence of alternative materials. Typically,
stainless steel is an alloy composed primarily of iron, chromium, and nickel, with smaller amounts
of elements like carbon, manganese, and molybdenum[39]. The exact composition can vary
depending on the specific grade of stainless steel used [38].

Stainless steel offers several desirable properties that make it suitable for implant application [38].
Firstly, it exhibits excellent corrosion resistance, thanks to its chromium content, which forms a
passive oxide layer on the surface, shielding it from corrosion in the body's physiological
environment[39]. Secondly, stainless steel is known for its high tensile strength, enabling it to
withstand the forces exerted on the implant during daily activities [38]. Additionally, it is a durable
material that can endure wear and deformation, making it appropriate for long-term implantation
[38]. Moreover, stainless steel is relatively easy to machine, allowing for the fabrication of intricate
implant designs [38]. Lastly, its cost-effectiveness makes it a more affordable option compared to
some other implant materials [38, 39].

However, stainless steel also comes with certain limitations when used in femur stem hip implants
[38]. One significant drawback is its stiffness, characterized by a high modulus of elasticity, which
can lead to stress shielding [38]. Stress shielding occurs when the implant bears most of the load,
causing the surrounding bone to lose its natural stress and strain, potentially resulting in bone
resorption [38]. Additionally, stainless steel tends to generate wear debris due to its metallic nature,
and over time, the accumulation of this debris can cause inflammation, tissue reactions, and implant
loosening[38]. Furthermore, stainless steel implants can produce artifacts in MRI images, affecting
the visualization and interpretation of surrounding tissues [38]. Lastly, although rare, some
individuals may develop allergic reactions to the nickel content in stainless steel [38].

Page 14



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

Despite these limitations, stainless steel femur stem implants are still used in certain scenarios [38].
They are often preferred for older patients with reduced activity levels or when cost considerations
are paramount [38]. However, their use has become less common compared to other materials such
as titanium alloys or ceramic materials [38]. It's important to note that advancements in implant
materials and designs have led to the development of alternative options that address the limitations
associated with stainless steel implants [38]. Surgeons consider various factors, including patient
age, activity level, bone quality, and individual needs, when determining the most appropriate
material for femur stem hip implants [38].

2.3.2. Titanium Alloys for Femur Stem Hip Implant

Titanium alloys have become a preferred material for femur stem hip implants due to their excellent
biocompatibility, mechanical properties, and corrosion resistance[39]. Typically, these alloys
consist primarily of titanium, complemented by small amounts of other elements such as
aluminum, vanadium, and occasionally niobium or zirconium, with the specific composition
tailored to achieve desired properties [25, 39].

One of the standout features of titanium alloys is their exceptional biocompatibility, which
minimizes the risk of adverse reactions or rejection by the body, allowing for long-term
implantation without significant immune response [25, 39]. In terms of mechanical properties,
titanium alloys offer a high strength-to-weight ratio, making them well-suited for load-bearing
applications [40]. Furthermore, they have a relatively low elastic modulus compared to stainless
steel, which helps reduce stress shielding[39]. This lower modulus facilitates more even load
distribution between the implant and the surrounding bone, thereby minimizing the risk of bone
resorption [25]. Additionally, titanium alloys exhibit excellent corrosion resistance, thanks to the
formation of a protective oxide layer on their surface, which helps prevent corrosion and minimizes
the release of metal ions into the body [25, 39].

Another key advantage of titanium alloys is their ability to promote osseointegration, the direct
structural and functional connection between the implant and the surrounding bone [25, 39].
Titanium's biocompatible nature and the presence of the oxide layer create a favorable environment
for bone growth and integration, leading to the long-term stability of the implant [25]. Moreover,
titanium alloys are radiolucent, meaning they do not significantly block X-rays, allowing for clear
imaging of the surrounding bone and soft tissues, which is beneficial for post-implantation
monitoring and assessment [25].

Titanium alloys can also undergo various surface modifications to enhance their properties [25].
For instance, they can be roughened or coated with bioactive substances like hydroxyapatite (HA)
to improve osseointegration and promote bone growth [25]. Ongoing research aims to further
improve the performance of titanium alloys in femur stem implants [25]. Some advancements
include the development of porous titanium structures that mimic trabecular bone, allowing for
better bone ingrowth and integration [25]. Additionally, additive manufacturing techniques, such
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as 3D printing, enable the fabrication of patient-specific implants with complex geometries,
optimizing fit and function [25].

Despite their numerous advantages, titanium alloys do have some limitations [25]. They still
possess a relatively high modulus of elasticity compared to auxetic materials, which may contribute
to stress shielding and potentially lead to bone resorption [25]. Additionally, while titanium alloys
exhibit good wear resistance, the generation of wear debris over time can cause inflammation,
tissue reactions, and potential implant loosening [25]. Furthermore, titanium alloys have a
relatively static behavior, meaning they do not exhibit significant deformation or shape changes in
response to external forces, which can affect the implant's ability to adapt and respond to dynamic
loading conditions[39].

In clinical practice, titanium alloys are commonly used in femur stem hip implants across various
age groups and activity levels due to their successful clinical track record [25]. However, the choice
of implant material ultimately depends on several factors, including patient-specific factors, bone
quality, implant design, and surgical technique [25]. Therefore, while titanium alloys offer
numerous advantages, the selection of the most appropriate implant material is made by the
surgeon based on the unique needs and conditions of each patient [25, 39].

2.3.3. Cobalt-Chromium Alloys for Femur Stem Hip Implant

Cobalt-chromium (Co-Cr) alloys have been extensively used in femur stem hip implants owing to
their excellent mechanical properties and corrosion resistance [38]. These alloys demonstrate high
strength and exceptional wear resistance, making them well-suited for load-bearing applications
[38]. They can effectively withstand the forces exerted on the implant during daily activities,
thereby reducing the risk of implant failure [21]. Additionally, Co-Cr alloys possess remarkable
corrosion resistance due to the chromium content, which forms a protective oxide layer on the
surface, preventing corrosion and minimizing the release of metal ions into the body [21].

In terms of biocompatibility, Co-Cr alloys generally exhibit good compatibility and are considered
suitable for implantation [21]. However, in rare cases, some individuals may develop allergic
reactions to the cobalt or chromium content, leading to adverse responses [21]. Co-Cr alloys are
often used in combination with ceramic bearings in hip implants [21]. The hardness and wear
resistance of Co-Cr alloys complement the smooth, low-friction properties of ceramic materials,
resulting in improved longevity and reduced wear debris [21]. Moreover, these alloys are relatively
easy to machine, allowing for the fabrication of complex implant designs [21].

Despite their advantages, Co-Cr alloys have certain limitations [21]. They have a higher modulus
of elasticity compared to materials like titanium, which can contribute to stress shielding [21]. In
this phenomenon, the implant bears most of the load, potentially leading to bone resorption [21].
Efforts have been made to reduce the stiffness and mitigate stress shielding through various implant
design modifications [21]. Additionally, although Co-Cr alloys are corrosion-resistant, there can
still be a release of metal ions into the surrounding tissues in rare cases [21]. This can lead to
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adverse local tissue reactions, such as metal hypersensitivity or metallosis [21]. However, advances
in alloy composition and surface treatments have helped minimize the release of metal ions [21].

Furthermore, Co-Cr alloys can cause artifacts in MRI images, affecting the visualization and
interpretation of surrounding tissues [21]. To mitigate this limitation, newer Co-Cr alloys with
reduced ferromagnetic properties are being developed [21]. Another consideration is the weight
and density of Co-Cr alloys, which are higher compared to some other implant materials [21]. This
can contribute to increased implant weight, which may be a concern in cases where weight
reduction is important, such as for elderly or less active patients [21].

In recent years, there has been a shift away from Co-Cr alloys toward other materials like titanium
alloys and ceramic materials [21]. This change is primarily due to potential concerns regarding
metal ion release, hypersensitivity reactions, and advancements in alternative materials with
improved mechanical properties [21]. The choice of implant material is made based on various
factors, including patient factors, surgeon preference, and individual implant requirements [21].

2.3.4. Titanium/HA Composite Alloys for Femur Stem Hip Implant

Titanium/hydroxyapatite (HA) composite alloys combine the properties of titanium and HA, a
bioactive material that mimics the mineral component of bone, offering unique advantages for
femur stem hip implants [36]. This composite material is characterized by excellent
biocompatibility, as both titanium and HA are well-tolerated by the body [36]. The composite
supports the integration and bonding of the implant with the surrounding bone, promoting
osseointegration [19]. The addition of HA to titanium enhances the bone-like properties of the
composite, as HA has a similar chemical composition to the mineral phase of natural bone [19].
This makes the composite more bioactive and conducive to bone growth and remodeling [19].
Furthermore, the bioactivity of HA facilitates the formation of a direct interface between the
implant and bone, promoting osseointegration and leading to better long-term stability and load
transfer between the implant and the bone [19].

The composite's bone-mimicking properties also help reduce stress concentrations at the implant-
bone interface, minimizing the risk of stress shielding and bone resorption [19]. Titanium provides
the composite with its inherent corrosion resistance, while HA acts as a protective barrier,
preventing direct contact between the metal and the surrounding tissues [19]. Additionally, the
presence of HA can stimulate osteoblast activity and facilitate the deposition of new bone, further
supporting implant integration [19].

Despite these advantages, titanium/HA composite alloys have certain limitations [19]. Compared
to solid titanium alloys, the addition of HA can slightly compromise the mechanical strength of the
composite [19]. This may limit its use in cases where high mechanical strength is crucial, such as
in younger and more active patients [19]. There is also a potential risk of delamination or separation
between the HA coating and the underlying titanium substrate [19]. Delamination can occur due
to mechanical stresses, implant wear, or failure of the coating interface [19]. However,
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advancements in coating techniques and surface treatments have helped mitigate this limitation
[19].

Fabricating the titanium/HA composite requires specialized techniques, such as thermal spraying
or physical vapor deposition, to achieve a uniform and stable coating [19]. These processes can be
complex and may add to the manufacturing cost [19]. Moreover, the long-term durability and
performance of titanium/HA composite alloys require further investigation and clinical monitoring
[19]. While initial results are promising, continued research is necessary to assess their long-term
stability, wear resistance, and potential complications [19].

It's important to note that titanium/HA composite alloys are primarily used for coating femur stem
hip implants rather than as the bulk material [19]. The composite coating is applied to the titanium
stem to enhance its biological and biomechanical properties, particularly at the implant-bone
interface [19]. The choice of implant material, whether solid titanium alloy or titanium/HA
composite, is determined by various factors, including patient-specific considerations, surgeon
expertise, and the specific requirements of the case [19].

2.3.5. Ceramic Materials for Femur Stem Hip Implant

Ceramic materials, specifically alumina (aluminum oxide) and zirconia (zirconium oxide), have
garnered attention in femur stem hip implants due to their remarkable mechanical properties and
biocompatibility [37]. These materials exhibit exceptional biocompatibility, allowing for long-
term implantation without significant adverse reactions or immune response [37]. Additionally,
ceramic materials offer excellent wear resistance, characterized by low friction coefficients and
low wear rates, which reduce the production of wear debris and minimize the risk of implant
loosening [20]. Their high hardness surpasses that of metals and polymers commonly used in
implants, contributing to wear resistance and reducing the likelihood of surface damage and
degradation [20]. Moreover, ceramic materials exhibit excellent chemical inertness, which reduces
the risk of corrosion and the release of metal ions into the surrounding tissues [20]. Their
radiolucency allows for clear imaging of the surrounding bone and soft tissues, facilitating post-
implantation monitoring and assessment [20].

Despite these advantages, ceramic materials do have limitations that need to be considered [20].
Their inherent brittleness increases the risk of fracture under certain circumstances, particularly in
situations where excessive forces or impacts are encountered [20]. Although advances in ceramic
manufacturing techniques and material improvements have helped mitigate this limitation, it
remains a concern [20]. Additionally, ceramic materials require specialized manufacturing
techniques, such as powder sintering or hot isostatic pressing, which can be complex and time-
consuming, potentially increasing manufacturing costs compared to other implant materials [20].
Ceramic materials also require compatible bearing surfaces, such as ceramic-on-ceramic or
ceramic-on-cross-linked polyethylene, to minimize wear and maximize the benefits of their low
friction coefficients [20]. Pairing with inappropriate bearing materials can lead to increased wear
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rates and potential complications [20]. Furthermore, ceramic-on-ceramic bearing combinations
have occasionally been associated with audible squeaking or noise generation during certain
movements, causing discomfort for some patients [20]. Lastly, due to their brittle nature, ceramic
implants require careful surgical handling to avoid stress concentration, microfractures, or damage
to the ceramic components [20].

It's important to note that while ceramic materials offer several advantages, the choice of implant
material is made based on various factors, including patient-specific considerations, surgeon
expertise, implant design, and individual requirements [20]. Ongoing research and advancements
continue to enhance the properties and overcome the limitations of ceramic materials in femur stem
hip implants [37].

Auxetic materials have emerged as potential candidates to address the limitations of existing femur
stem implant materials, including stainless steel, titanium alloys, cobalt-chromium alloys,
titanium/HA composite alloys, and ceramic materials [20]. Stainless steel, although durable and
corrosion-resistant, can cause stress shielding and generate wear debris [20]. Titanium alloys offer
excellent biocompatibility and corrosion resistance but still exhibit stiffness and wear-related
issues [37]. Cobalt-chromium alloys possess high strength and wear resistance but can lead to
stress shielding and metal ion release [20]. Titanium/HA composite alloys enhance
osseointegration but may compromise mechanical strength [20]. Ceramic materials offer good
wear resistance but are more brittle and may cause fractures [20]. Auxetic materials have the
potential to address these limitations by providing better stress distribution, improved
biocompatibility, and reduced wear debris generation [20]. However, further research and
development are necessary to validate their efficacy and long-term performance in femur stem hip
implants [37].

2.3.6. Polymer based material for femur stem hip implant

Polymer-based materials present a promising alternative for femur stem implants due to their
unique properties, although they also come with certain limitations that need to be addressed [41].
One of the significant advantages of polymers is their excellent biocompatibility, as they can be
engineered to be well-tolerated by the body without eliciting significant inflammatory responses
or allergic reactions [41]. This is crucial for implant integration and long-term stability [23].
Additionally, polymers offer a high degree of flexibility in terms of material properties and
manufacturing techniques [23]. They can be tailored to match the mechanical properties of bone,
allowing for better load distribution and minimizing stress shielding [23]. Moreover, polymer-
based materials have the potential to provide improved shock absorption compared to metallic
implants [23]. This property can help mitigate the impact of daily activities on the implant and
surrounding bone, potentially reducing the risk of complications and improving patient comfort
[23]. Furthermore, polymer-based materials are radiolucent, meaning they do not interfere with X-
ray and imaging techniques, allowing for clearer visualization of the surrounding bone and implant
integration during post-operative assessments [23].
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Despite these advantages, polymer-based materials have limitations that need to be considered,
particularly in load-bearing applications like femur stem implants [23]. One of the main limitations
is their lower mechanical strength compared to metals [23]. Load-bearing applications require
materials with high strength and stiffness to withstand the forces exerted on them, and ensuring
sufficient mechanical strength of polymer-based femur stems remains a significant challenge [23].
Additionally, polymers generally have poorer wear resistance compared to metals [23]. In hip joint
applications, the implant is subjected to repeated sliding and rotational motions, which can lead to
wear and debris generation [23]. Developing polymer materials with enhanced wear resistance is
crucial to prevent premature implant failure and associated complications [23]. The long-term
durability of polymer-based femur stems is still a subject of investigation [23]. Factors such as
fatigue resistance, creep, and degradation over time need to be thoroughly evaluated to ensure the
longevity of the implant and its ability to withstand the demands of daily activities [23]. Moreover,
polymer-based materials often present challenges in terms of manufacturing processes and quality
control [23]. Achieving consistent material properties, dimensional accuracy, and structural
integrity can be more complex compared to metallic implants [23].

It's worth noting that ongoing research and advancements in polymer science and engineering aim
to address these limitations [23]. Innovations in polymer formulations, reinforced composites,
surface modifications, and manufacturing techniques may help overcome these challenges and
expand the potential of polymer-based materials for femur stem applications [23]. However,
further studies and clinical trials are required to assess the long-term performance, safety, and
effectiveness of polymer-based femur stems before they can be widely adopted in clinical practice
[41].

Page 20



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

Table 1: Summary of reviews on femur stem implant.

traditional metallic implants,
indicating safety and
effectiveness.

- Rare implant breakage and
aseptic loosening were
confirmed with ceramic
bearings in TKA.

revision rate,
survival rate,
causes of
revision

functional outcome, and
incidence of loosening.

NO REFE MAIN FINDINGS OUTCOME STUDY OBJECTIVES | RESEARCH GAP
RENCE MESEARED

1. [42] Dual modular stems offer no Dual modular The study objectives are to The paper suggests the
real added clinical value over stem prosthesis systematically review need for more rigorous
standard stems. survivorship, literature on dual modular preclinical testing before

complications stem usage, survivorship, and | introducing new modular
with clinical use, | complications from 2009 junctions, conducting 5-
mechanical onwards, identify studies year follow-up or post-
complications, evaluating dual modular stem | market surveillance studies
biological prosthesis survivorship, for new implant designs,
responses, time complications with clinical systematic evaluations of
to fracture for use, mechanical patients with dual modular
implants with complications, and biological | stems, developing uniform
CoCr necks and responses, and describe the terminology for implant
Ti alloy necks, mechanisms of failure, risk fractures, caution in
clinical outcome | factors, and the number of adopting guidelines from
scores. modular neck fractures based | other bearing types, and
on peer-reviewed articles to the availability of data
provide knowledge on supporting the reported
managing patients after a results in the mentioned
primary THA with dual databases.
modular femoral stems.

2. [43] Short-stemmed femoral Short-stemmed To evaluate the clinical Future research should
implants show similar femoral implants and radiological focus on assessing the
improvement in clinical and show similar long-term survival, safety,

o ) . outcomes, . :
radiological outcomes compared | improvement in o o and patient benefits of
with conventional length clinical and complications, revision | sport.stemmed femoral
implants. Only mid-term radiological rates, and implant implants, ensuring a
survivorship, however, is outcomes survival in THA using controlled introduction of
known. Long-term survival is compared with short-stemmed femoral new implants based on
still unknown for many of these | conventional proven clinical outcomes

. components. . . .
components. length implants. and ethical considerations.

3. [44] -Ceramic TKA implants showed | clinical The study objectives were to | The paper suggests the
enhanced joint function post- outcomes analyze the clinical outcomes | research gap of limited
procedure with comparable mid- | . . of ceramic femoral global use of ceramic TKA

: including i
and long-term survival rates to components in total knee components and the need
conventional alloy components. enhancement arthroplasty, specifically for more comparative
- Clinical outcomes of ceramic | Of joint focusing on survival without | studies, including RCTs
TKA implants were similar to function, revision, causes of revision, and cohort studies, to

evaluate the long-term
clinical results and survival
of ceramic TKA
components compared to
conventional cobalt-
chromium prostheses.
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[45] Focal metallic inlay Functional The study objective is to Uncertainty regarding the

resurfacing prosthesis is outcome scores, | systematically review the progression of
. . . radiographic results of focal metallic inlay | osteoarthritis due to
effective for improving . : -

) Y measures, resurfacing prosthesis for the | conflicting results and
knee function and painin | complications, treatment of isolated cartilage | inconsistent reporting.
selected patients, but re-operations, defects of the femoral
around 20% may require conversion to condyles.
conversion to arthroplasty | arthroplasty
within 4 years.

[39] Stainless steel implants have Union rate, The study objectives are to The paper suggests the
equal or superior biomechanical | complications, perform a systematic review | need for further
properties when compared with | evidence of comparing titanium and prospective, comparative
titanium implants. biological stainless-steel implants for clinical studies,

reaction fracture fixation, determine highlighting the limited
differences between the two amount and quality of data,
materials in orthopedic the heterogeneity of
surgery, and summarize existing studies, and the
studies comparing the two call for larger, more
metals in specific anatomical | standardized studies in
regions. various anatomical

regions.

[46] The study emphasizes the Cell damage, The study objectives are to Research gaps suggested:
significant association between | activation of the | describe the influence of 1. Understanding the
ions released from Metal-on- immune system, | cobalt and chrome ions on specific mechanisms by
Metal implants and soft tissue morphology the periprosthetic area, which low-grade
damage, leading to adverse local | changes in identify how immunological | inflammation contributes
reactions and potentially higher | macrophages, T- | activation is associated with to implant loosening.
rates of revision surgeries. The | cell increased levels of wear 2. Clarifying the causal
presence of metal ions causes lymphopenia, debris, and evaluate the risks | relationship between high
cell damage, reduces cell hypersensitivity, | of implant failure caused by | concentrations of cobalt,
viability, induces DNA damage, | necrosis, tribocorrosion. chromium ions, and local
and triggers cytokine secretion, | ALVAL, ALTR, tissue damage. 3.
contributing to the inflammatory | metabolic shift, Investigating the molecular
reactions observed in adverse generation of pathways involved in
local tissue reactions. The metallic debris metal hypersensitivity
cytotoxic and genotoxic effects reactions.
of metal ions, along with their
interaction with the immune
system, impact the success of
arthroplasty procedures and
increase the likelihood of
revision surgeries.

[47] The tensile strength of the Tensile strength The study objectives are to Exploring the application

NFRPC materials matched that
of the femur bone,
recommending them for femur
bone replacement.

of the 12%, 18%,
and 24% NFRPC
materials
compared to

investigate the tensile
properties of modified epoxy-
based composites reinforced
with kenaf/hemp fibers for
orthopedic implants,

and optimization of the
recommended polymers
for femur bone
replacement in orthopedic
implants.
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femur bone specifically focusing on the

strength Femur Bone and comparing
the strength with different
NFRPC material

2.4. Conventional Stem Design
2.4.1. Biomechanical Considerations

The biomechanical principles underlying the design of femur stems in hip replacement surgery are
critical for ensuring proper load transfer, stress distribution, and stability. Understanding these
principles and the influence of different stem designs on these factors is essential for optimizing
implant longevity and improving patient outcomes[48]. This article examines the biomechanical
considerations involved in femur stem design, including load transfer mechanisms, stress
distribution, and stability, and discusses the implications of different stem designs on these
factors[49].

1. Load Transfer Mechanisms: Femur stems play a vital role in transferring loads from the
femoral head to the femur and ultimately to the surrounding bone. Load transfer primarily
occurs through three mechanisms: axial compression, hoop stress, and shear stress. The stem
should efficiently transfer the loads to the femoral diaphysis, allowing for optimal stress
distribution and preventing stress concentration that could lead to implant failure or bone
resorption[49].
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Figure 4:bio mechanical load transfer [63]

Different stem designs can influence load transfer mechanisms. Cemented stems rely on the
cement-bone interface to transfer loads. The stem compresses the cement, which then transfers the
load to the bone. Cementless stems promote load transfer through bone ingrowth into the porous
coating or HA coating, ensuring biological fixation and stress distribution. Anatomically shaped

Page 23




OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

stems aim to replicate the natural load transfer pathways of the femur, optimizing stability and
reducing stress concentration.

2. Stress Distribution: Effective stress distribution is crucial for implant longevity and the
prevention of complications such as implant loosening and periprosthetic fractures. Femur stem
designs should aim to minimize stress concentration and provide a uniform stress distribution
along the bone-implant interface. Imbalanced stress distribution can lead to bone resorption,

implant loosening, or even mechanical failure.

t \ ’ g 4 ‘

L ®

Figure 5:Finite Element Analysis [63].
Different stem designs influence stress distribution patterns. Cemented stems can cause stress
shielding, where the stem absorbs a significant portion of the load, resulting in reduced bone
remodeling and potential bone loss. Cementless stems aim to provide more physiological stress
distribution, allowing for optimal bone remodeling and maintenance of bone density. Anatomically

shaped stems distribute stress more evenly by replicating the natural femoral geometry, reducing
stress concentration in specific regions.

1@

3. Stability: Stability is a crucial factor in femur stem design as it directly impacts implant
longevity and patient satisfaction. Stem stability ensures proper load transfer, prevents
micromotion at the bone-implant interface, and allows for successful osseointegration. Stable
stems minimize the risk of implant loosening, periprosthetic fractures, and the development of
adverse tissue reactions.

Different stem designs influence stability. Cemented stems achieve initial stability through the
cement fixation, providing immediate load transfer. However, long-term stability relies on the
cement-bone interface, which may deteriorate over time. Cementless stems rely on biological
fixation through bone ingrowth, promoting long-term stability. Anatomically shaped stems
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enhance stability by closely replicating the natural femoral geometry, improving fit and
minimizing implant micromotion.

Implications for Implant Longevity and Patient Outcomes: Optimizing load transfer, stress
distribution, and stability through appropriate femur stem design has significant implications for
implant longevity and patient outcomes. Proper load transfer and stress distribution help minimize
bone resorption, reduce implant loosening rates, and enhance the longevity of the implant.
Improved stability reduces the risk of complications, such as periprosthetic fractures and implant
failure.

Furthermore, considerations such as stem fixation method (cemented vs. cementless) and stem
design (anatomical vs. non-anatomical) can impact patient outcomes. Cementless stems promote
osseointegration and better stress distribution, potentially leading to improved long-term outcomes.
Anatomical stems mimic the natural femoral geometry, enhancing stability

2.4.2. Clinical Outcomes

Evaluating the clinical outcomes of conventional femur stem designs is crucial for assessing their
performance, identifying potential complications, and understanding patient satisfaction.
Numerous clinical studies and reports have investigated the performance of femur stem designs in
terms of implant survival rates, complications such as loosening, fracture, and infection, as well as
patient satisfaction[50]. This review examines relevant clinical studies to assess the outcomes
associated with conventional femur stem designs.

1. Implant Survival Rates:

a. Cemented Femur Stems: Clinical studies have reported favorable implant survival rates for
cemented femur stems. Long-term follow-up studies, such as those by Jamsen and Numerical
Grading of Clinical Results [51], [52], demonstrated high survival rates at 10 to 20 years, with
over 90% success rates.

b. Cementless Femur Stems: Cementless femur stems have also shown promising implant
survival rates. Studies by Fabian [53] and Hailer [54] reported survival rates exceeding 95% at
10 years. Additionally, meta-analyses by Nebergall [55] and Khanuja [56] indicated excellent
long-term survival for cementless stems.

2. Complications:

a. Loosening: Loosening remains a significant concern in femur stem designs. Cemented femur
stems have shown higher rates of aseptic loosening due to the potential degradation of the
cement-bone interface over time. Cementless stems, on the other hand, have demonstrated
lower rates of loosening, as reported in studies by Weisse [57] and Kurtz [58].

b. Fracture: Periprosthetic fractures are a potential complication associated with femur stem
designs. Cementless stems have been linked to a higher risk of fracture due to stress shielding
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and bone remodeling issues. Studies by Thygesen [59]and Watts [60] reported higher fracture
rates for cementless stems compared to cemented stems.

c. Infection: Infection rates have been relatively low for both cemented and cementless femur
stems. Studies by Miric [61] and Sandiford [62] reported low infection rates, ranging from
0.5% to 1.7%, highlighting the overall success of infection control measures.

3. Patient Satisfaction: Patient satisfaction is a crucial aspect of assessing the clinical outcomes
of femur stem designs. Multiple studies have reported high levels of patient satisfaction
following hip arthroplasty using conventional femur stems. Tatani [50] and Christodoulou [63]
found high patient satisfaction rates, with the majority of patients reporting improved function,
pain relief, and quality of life post-surgery.

Conclusion: Clinical studies evaluating the performance and clinical outcomes of conventional
femur stem designs demonstrate favorable implant survival rates for both cemented and cementless
stems. Cementless stems have shown lower rates of aseptic loosening, although they may be
associated with a higher risk of periprosthetic fractures. Infection rates have been relatively low
for both stem designs. Overall, patient satisfaction following hip arthroplasty using conventional
femur stems is consistently high, with improved function and quality of life reported by patients.
It is essential to consider these clinical findings when selecting the appropriate femur stem design
to optimize outcomes and patient satisfaction.

2.4.3. Wear And Corrosion:

Understanding the wear and corrosion phenomena associated with conventional femur stem
designs is crucial for evaluating their performance and potential complications. This review
examines relevant clinical studies that have investigated wear debris generation, the potential for
adverse tissue reactions, and the release of metal ions into the surrounding tissues in conventional
femur stem designs[40].

Wear Debris Generation:

a. Metal-on-Polyethylene (MoP): Several clinical studies have evaluated wear debris generation
in MoP femur stem designs. Clarke, Lee, and Villar [34] and Fillingham [64]reported low wear
rates for MoP articulations, indicating minimal debris generation. However, ultra-high
molecular weight polyethylene (UHMWPE) wear debris has been detected in periprosthetic
tissues, although it is generally well-tolerated[65].

b. Metal-on-Metal (MoM): MoM femur stem designs have been associated with higher wear
debris generation compared to MoP. Langton [66] and Hart [67] reported increased levels of
cobalt and chromium ions and particles in periprosthetic tissues due to tribo-corrosion. This
led to concerns about adverse tissue reactions, such as pseudotumor and metallosis.

Adverse Tissue Reactions:
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a. Metal-on-Polyethylene (MOP): Clinical studies have generally reported a low incidence of
adverse tissue reactions in MOP femur stem designs. The wear debris generated from
UHMWPE has been shown to elicit a minimal inflammatory response. However, isolated cases
of granulomatous inflammation have been reported in response to UHMWPE debris, as noted
by[68]

b. Metal-on-Metal (MoM): MoM femur stem designs have been associated with an increased
risk of adverse tissue reactions. The release of metal debris and ions can trigger an
inflammatory response, leading to pseudotumor, metallosis, and tissue necrosis. [66] and [40]
reported higher rates of adverse tissue reactions in MoM femur stem designs compared to other
bearing combinations[65].

Release of Metal lons:

a. Metal-on-Polyethylene (MOP): MOP femur stem designs have generally shown minimal
release of metal ions into the surrounding tissues. Studies by Lainiala [69] and Higgs [70]
reported low levels of metal ions, such as cobalt and chromium, in the blood and urine of
patients with MOP bearings.

b. Metal-on-Metal (MoM): MoM femur stem designs have been associated with higher levels
of metal ion release. [66] and [40] observed increased concentrations of cobalt and chromium
ions in the blood and urine of patients with MoM femur stems. Elevated levels of metal ions
have been linked to systemic effects and potential long-term complications.

Generally Clinical studies investigating wear and corrosion phenomena in conventional femur
stem designs have provided valuable insights. Metal-on-Polyethylene (MOP) bearings generally
demonstrate low wear rates and minimal debris generation, leading to a low risk of adverse tissue
reactions[65]. In contrast, Metal-on-Metal (MoM) bearings have shown higher wear debris
generation, leading to an increased risk of adverse tissue reactions, including pseudotumor and
metallosis. MoM designs have also been associated with elevated levels of metal ions in the blood
and urine.

These findings emphasize the importance of carefully considering the bearing materials and their
potential implications for wear and corrosion in femur stem designs

2.4.4. Failure Modes

Understanding the common failure modes in conventional femur stem designs is crucial for
identifying potential complications and implementing strategies to mitigate these issues[71]. This
review examines relevant clinical studies that have investigated common failure modes, including
aseptic loosening, fatigue fractures, and implant-related infections in conventional femur stems.
Discussion on the underlying causes, contributing factors, and strategies employed to mitigate
these issues[72].
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1. Aseptic Loosening: Aseptic loosening is a significant failure mode in femur stem designs,
particularly in cemented stems. Clinical studies have identified several underlying causes and
contributing factors:

Micromotion at the bone-cement interface: Over time, cyclic loading and micromotion
can cause wear and degradation of the cement, leading to loosening. This can be
exacerbated by factors such as poor cement penetration and inadequate pressurization
during implantation[71].

Particle-induced osteolysis: Wear debris generated from the articulating surfaces can
trigger an inflammatory response, resulting in bone resorption and weakening of the bone-
cement interface[71].

Strategies to mitigate aseptic loosening include:

Improving cement fixation techniques: Enhancements in cement preparation, surgical
techniques, and the use of modern cement formulations can improve the bond strength and
longevity of cemented stems. Techniques such as pulsed lavage, pressurization, and
appropriate stem sizing can improve cement penetration and reduce micromotion[71].

Cementless fixation: Cementless femur stems rely on biological fixation through bone
ingrowth. Porous coatings, hydroxyapatite (HA) coatings, and surface treatments promote
osseointegration and enhance long-term stability. The use of porous structures, such as
trabecular metal, allows for enhanced bone in growth and increased initial stability[71].

2. Fatigue Fractures: Fatigue fractures can occur in both cemented and cementless femur stem
designs. Clinical studies have identified contributing factors:

Stress concentration: Inadequate stress distribution, implant design flaws, or material-
related issues can lead to stress concentration areas, increasing the risk of fatigue fractures.
This can be influenced by factors such as stem geometry, material properties, and stem-
bone interface design[71].

Material fatigue: Repeated loading cycles can induce fatigue failure in the stem material,
resulting in fractures. Material properties such as strength, toughness, and fatigue resistance
play a crucial role in preventing fatigue fractures.

Strategies to mitigate fatigue fractures include:

Implant design optimization: By refining stem geometry, surface finishes, and material
selection, designers aim to improve stress distribution and minimize stress concentration
areas. Stress-shielding effects should also be considered to maintain adequate bone
remodeling and reduce the risk of fatigue fractures.
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e Material advancements: The use of high-strength alloys, improved manufacturing
processes, and surface treatments can enhance the fatigue resistance of femur stems.
Bioabsorbable materials have also been explored to provide temporary support and reduce
stress shielding.

3. Implant-related Infections: Implant-related infections pose a significant challenge in femur
stem designs. Clinical studies have identified contributing factors:

« Surgical site contamination: Infection-causing bacteria can enter the surgical site during
the procedure, leading to biofilm formation and subsequent infection. Factors such as
inadequate sterile techniques, poor wound closure, and perioperative contamination
increase the risk of infection.

« Poor implant fixation: Loosening or instability of the femur stem can create a space that
allows bacteria to colonize and cause infection. Inadequate surgical technique, improper
implant sizing, and inadequate bone preparation contribute to this risk.

2.4.5. Surgical Techniques and Considerations

The success of conventional femur stem implantation relies not only on the design and
characteristics of the implant but also on surgical techniques. This review examines relevant
clinical studies that have investigated surgical techniques related to the implantation of
conventional femur stems. We will address surgical approaches, implant positioning, and fixation
methods, highlighting studies that have investigated the impact of surgical technique on implant
stability and long-term outcomes[8].

1. Surgical Approaches:

a. Anterolateral Approach: The anterolateral approach is commonly used for femur stem
implantation. It provides good exposure and allows for accurate implant positioning. Clinical
studies, such as those by Hardinge [73] and McArthur [74], have reported favorable outcomes
using the anterolateral approach, with low complication rates and satisfactory implant
stability.

b. Posterior Approach: The posterior approach provides good visualization of the femoral canal
and allows for adequate exposure. However, concerns have been raised about the risk of
dislocation and damage to the posterior soft tissues. A study by Fukuhara, Shimizu, and
Namba [75] compared the posterior and anterolateral approaches and found no significant
differences in clinical outcomes or implant stability.

2. Implant Positioning:

a. Stem Alignment: Proper alignment of the femur stem is crucial for implant stability and long-
term success. Deviations from the intended alignment can lead to complications such as
implant loosening and abnormal wear. A study by G. J. Macpherson et al. [76] investigated the

Page 29



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

impact of stem alignment on implant survival and found that varus alignment significantly
increased the risk of revision due to aseptic loosening.

b. Leg Length and Offset: Accurate restoration of leg length and offset is essential for optimal
hip biomechanics and patient satisfaction. A study by X. Flecher et al. [77] examined the effect
of leg length discrepancy on patient-reported outcomes and found that discrepancies greater
than 10 mm were associated with inferior functional outcomes and patient satisfaction.

3. Fixation Methods:

a. Cemented Fixation: Cemented femur stem fixation provides immediate stability and is widely
used. Clinical studies, including those by R. Mittal et al.[78] and S. Morshed et al.[79], have
demonstrated excellent long-term survival rates and implant stability with cemented fixation.
Proper cement preparation, pressurization, and meticulous technique are crucial for achieving
durable fixation.

b. Cementless Fixation: Cementless femur stem fixation relies on osseointegration for stability.
Clinical studies, such as those by H. Yamada et al.[80] and L. I. Havelin et al.[81] have reported
favorable outcomes with cementless fixation, including high survival rates and good implant
stability. Surface coatings, porous structures, and appropriate implant sizing are critical
considerations for achieving successful osseointegration.

c. Hybrid Fixation: Hybrid fixation involves using cement for the femoral stem and press-fit fixation

in the proximal femur. This technique aims to benefit from the immediate stability provided by
cement while promoting long-term stability through bone ingrowth. A study by A. D. Algarni et
al. [82] compared hybrid fixation to cemented fixation and found similar clinical outcomes and
implant stability between the two groups.
Surgical techniques play a significant role in the success of conventional femur stem implantation.
The anterolateral and posterior approaches are commonly employed, with favorable outcomes
reported for both. Proper implant positioning, including stem alignment and restoration of leg
length and offset, is crucial for long-term implant stability and patient satisfaction. Cemented
fixation has shown excellent outcomes, while cementless and hybrid fixation methods provide
alternatives with successful osseointegration and good implant stability. Continued research

The design and testing of conventional femur stems are subject to regulatory requirements, industry
standards, and guidelines to ensure safety and efficacy. This review examines relevant clinical
studies and discusses the regulatory landscape, industry standards, and guidelines pertaining to the
design and testing of conventional femur stems Guo et al. [25]. We will highlight any changes or
updates in these regulations and their implications for implant manufacturers and clinical practice.

1. Regulatory Requirements:

a. FDA (U.S. Food and Drug Administration): The FDA regulates medical devices, including
conventional femur stems, in the United States. Manufacturers are required to obtain FDA
clearance or approval before marketing their products. The regulatory process involves
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demonstrating safety, effectiveness, and adherence to specific requirements outlined in the Code
of Federal Regulations (CFR) Title 21, Part 820[25].

. CE Marking (European Conformity): In Europe, the CE marking is a mandatory requirement for
medical devices, including femur stems. Manufacturers must comply with the Medical Device
Directive (MDD) or the more recent Medical Device Regulation (MDR). These regulations outline
the requirements for clinical evaluation, risk management, quality management systems, and post-
market surveillance.

International Regulatory Authorities: Other countries have their own regulatory authorities
overseeing medical devices, and manufacturers must comply with specific regulations and
requirements. For example, Health Canada regulates medical devices in Canada, and the
Therapeutic Goods Administration (TGA) does so in Australia[25].

2. Industry Standards and Guidelines:

a. ISO (International Organization for Standardization): I1SO has developed various
standards specific to orthopedic implants, including femur stems. Notable standards include
ISO 7206 (Implants for Surgery - Partial and Total Hip Joint Prostheses) and ISO 5834
(Implants for Surgery - Ultra-high-molecular-weight Polyethylene). These standards define
requirements for design, materials, mechanical testing, and performance evaluation[25].

b. ASTM International (formerly known as American Society for Testing and Materials):
ASTM has developed standards for orthopedic implants, including femur stems. Standards
such as F2068 (Specification for Femoral Prostheses - Metal) and F2009 (Test Method for
Determining the Axial Disassembly Force of Taper Connections of Modular Prostheses)
address material specifications, mechanical testing, and functional requirements[25].

c. Clinical Practice Guidelines: Professional organizations, such as the American Academy of
Orthopedic Surgeons (AAOS), British Orthopedic Association (BOA), and the American
Association of Hip and Knee Surgeons (AAHKS), publish clinical practice guidelines for the
management of hip arthroplasty. These guidelines provide recommendations on preoperative
evaluation, surgical techniques, and postoperative care[25].

3. Changes and Updates:

a. European Medical Device Regulation (MDR): The MDR, implemented in 2017, introduced
stricter regulations for medical devices. It places greater emphasis on clinical evidence, post-
market surveillance, and risk management. Manufacturers are required to conduct clinical
investigations for certain high-risk devices, including femur stems, to obtain or maintain CE
marking[25].

b. FDA Unique Device Identification (UDI) System: The FDA implemented the UDI system,
requiring unique identifiers for medical devices. This system aims to improve traceability,
enhance post-market surveillance, and facilitate device recalls[25].
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¢. Harmonization of International Standards: Efforts are underway to harmonize international
standards to promote global consistency and facilitate market access. For example, 1SO 7206
is being revised to align with the latest requirements of the FDA and European regulations[25].

Implications for Manufacturers and Clinical Practice: Manufacturers of conventional femur stems
must stay abreast of regulatory changes and adhere to relevant standards to ensure compliance and
market access. They need to conduct rigorous testing, collect clinical evidence, and maintain robust
quality management systems. Healthcare professionals should be aware of the latest clinical
practice guidelines and regulatory requirements to provide optimal patient care and make informed
decisions regarding implant selection and surgical techniques[25].

Generally Regulatory requirements, industry standards, and guidelines play a crucial role in the
design and testing of conventional femur stems[25]. Compliance with these requirements ensures
the safety, effectiveness, and quality of implants. Manufacturers must navigate changing
regulations and standards to meet the expectations of regulatory authorities. Healthcare
professionals should stay updated on guidelines to provide optimal patient care and incorporate the
latest evidence-based practices in femur stem implantation.

Table 2: Summary of literature review on conventional stem design.

NO REFE MAIN FINDINGS OUTCOME STUDY RESEARCH GAP
RENCE MESEARED OBJECTIVES
1. [25] The evolution of femoral stem The outcomes The aim of a review of Stem design and its use in
design in total hip arthroplasty measured in the study | the evolution of the total hip arthroplasty have
has seen changes in cement are femoral stem femoral stem. Long-term | evolved from treatment of
technique, implant design, and a | implant survival at 35 | results of Charnley’s fractures of the neck of the
shift towards press-fit implants. | years, femoral stem total hip arthroplasty, femur.
The potential disadvantage of revision rate at 20 including 35-year
the interference fit of cemented | years, and femoral follow-up, reflect a 78%
stems is the generation of stem revision rate at femoral stem implant
particle debris and the risk of 35 years. survival.2 Patients
osteolysis, possibly leading to surviving 20 years after
the development of cementless, primary total hip
press-fit femoral stem designs. arthroplasty had a
femoral stem revision
rate of 15%.
2. [83] The study evaluated a novel Biomechanical To conduct a Future research could
total hip implant with cemented | evaluation of the biomechanical evaluation | focus on further refining
fixation, aiming to find an proposed replacement | of a proposed the design and materials of
optimal model to prevent implant, including replacement implant for | total hip implants to
complications and addressed the | resistance to total hip arthroplasty, address complications like
expected increase in total hip corrosion, analyze biomaterials and | loosening and fatigue,
arthroplasty incidence by 2030. | biocompatibility, geometries for a total hip | considering the expected
mechanical prosthesis to find the increase in total hip
resistance, and optimal model, and arthroplasty cases by 2030.
prevent complications Additionally, exploring
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avoidance of plastic
deformation

like loosening or fatigue
in current models.

advanced modeling
techniques and innovative
biomaterials for enhanced
biomechanical
performance could be
valuable.

[49] - The study aimed to investigate | distribution of The study objectives are | Investigate the influence of
the biomechanical properties of | stresses in the femur | to investigate the the size of the stem on the
hip bone replacement with bone after hip biomechanical properties | femur after joint
ceramic coating and compare it | replacement surgery | of hip bone replacement | replacement surgery,
with an intact femur bone. with ceramic coating and | explore a more
- The presence of the implant to compare these sophisticated approach for
significantly affects the properties with an intact | the contact between the
distribution of stresses in the femur bone. bone and the transplant,
structure compared to the intact consider applying the
bone, potentially leading to micropolar theory for a
stress shielding, bone more realistic behavior of
resorption, and a reduced bone tissues and ceramic,
lifespan of the implant. further research on stress
- The firm connection between shielding and its impact on
the implant with ceramic the bone density post-
coating and the bone leads to a implantation.
steadier load distribution, aiding
in the adaptation of bone tissues
and helping to avoid
complications.

[65] Realistic and comprehensive Realistic and The study objectives are | Further exploration of
analyses are enhancing the comprehensive to outline fundamental time-dependent analyses to
understanding of tribological analyses are aspects of biomechanics, | enhance understanding of
actions in hip joint enhancing the tribology, materials tribological actions and
replacements. The total material | understanding of science, and the investigation into methods
loss in hip joint replacements is | tribological actions in | biological environment to prevent the disturbance
a combination of mechanical hip joint in which joint of protective films and
surface wear and tribo- replacements. The replacements function, tribo-films to reduce
corrosion, with the latter total material loss in emphasize the material loss in metallic
potentially accounting for a hip joint significance of the bearing components.
significant portion of the loss. replacements is a synergy between

combination of tribology and corrosion,
mechanical surface and introduce corrosion
wear and tribo- with background
corrosion, with the information on metal-on-
latter potentially metal total hip
accounting for a replacements.
significant portion of
the loss.
[71] The main findings include the Sliding hip screw Clinical and Future research could

focus on clinical and
biomechanical analyses of

breakage

biomechanical analyses
of sliding hip screw

focus on further refining
the hybrid framework to
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sliding hip screw breakage and
the importance of adhering to
technical requirements for
preventing material failure and

breakage, identification
of patients with sliding
screw breakage, and

importance of adhering

optimize the shape of
cementless femoral
implants, taking into
account the dual interfacial

ensuring timely healing. to technical requirements | behavior more
for appropriate comprehensively.
osteosynthesis
implementation.

2.5.  Auxetic Material and Design
2.5.1. Introduction To Auxetic Materials

Auxetic materials are a fascinating class of materials that exhibit a negative Poisson's ratio,
meaning they expand in lateral directions when stretched rather than contracting like traditional
materials. This unique behavior is responsible for their exceptional mechanical properties and
characteristics. In recent years, there have been several studies exploring the potential applications
of auxetic materials in various fields, including medicine and healthcare[84].

One of the notable advantages of auxetic materials is their enhanced toughness. Traditional
materials typically become more brittle as they are stretched, leading to fractures and failure. In
contrast, auxetic materials distribute stress more evenly and absorb energy more effectively,
resulting in increased toughness. This property makes auxetic materials suitable for applications
where impact resistance and durability are crucial, such as protective equipment, sports gear, and
blomedlcal |mplants[84]
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Figure 6:Auxetic materials types [63]. . ] o ]
Auxetic materials also demonstrate improved energy absorption capabilities. When subjected to

an external force, they can efficiently dissipate energy by deforming and expanding laterally. This
characteristic is particularly beneficial in scenarios where impact forces need to be minimized or
absorbed, such as in the design of shock-absorbing materials, cushioning devices, and padding for
safety equipment.

Furthermore, auxetic materials exhibit improved load-bearing capacity compared to conventional
materials. The negative Poisson's ratio allows these materials to distribute loads more evenly,
reducing localized stress concentrations. As a result, auxetic materials can withstand higher loads
without experiencing failure or deformation, making them suitable for structural applications such
as support structures, scaffolding, and architectural elements.
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Several clinical studies have investigated the potential of auxetic materials in healthcare
applications. For instance, researchers have explored the use of auxetic foams for wound dressing
materials. These materials can conform to irregular wound shapes, provide improved pressure
distribution, and enhance patient comfort.

Additionally, auxetic scaffolds have been studied for tissue engineering applications. The unique
expansion behavior of these materials can promote cell proliferation, migration, and tissue growth.
By providing a more dynamic and adaptable scaffold, auxetic materials offer potential advantages
in tissue regeneration and engineering strategies.

A range of studies have explored the mechanical properties of 3D star honeycomb auxetic
structures. Rad 2015[85]. developed a finite element model and theoretical formulation to evaluate
the mechanical properties of these structures, finding that the base wall angle significantly
influences these properties. Lvov 2020 [86]. determined optimal cell parameters for 3D-printed
auxetic honeycomb structures, which exhibited enhanced fatigue resistance. Yang (2015)[87].
established an analytical model for these structures, allowing for the prediction of mechanical
performance. Luo (2023)[88]. investigated the mechanical and energy-absorption properties of a
3D-printed star-shaped auxetic honeycomb, finding that loading angle influences these properties.
These studies collectively highlight the potential of 3D star honeycomb auxetic structures in
various applications, and the importance of considering geometric parameters in their design.

Overall, auxetic materials possess remarkable mechanical properties, including enhanced
toughness, increased energy absorption, and improved load-bearing capacity. These characteristics
make them promising candidates for a wide range of applications, particularly in areas that require
impact resistance, energy absorption, and load-bearing capabilities. Ongoing research continues to
explore and develop the potential of auxetic materials in various fields, including medicine,
engineering, and beyond.

2.5.2. Background On Femur Stem Design

Femur stem design plays a critical role in the success of hip arthroplasty procedures. Over the
years, numerous research papers have explored the challenges and limitations associated with
conventional femur stem designs, as well as the need for innovative approaches to improve implant
longevity, reduce stress shielding, enhance load transfer, and mitigate complications such as
aseptic loosening and implant-related fractures[25].

One common challenge with conventional femur stem designs is stress shielding. Stress shielding
occurs when the implant bears a significant portion of the load, leading to bone resorption and loss
of bone density in the proximal femur. This can result in implant loosening and poor long-term
outcomes. Several studies have highlighted the importance of achieving a more physiological load
transfer to minimize stress shielding effects[25].
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Research has also demonstrated that the stiffness of conventional femur stem designs may not
match the stiffness of the surrounding bone, leading to uneven stress distribution and potential
complications. This mismatch in stiffness can contribute to implant-related fractures and increase
the risk of aseptic loosening. Improving the compatibility between the implant and the bone in
terms of stiffness is an area of active investigation[25].

Furthermore, implant-related complications such as aseptic loosening remain a significant concern.
Aseptic loosening occurs when the implant becomes mechanically unstable due to factors such as
implant wear, micro-motion, or inadequate fixation. This complication often necessitates revision
surgeries and can significantly impact patient outcomes and quality of life. Addressing the
underlying causes of aseptic loosening and developing implant designs that enhance long-term
fixation stability are important research areas[25].

To address these challenges, researchers have explored innovative approaches in femur stem
design. One such approach involves the development of anatomically-shaped stems that better
match the natural geometry and biomechanics of the femur. Anatomical stem designs aim to
improve load transfer, reduce stress shielding, and enhance stability by closely mimicking the
shape of the femoral canal[25].

Additionally, the use of advanced materials and surface coatings has been investigated to enhance
the longevity of femur stems. These materials, such as titanium alloys, cobalt-chromium alloys,
and ceramic composites, offer improved mechanical properties, corrosion resistance, and
biocompatibility. Surface coatings, such as hydroxyapatite and porous structures, can promote
osseointegration and long-term fixation[25].

Moreover, researchers have explored the use of modular femur stem designs, allowing for
customization and intraoperative adjustments to achieve a better fit and alignment. Modular stems
offer flexibility in terms of implant size, neck length, and offset, allowing surgeons to tailor the
implant to each patient's specific anatomy.

Computer-assisted design and manufacturing techniques have also played a significant role in
advancing femur stem design. These technologies enable personalized implant manufacturing
based on preoperative imaging data, ensuring a more accurate fit and alignment, which can
improve load transfer and stability[25].

Overall, the current state of femur stem design highlights the challenges and limitations of
conventional designs, including stress shielding, stiffness mismatch, aseptic loosening, and
implant-related fractures. Addressing these issues requires innovative approaches, such as
anatomically-shaped stems, advanced materials, surface coatings, modular designs, and computer-
assisted techniques. By improving implant longevity, load transfer, and fixation stability, these
advancements aim to enhance patient outcomes and reduce complications associated with hip
arthroplasty. Ongoing research continues to drive progress in femur stem design and optimize the
success of hip implant procedures.
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2.5.3. Auxetic Materials in Orthopedics

The utilization of auxetic materials in orthopedics has garnered significant interest due to their
unique mechanical properties Cho, Seo, and Kim et al.[84] While there is limited research
specifically focusing on auxetic materials in orthopedic applications, previous studies have
explored their potential advantages and limitations, shedding light on their suitability for use in
this field Mardling et al. [89].

One potential advantage of auxetic materials in orthopedics is their negative Poisson's ratio, which
allows for enhanced energy absorption and improved load distribution. This property can be
particularly beneficial in orthopedic implants such as bone plates, screws, and joint replacements,
where minimizing stress concentrations and maximizing load transfer are critical for long-term
performance[89].

Research has shown that auxetic materials can offer improved fracture resistance and enhanced
toughness compared to conventional materials. The ability of auxetic structures to distribute stress
more evenly can help prevent the propagation of cracks and fractures. This characteristic is
advantageous for implants subjected to dynamic loading conditions, as it reduces the risk of
implant failure and improves the overall durability of the implant[89].

Moreover, the unique mechanical properties of auxetic materials have the potential to reduce stress
shielding in orthopedic implants. Stress shielding occurs when the implant bears a significant
portion of the load, leading to bone resorption. The expansion behavior of auxetic materials can
help mitigate stress shielding effects by more evenly distributing loads and promoting more
physiological stress transfer to the surrounding bone[84].

Biocompatibility is a crucial aspect of any orthopedic material. While the biocompatibility of
specific auxetic materials may vary, many commonly used materials in auxetic structures, such as
elastomers and polymers, have demonstrated good biocompatibility. However, it is essential to
thoroughly evaluate the biocompatibility of each specific auxetic material and consider factors
such as potential leaching of additives, tissue response, and long-term effects on the surrounding
tissues Jiang et al.[90].

One limitation of auxetic materials is their relatively complex manufacturing processes. Producing
and shaping auxetic structures can be more challenging compared to traditional materials, which
may affect their practicality and scalability in orthopedic applications. However, advancements in
manufacturing technologies, such as additive manufacturing and 3D printing, offer promising
avenues for fabricating complex auxetic structures with precise geometries[90].

Wear resistance is another important consideration in orthopedics, particularly in joint replacement
applications. While the wear resistance of auxetic materials may vary depending on the specific
material and structure, further research is needed to evaluate their long-term wear performance.
Surface modifications and coatings could potentially enhance the wear resistance of auxetic
materials and make them more suitable for load-bearing applications Kolken et al.[17].
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In summary, the use of auxetic materials in orthopedics holds promise due to their unique
mechanical properties. The potential advantages include enhanced energy absorption, improved
load distribution, reduced stress shielding, and increased fracture resistance. However, challenges
such as complex manufacturing processes and the need for thorough biocompatibility and wear
resistance evaluation need to be addressed. Further research and development are necessary to fully
explore the potential of auxetic materials for orthopedic applications and translate them into
practical and effective solutions for patients.

2.5.4. Design Considerations

Research on femur stems made from auxetic materials is still in its early stages, and there are
limited studies specifically focusing on the design considerations for such implants. However, we
can discuss general design considerations based on the characteristics of auxetic materials and the
requirements for femur stem applications[8].

Structural Requirements: Femur stems need to provide sufficient mechanical stability, load
transfer, and long-term fixation. Designing auxetic femur stems requires careful consideration of
the material's mechanical properties, such as stiffness, strength, and fatigue resistance. The
negative Poisson's ratio of auxetic materials can contribute to improved load distribution and
reduced stress shielding. However, achieving an optimal balance between stability and flexibility
is crucial to ensure proper biomechanical performance.

Geometry Optimization: The geometry of auxetic femur stems plays a vital role in their
performance. Design parameters, including stem length, diameter, taper, neck offset, and
anteversion, should be optimized to achieve the desired load transfer, fit, and alignment.
Computational modeling techniques, such as finite element analysis, can help evaluate stress
distribution, strain patterns, and the effect of different geometrical configurations on the implant's
mechanical behavior.

Fabrication Techniques: The fabrication of auxetic femur stems can present challenges due to
their complex geometric structures. Additive manufacturing methods, such as 3D printing, offer
advantages in creating intricate and customized designs. Techniques like selective laser melting or
electron beam melting can be employed to fabricate complex auxetic structures with precision.
However, issues such as porosity, surface roughness, and material integrity should be carefully
addressed during the fabrication process.

Manufacturing Challenges: Fabricating auxetic materials with controlled and consistent
properties can be challenging. The material selection and processing techniques need to ensure
appropriate mechanical properties, biocompatibility, and long-term performance. Additionally,
achieving a reliable and reproducible manufacturing process for auxetic femur stems is essential
for clinical translation.

Implantation and Surgical Integration: Successful integration of auxetic femur stems into
existing surgical techniques is crucial. The surgical procedure, implant insertion, and fixation
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methods should be compatible with the specific design and material properties of auxetic stems.
Surgeons need to be trained in the unique considerations associated with implanting auxetic
materials, ensuring proper fit, stability, and alignment during surgery.

Biocompatibility and Long-Term Performance: The biocompatibility of auxetic materials,
including their potential for wear debris generation, corrosion resistance, and tissue response,
needs thorough evaluation. Long-term performance studies are essential to assess the durability,
fatigue resistance, and wear characteristics of auxetic femur stems over the lifespan of the implant.

It is worth noting that the development and clinical application of femur stems made from auxetic
materials are still in the early stages, and further research is required to address these design
considerations comprehensively. Collaboration between material scientists, engineers, and
orthopedic surgeons is crucial to optimize the design, fabrication, and clinical implementation of
auxetic femur stems, overcoming the challenges associated with manufacturing, implantation, and
integration with existing surgical techniques.

2.5.5. Biomechanical Effects

Research on the biomechanical effects of using auxetic materials in femur stem design is still
relatively limited. However, several studies have explored the implications of auxetic properties
on load transfer, stress distribution, and implant stability, providing insights into their potential
benefits in reducing stress shielding, promoting bone remodeling, and improving long-term
implant survival.

Load Transfer and Stress Distribution: Auxetic materials, with their negative Poisson's ratio,
have the potential to improve load transfer and stress distribution in femur stems. Traditional stems
typically result in stress shielding, where the implant bears a significant portion of the load, leading
to bone resorption. In contrast, auxetic materials distribute loads more evenly, reducing stress
concentrations and minimizing stress shielding effects. This can help preserve bone density and
prevent bone loss, improving the long-term stability of the implant[17].

Reducing Stress Shielding: Studies have suggested that using auxetic materials in femur stem
design can mitigate stress shielding. By facilitating more physiological load transfer to the
surrounding bone, auxetic stems help distribute the mechanical forces more evenly, reducing the
stress shielding phenomenon. This can help preserve bone density and promote bone remodeling,
contributing to the long-term stability and survival of the implant[17].

Bone Remodeling and Osseointegration: The unique mechanical behavior of auxetic materials
can potentially stimulate bone remodeling and osseointegration. The controlled expansion and
contraction of auxetic materials during loading cycles can induce micromotion at the bone-implant
interface, which has been shown to enhance bone ingrowth and promote osseointegration. This
phenomenon can lead to better implant stability and long-term performance Wang et al. [18].
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Implant Stability: The mechanical properties of auxetic materials, including their ability to
distribute loads more evenly, can contribute to improved implant stability. By reducing stress
concentrations and providing a more balanced load transfer, auxetic femur stems may enhance
primary implant stability and minimize micromotion at the bone-implant interface. Improved
stability can reduce the risk of implant loosening, aseptic loosening, and subsequent
complications[18].

In conclusion, the biomechanical implications of using auxetic materials in femur stem design offer
potential advantages in load transfer, stress distribution, and implant stability. The ability of auxetic
materials to reduce stress shielding, promote bone remodeling, and enhance osseointegration
suggests the potential for improved long-term implant survival. However, further research is
necessary to establish the optimal design parameters, evaluate the long-term performance, and
assess the clinical benefits of using auxetic materials in femur stem applications.

2.5.6. Computational Modeling and Simulations

Research on computational modeling and simulations of auxetic femur stems is still emerging, but
there are a few studies that have utilized these approaches to analyze their mechanical behavior
and performance. While the specific methodologies, assumptions, and findings may vary, these
studies collectively contribute to our understanding of the mechanical response of auxetic designs.
Here are some notable examples

Liu et al. [17] Investigated the effects of incorporating an auxetic lattice femoral stem structure
with negative Poisson's ratio on stress shielding (SS) after total hip arthroplasty (THA). The study
evaluated different femoral stem designs with auxetic structures and varying re-entrant angles.
Finite element analysis was conducted using a model of the human femur to compare the levels of
SS between the auxetic stems and solid counterparts. The results indicated that the auxetic stems
caused less SS of the surrounding bone compared to the control models, with the M-type stems
exhibiting the lowest level of SS, followed by the C-type and F-type stems. The study concluded
that femoral stems with an auxetic lattice structure can effectively reduce SS, and the M-type
geometry profile was recommended for designing auxetic femoral stems. This novel solution has
the potential to increase the survival rate of femoral stems by minimizing SS after THA.

Masoumi Ravandi et al. [91] Investigated the compressive strength of 3D-printed metamaterial
bones with different porosities in cubic cells. Compressive testing was conducted on standard
samples and both 3D-printed and real bones. The study found that the vertical solid standard
specimen exhibited better performance in terms of yield strength and ultimate stress compared to
the horizontal solid standard specimen. Based on this, a vertical metamaterial sample with a cubic
cell was designed with four porosity states. The results showed that 30% porosity was determined
as the optimal specimen for the metamaterial bone. However, when compared to real bones, both
the solid and metamaterial 3D-printed bone samples exhibited lower force resistance. The weight
of the metamaterial bone decreased by 5.97% compared to the solid bone specimen. The research
also highlighted the effect of strut thickness on the quality of 3D printing. The limitations of the

Page 40



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

study include the focus on compressive strength only and the comparison with real bones, which
may not fully capture the complex mechanical behavior and functional aspects of natural bone.
Additionally, the research did not explore other mechanical properties or conduct in vivo studies
to assess the long-term performance and biocompatibility of the 3D-printed metamaterial bones.

Ghavidelnia, et al. [92] studied presents a new porous femoral hip meta-implant with a graded
Poisson's ratio distribution to address stress shielding and micromotion issues at the bone-implant
interface. It compares the performance of this meta-implant with solid and other porous meta-
implants. Analytical analysis of a 3D re-entrant structure provides precise relationships for its
elastic modulus and Poisson's ratio. Implementation of the re-entrant structure in the hip implant
improves stress and strain distributions, effectively addressing stress shielding. The graded lattice
meta-implant shows smoother stress-strain distribution and reduced local stress and strain
concentrations. It also provides favorable micromotion levels for bone growth. The study
concludes that the lattice structure and graded design enhance implant performance. However, the
research is limited to compressive loading conditions, and further investigations are needed to
evaluate the meta-implants under different loads and assess long-term durability and
biocompatibility.

Table 3:Summary of literature review on Auxetic material and stress shielding

NO REFE MAIN FINDINGS OUTCOME STUDY RESEARCH GAP
RENCE MESEARED OBJECTIVES
1. [48] The study uses finite element Maximum principal | The study aims to design The research gaps

analysis to assess stress

distribution in the intact femur,

identifies high-risk fracture
areas, and highlights specific
loading conditions with
significant cortical stresses.

stresses, Tsai-Wu
fields, risk of
fracture in the
femoral neck and
subtrochanteric
region

hip implants based on
biomechanical models of
the proximal femur,
considering body weight
and muscle action, and to
provide a guide for
assessing the risks of
stress shielding in femoral
stems.

identified in the paper
include the need to:

- Change common
processes and
biomechanical models to
transfer load to both
medial and lateral regions
in designing artificial
femoral stems. - Address
the risk of fracture in the
femoral neck and
subtrochanteric region.

- Investigate the impact of
differences in mechanical
properties between bone
and biomaterials used in
implants on stress
shielding.

- Evaluate the
effectiveness of short
stems as an alternative to
traditional hip prostheses,
considering their potential
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limitations. - Assess the
influence of relative micro-
displacements between
bone and implant on
osseointegration and long-
term stability.

- Conduct comparative
studies between different
stem designs to optimize
load transfer.

- Consider additional
factors like the presence or
absence of the femoral
neck, stem material, and
osteotomy level in
achieving optimal load
transfer post-implantation.
- Conduct future in vitro
and in vivo studies to
complement the
computational models
presented in the paper

[93] The study proposed an stiffness of the The study objectives Further research could
optimized model for a femoral designed femoral include reducing femoral | focus on the long-term
stem, showed the benefits of a stem stem stiffness, using clinical outcomes and
porous surface in reducing ) proper design parameters, | performance of the
stiffness, and highlighted the coating the stem with a optimized femoral stem
achievement of a more efficient porous surface, and design in actual patients
hip joint prosthesis with achieving better stress undergoing total hip
improved durability. transmission from the arthroplasty. Additionally,

implant to the bone. future studies could
explore the biomechanical
behavior of the proposed
femoral stem in different
patient populations to
assess its versatility and
effectiveness across a
broader range of
individuals.

[94] Stress shielding is a major cause Optimal Stress The study objectives Future research could

of hip implant failure and
revision surgeries. The
optimized femoral stem design
with a hexagonal cross-section
offers low weight and better
load-bearing capacity. The
novel design improves implant
fixation, rigidity, medullary

shielding.

include optimizing the
femoral stem component
in total hip replacement
procedures by reducing
stress shielding,
improving implant
fixation, enhancing
rigidity, promoting

focus on further
investigating the impact of
the novel hexagonal cross-
section femoral stem
design on long-term
clinical outcomes, such as
implant longevity, patient
satisfaction, and functional
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revascularization, and patient
motility.

medullary
revascularization, and
enhancing patient motility

recovery post-THR.
Additionally, future
studies could explore the
potential of integrating
advanced biomaterials or
surface coatings to
enhance the performance
and biocompatibility of
femoral stems in THR
procedures.

[95] The main findings emphasize Average induced The study objectives Efforts to improve
the superior performance of the | stresses, average include conducting a prosthetic longevity for
novel stemless hip prosthesis strains, total comparative study younger individuals,
design in terms of reduced deformation, between the natural addressing localized strain
deformation, improved stress improvement in femur, femur with the in the new stemless model,
distribution, and enhanced fatigue life, contact | conventional implant, and | validation of the feasibility
fatigue life compared to the stresses reduction a novel design using of the proposed stemless
conventional long-stemmed prolongated probes and a | hip prosthesis design.
implant, indicating its potential screw assembly to analyze
as a more effective and less induced stresses, strains,
invasive option for hip deformation, and contact
replacement surgeries. stresses for reducing

aseptic loosening.

[93] - The TNS stem showed lower Stiffness, stress The study objectives are Further research could
axial stiffness and reduced shielding in the to fabricate a low- focus on the long-term
stress shielding in the proximal | proximal calcar modulus cementless hip clinical outcomes and
calcar region compared to the region, and initial stem from B-type Ti- performance of the
Ti-6Al-4V stem. stability of the hip 33.6Nb-4Sn alloy (TNS) optimized femoral stem

- The initial stabilities of the stems. and to evaluate its design in actual patients
TNS and Ti-6Al-4V stems were stiffness, stress shielding, | undergoing total hip
comparable, indicating that the and initial stability arthroplasty. Additionally,
TNS stem can minimize bone compared with a Ti-6Al- future studies could
loss and improve long-term 4V alloy stem. explore the biomechanical
stability. behavior of the proposed

femoral stem in different
patient populations to
assess its versatility and
effectiveness across a
broader range of
individuals.

[96] The TNS stem showed lower Stiffness, stress The study objectives are Future research could

axial stiffness and reduced
stress shielding in the proximal
calcar region compared to the
Ti-6Al-4V stem. - The initial
stabilities of the TNS and Ti-
6Al-4V stems were comparable,
indicating that the TNS stem

shielding in the
proximal calcar
region, and initial
stability of the hip
stems

to fabricate a low-
modulus cementless hip
stem from B-type Ti-
33.6Nb-4Sn alloy (TNS)
and to evaluate its
stiffness, stress shielding,
and initial stability

focus on further
investigating the long-term
effects of the TNS stem on
stress shielding and bone
stability in clinical
settings. Additionally,
research could explore the
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can minimize bone loss and
improve long-term stability

compared with a Ti-6Al-
4V alloy stem.

biomechanical
performance of the TNS
stem in different patient
populations or in
combination with other
implant materials.

7. [97] The study emphasizes the accuracy of 3D Develop an automatic 3D | Further development and
importance of accurate 3D preoperative femur shape analysis refinement of the 3D
preoperative planning for simulation and system (3D-FSA) for femur shape analysis
femoral shaft fractures and assistance in implant | accurate preoperative system to enhance
proposes a 3D femur shape measurements planning based on accuracy and effectiveness
analysis system to assist in individual patient data and | in preoperative planning
implant measurements. assist in implant for femoral shaft fractures.

measurements.

8. [98] The 3D honeycomb scaffold Contact between The study objectives are Further development and
with diamond-like carbon new and artificial to evaluate bone refinement of the 3D
(DLC) coating (3D_a-C:H) bones, amount of morphometrics and to femur shape analysis
promoted better bone formation | new bone formation, | investigate changes in the | system to enhance
and gene expression compared gene expression transcriptome of the new | accuracy and effectiveness
to the control and the scaffold levels of VEGF, bone tissue using DNA
without DLC (3D_non). RANKL, NOTCH2, | microarray analysis and

OPN, and CTSK real-time polymerase
chain reaction (PCR).

9. [99] The carbonate apatite Formation and Develop honeycomb Identification of cost-
honeycomb scaffolds (CO3 Ap | maturation of scaffolds comprising effective and safe
HCSs) were as effective as calluses, immature carbonate apatite for bone | alternatives for bone
protein and cell scaffolds in bone, and newly reconstruction in critical- | reconstruction in critical-
bone reconstruction in rat formed bone at 2-, size segmental defects in | size segmental defects,
femurs, but at a lower cost and 8-, and 12-weeks rat femurs with Exploration of scaffold
with increased safety. post-implantation comparable efficacy to materials that can achieve

protein and cell scaffolds | effective outcomes without

but at a lower cost and the need for high-cost or

increased safety. high-risk growth factors or
stem cells.

10. [100] - The porous femoral stem Stiffness of the Design a femoral stem Exploring the potential of
design showed a 31% lower porous femoral stem | with a porous structure to | diamond lattice structures
stiffness compared to its dense compared to its lower stiffness and allow | as biomimetic constructs
counterpart. dense counterpart bone tissue ingrowth; for load-bearing
- The diamond lattice structures | (31% lower Assess the potential of orthopaedic implants.
have potential as biomimetic stiffness) diamond lattice structures
constructs for orthopaedic as biomimetic constructs
implants. for load-bearing

orthopaedic implants.
11. [101] The main findings highlight the | stresses in the stem, | The study objectives are Future research could

advantages of using the
biomimetic composite stem in
reducing stress shielding and
migration, the influence of ply

stresses in the
femoral bone, and
micromotions

to compare the
biomechanical
performance of total hip
stems made of Ti or HA-

focus on finding the
optimal balance between
stress shielding and
micromotions in hip
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configuration on biomechanical
parameters, and the importance
of matching the stiffness of
cortical bone for optimal
performance.

coated composite and to
investigate the influence
of architectural features of
the composite stem on
various biomechanical
properties.

prosthesis design,
considering bone
remodeling post-surgery,
exploring the impact of ply
configurations and core
stiffness on biomechanical
properties.

12. [102] - Multi-lattice designs were Reduction in The study objectives are Future research could
effective in reducing the stress- | maximum von to create multi-lattice explore the long-term
shielding effect in hip implant Mises stress values structure designs for hip effects of multi-lattice
applications. on the hip implant stem implants and analyze | designs on stress-shielding
- The maximum von Mises stem, weight their impact on reducing and bone health, compare
stress values on the hip implant | reduction, increase the stress-shielding effect | different lattice structures,
stem were significantly reduced. | in stress-shielding in hip implant and study the
- A weight reduction of up to signals from applications. biomechanical behavior
25.89% was achieved with the different zones of and durability of these
multi-lattice designs. the femur implants.

- Significant increase (max.
150.47%) in stress-shielding
signals from different zones of
the femur was observed.

13. [103] The carbon/PEEK composite reduction of stress The study objectives are The paper does not
material (configuration 1) is shielding effect and | to investigate how PEEK | explicitly provide
effective in reducing stress prolongation of and carbon/PEEK recommendations or ideas
shielding, preventing aseptic prosthesis-bone composite coating for future research.
loosening, and enhancing the system’s lifetime materials on a titanium
stability of the prosthesis-bone alloy hip implant stem
system. could reduce stress

shielding effect, evaluate
the performance of
different coating materials
under dynamic loadings
corresponding to different
human activities, and
determine which coating
material configuration has
the best performance in
reducing stress shielding
effect in the prosthesis-
bone system.

14. [104] - The primary outcome of the Design guideline for | The study objectives are Exploring further

study is a design guideline for
the use of 3D star honeycomb
auxetic cellular structure in
structural applications.

- From =45 o to 70 o, the
structure exhibits auxetic
behavior in all directions.

the use of 3D star
honeycomb auxetic
cellular structure in
structural
applications,
behavior of the
structure in different

to evaluate shape
parameters of the
structural cell in relation
to basic mechanical
properties, quantify
mechanical properties for
different domains where

optimization of fabrication
techniques for auxetic
materials, expanding the
method for formulating
mechanical properties to
different structures or
materials, investigating the
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- The overall mechanical angle ranges, auxetic material is of manipulation of various
properties can be controlled by | changes in Poisson's | interest, and provide a structural parameters to
modification of the base wall ratios, elastic design guideline for the achieve specific
angle of the configurations, with | modulus, and use of 3D star honeycomb | mechanical characteristics
the consequent changes, in density with auxetic cellular structure in auxetic materials
particular, of the in-plane increasing angles, in structural applications
Poisson's ratio. control of

mechanical

properties by

modifying the base

wall angle of the

configurations
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Figure 8: Literature map that has been used for this paper

2.6. Summary Of Literature Review

The literature review provides an extensive overview of various aspects related to femur stem
design and materials used in hip implants. It covers topics such as existing femur stem implant
materials, conventional stem design, auxetic material and design, finite element analysis (FEA),
and biomechanical considerations.

The review begins with an introduction to femur stem implants, highlighting their importance in
hip replacement surgeries. It then delves into the different materials used in femur stem implants,
including stainless steel, titanium alloys, cobalt-chromium alloys, titanium/HA composite alloys,
and ceramic materials. Each material is discussed in terms of its properties, advantages, limitations,
and clinical outcomes.

The section on conventional stem design provides a historical background, material selection
considerations, biomechanical considerations, clinical outcomes, wear and corrosion issues, failure
modes, surgical techniques, and regulatory and standardization aspects. These aspects contribute
to a comprehensive understanding of the current state of conventional femur stem design.

The review then shifts focus to auxetic material and design, introducing the concept of auxetic
materials and their potential applications in orthopedics. It discusses the background on femur stem
design, explores the use of auxetic materials in orthopedics, highlights design considerations,
biomechanical effects, computational modeling and simulations, experimental studies, clinical
outcomes, and future directions and challenges.

The role of finite element analysis (FEA) in femur stem design is explored in detail. It covers the
introduction to FEA in femur stem design, optimization techniques, auxetic material properties,
realistic loading conditions, previous FEA studies on auxetic femur stems, validation studies, and
challenges and future directions. FEA serves as a valuable tool for optimizing the design and
assessing the performance of femur stems.

Biomechanical considerations related to femur stem implants are also discussed. This section
provides an understanding of the biomechanics of the femur, biomechanical considerations in
femur stem design, realistic loading conditions, the mechanical behavior of auxetic materials, and
the role of computational biomechanics.

Overall, the literature review provides a comprehensive overview of the current knowledge and
understanding of femur stem design and materials. It highlights the limitations and challenges in
the field, such as the lack of research on the use of auxetic materials, the need for exploration of
realistic loading conditions, the importance of validation studies for FEA models, and the
consideration of regulatory aspects. The identified gaps serve as potential areas for future research
and advancements in femur stem implant technology.
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Figure 9: Comparison of different literatures.
2.7.  Gap Analysis

Based on the literature reviews provided above, the gap analysis includes the following points:

1. Need for Focused Research on Auxetic Materials in Femur Stem Implants: Although
auxetic materials have shown promise in various orthopedic applications, specific studies
or clinical outcomes related to femur stem implants made from these materials are limited.
This gap indicates a need for dedicated research to understand the potential benefits and
challenges of using auxetic materials in femur stem design.

2. Exploration of Realistic Loading Conditions: The importance of considering realistic
loading conditions in femur stem design is acknowledged in the literature. However,
detailed studies analyzing how these conditions affect the performance of different implant
materials, including auxetic materials, are sparse. Future research should focus on the
biomechanical effects and mechanical behavior of auxetic materials under realistic loading
scenarios.

3. Validation of Finite Element Analysis (FEA) Models: While FEA is commonly used in
femur stem design and optimization, there is a lack of information on the validation of these
models. Ensuring the accuracy and reliability of FEA simulations is crucial for designing
femur stems using auxetic materials. Future research should prioritize conducting
validation studies to confirm the fidelity of FEA models in predicting the behavior of
auxetic femur stems.

4. Comprehensive Clinical Outcomes: Current literature includes some clinical outcomes
related to conventional femur stem designs, but comprehensive clinical studies focusing
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specifically on femur stems made from auxetic materials are lacking. Further research is
essential to evaluate the long-term performance, survivorship, and patient outcomes
associated with the use of auxetic materials in femur stem implants.

5. Consideration of Regulatory and Standardization Aspects: The regulatory and
standardization aspects of conventional femur stem designs are briefly mentioned in the
literature. However, specific considerations and challenges related to the use of auxetic
materials in femur stem implants are not well-addressed. Future research should explore
the regulatory requirements and standards for auxetic materials to ensure their safety and
effectiveness in clinical applications.

6. Interdisciplinary Research for Optimal Results: Integrating knowledge from different
fields of study, such as materials science, biomechanics, clinical medicine, and regulatory
affairs, is crucial for advancing research on auxetic femur stem implants. Collaborative
efforts can lead to a more comprehensive understanding and optimized design of femur
stems using auxetic materials.

Overall, these gaps highlight the need for further research on the use of auxetic materials in femur
stem design, including comprehensive clinical studies, exploration of realistic loading conditions,
validation of FEA models, consideration of regulatory aspects, and interdisciplinary research.
Addressing these areas will contribute significantly to the advancement of femur stem implants
using auxetic materials.

Chapter Three
3. Methods

The present study focuses on the systematic optimization of the auxetic femur stem in hip
arthroplasty, specifically targeting its performance under realistic loading conditions. The research
methodology is structured around several key components to ensure a comprehensive
investigation. Initially, patient-specific data was meticulously collected from Samaritan Surgical
Center, establishing a foundation for the subsequent comparative analysis. A pivotal aspect of the
methodology involves the comparison of Zimmer's femur stem, a commonly utilized component
in hip arthroplasty, with an optimized auxetic femur stem developed in this research. The primary
objective of the study is to achieve optimal stress shielding, driving the iterative design process
employed for the optimization of the auxetic structure. To ensure clinical relevance and
applicability of the findings, the study incorporates realistic loading conditions such as walking,
going up stairs, going downstairs, standing up, and sitting down. Additionally, SolidWorks
simulation is employed to simulate and evaluate the performance of both the Zimmer's femur stem
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and the optimized auxetic femur stem under these loading conditions. The analysis is further
supported by statistical evaluation to provide robust and reliable conclusions.

3.1. Initial model

Data for this study was sourced from Samaritan Surgical Center, providing a clinically relevant
and reliable dataset for the research. The patient-specific data collection was tailored to individual
anatomical variations and clinical scenarios, enhancing the accuracy and applicability of the
findings for femur stem implants under investigation. Alongside primary data collection, a
comprehensive literature review was conducted using web-based platforms such as heuristi.ca,
openread.academy, explainpaper.com, notion.so, elicit.com, and litmap.com. These platforms
facilitated a systematic analysis of relevant scientific articles, journals, and conference proceedings
to identify existing knowledge, methodologies, and findings related to femur stem optimization,
stress shielding evaluation, and the application of auxetic structures in orthopedic implants.

The insights gained from the literature review informed the selection of parameters for the auxetic
3D star honeycomb structure and the design of realistic loading conditions used in the SolidWorks
simulations. By integrating patient-specific data collection with a rigorous literature review using
advanced web-based platforms, this study aims to provide a robust and comprehensive analysis of
the optimized auxetic femur stem in comparison with the Zimmer's femur stem, contributing
valuable insights to the field of hip arthroplasty and implant design optimization.
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Figure 10:FEMUR STEM: is a component of a total hip
replacement, which is a surgical procedure that replaces a
damaged or arthritic hip joint with an artificial joint. The femur
stem is the portion of the implant that is inserted into the femur
bone. Material for femur stem: Ti-6Al-4V means It is
comprised of 90% titanium, 6% aluminum and 4% vanadium.
Taperlock complete primary femoral porous coated stem.
8x136mm standard offset 12/14 taper for cementless use

Figure 11:SHELL WITH CLUSTER HOLES POROUS: Shell
with cluster holes porous is a type of implant used in hip
replacement surgery. Image taken from phone in medical Dr.
Samuel office. 48mm O.D size GG For use of GG liners
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Table 4: Properties of titanium Alloy [40].

Property Description Ti-6Al-4V

Young's Modulus The measure of stiffness and resistance to | 110 GPa
deformation

Poisson's Ratio The ratio of lateral strain to axial strain 0.3

Density Mass per unit volume 4428

Compressive Maximum compressive stress that the foam | 960 MPa

Strength can withstand

Tensile Strength Maximum tensile stress that the foam can | 1098 MPa
withstand

Ultimate Ability to dissipate energy under cyclic loading | 1237 MPa

compressive

Strength

3.2.  Numerical modeling of femur stem

In this study, finite element models were constructed using ANSYS software to perform a
numerical analysis of the femur stem's optimization. Initially, geometric representations of both
the Zimmer's femur stem and the optimized auxetic femur stem were developed based on the
parameters derived from patient-specific data and design concepts. Subsequently, these geometric
models were utilized for conducting finite element analysis to investigate the mechanical
performance, stress distribution, and stress shielding behavior of both femur stem designs under

realistic loading conditions.
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Figure 12:Basic steps for simulating femur stem using 3D

Figure 13:Developing a general approach to achieve an optimal
star honeycomb structure in ANSYS software

solution.

3.2.1. Geometric modeling

3.2.1.1.  Femur stem dimension
Initially, geometric representations of both the Zimmer's femur stem and the optimized auxetic

femur stem were developed using SolidWorks based on the parameters derived from patient-
specific data and design concepts. Subsequently, these geometric models were utilized for
conducting finite element analysis to investigate the mechanical performance, stress distribution,

and stress shielding behavior of both femur stem designs under realistic loading conditions.
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Figure 14: Femur stem modeled using SolidWorks.
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Figure 15: Geometric dimension of femur stem.
3.2.1.1. Femur intact bone

The intact femur bone was also modeled using SolidWorks to provide a comprehensive anatomical

representation for the implantation procedures. Subsequently, these geometric models, including

the femur bone, were utilized for conducting finite element analysis to investigate the mechanical

performance, stress distribution, and stress shielding behavior of both femur stem designs under

'

Figure 16:Femur stem implant.

realistic loading conditions.

Figure 17: Intact bone
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3.2.2. Finite element modeling

In this study, finite element models were constructed using SolidWorks and analyzed using
ANSYS software to perform a numerical analysis of the femur stem's optimization. Initially,
geometric representations of both the Zimmer's femur stem and the optimized auxetic femur stem
were developed based on the parameters derived from patient-specific data and design concepts.
The intact femur bone was also modeled using SolidWorks to provide a comprehensive anatomical
representation for the implantation procedures. Subsequently, these geometric models, including
the femur bone, were utilized in ANSYS for conducting finite element analysis to investigate the

mechanical performance, stress distribution, and stress shielding behavior of both femur stem
designs under realistic loading conditions.

Femure stam using Aumetic structuns
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3.3.  Implant Comparison

The first component of the comparative analysis focuses on the description and evaluation of
Zimmer's company femur stem, a commonly used implant in hip arthroplasty procedures.
Zimmer's femur stem is designed to provide stability and support to the hip joint, with specific
features and material properties optimized for biomechanical compatibility and long-term implant
performance. A detailed description of the design, material composition, and surgical application
of Zimmer's femur stem will be provided to establish a baseline for comparison with the optimized
auxetic femur stem developed in this study.

The primary comparison metric for evaluating the performance of the femur stem implants is stress
shielding, a critical factor that can significantly affect the long-term success and functional
outcomes of hip arthroplasty. Stress shielding refers to the reduction of mechanical stress
transferred to the surrounding bone tissue due to the implant, which can lead to bone resorption
and implant loosening over time. By focusing on stress shielding as the primary comparison
criteria, this study aims to assess and compare the biomechanical behavior and performance of
Zimmer's femur stem and the optimized auxetic femur stem under realistic loading conditions and
patient-specific anatomical variations. This comparative analysis will provide valuable insights
into the potential benefits and limitations of using an optimized auxetic femur stem in hip
arthroplasty, contributing to the advancement of implant design and surgical techniques in
orthopedic surgery.

3.4. Development of Auxetic Femur Stem

The development and optimization of the auxetic femur stem in this study center around the
introduction and design concept of the Auxetic 3D Star Honeycomb Structure. Initially, a simple
3D star honeycomb cellular structure was modelled by adapting a 2D cellular structure, serving as
the foundational design for the optimized femur stem. This innovative design concept is
characterized by its unique geometric configuration, which exhibits auxetic behavior, meaning it
expands in lateral directions when stretched longitudinally, enhancing its potential for stress
distribution and biomechanical compatibility.

The iterative design process employed in the present study focused on evaluating the influence of
structural shape on basic mechanical properties, including elastic modulus, density ratio, and
Poisson’s ratio. Various values of shape parameters, such as wall length, cell wall thicknesses, and
cellular structure angle, were examined to optimize the mechanical properties of the auxetic 3D
star honeycomb structure. The 2D cellular structure, consisting of eight elastic beams in a
symmetrical configuration, served as the starting point for the analytical formulation of mechanical
properties for the structure. Through rigorous analysis and evaluation, an optimized design for the
auxetic femur stem was developed, aiming to improve stress shielding performance and long-term
implant stability in hip arthroplasty procedures. This iterative design process ensures that the
optimized auxetic femur stem meets the biomechanical requirements and functional demands for
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successful clinical application, providing a novel approach to femur stem design optimization in
orthopedic surgery.

3.4.1. Unit cell selected

In their investigation of 3D star honeycomb structures for mechanical applications, researchers
delve into the intricate relationship between geometric parameters and fundamental mechanical
properties. Through numerical analysis and graphical representations, they reveal the profound
influence of variations in parameters like stiffness, strength, and Poisson's ratio on material
behavior. Emphasizing the pivotal role of the base wall angle, they suggest pathways to tailor these
structures for diverse industry applications. Comparisons with conventional materials underscore
the potential advantages of auxetic materials in practical scenarios, while discussions on optimal
design considerations highlight the delicate balance needed between geometric parameters,
manufacturability, and performance implications. Additionally, researchers anticipate future
applications and research directions, envisioning opportunities for emerging technologies and
industries to leverage the unique properties of 3D star honeycomb structures. Their proposed
refinements and modifications aim to enhance performance, contributing significantly to the
ongoing advancement of materials science and engineering.

Figure 18:Unit cell 3D star honeycomb structure [17].

3.4.2. Auxetic model

Analytical approaches can predict Poisson's ratios, elastic modulus, and density ratios for all
models. The geometrical dimensions of the cell, the mechanical properties of the base material,
and the mechanical properties of the star honeycomb structure, such as Poisson's ratio, elastic
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modulus, and density ratio, are all related from a mathematical and mechanical perspective. The
relationships can be expressed using the following functions:

vy, = f,(L, L, a6), 3.1
vy, = f,(Ly, Ly a,6), 3.2
vy, = f,(Ly, L, a6), 3.3
v, =v,, =f,(L,Lya6), 3.4
E, = f.(EL,L,a0), 3.5
E,=E; =f(EL,Ly,a0), 3.6

p= f7(pc' a'thLZI); 3.7

The geometrical characteristics of the cell depicted in Figure 17 are Lq, L,, a, and 6. E and p,
represent the elastic modulus and density of the base material, respectively. vy, Vy,, Vyx, Vyz, Vs,
V,y, E1, E;, and E; are the Poisson's ratios and elastic modulus of the material. Dimensionless
parameters can predict Poisson's ratios and elastic modulus of a material, as shown below:

2 2 2
Vyy = Fy (“: B, )/) = z z z Al.jk [aiﬁjyk] , 3.8

i=0 j=0 k=0
2 2 2
v = Falafoy) = Z Z z By la'sY'], 3.9
i=0 j=0 k=0
Vyx = Fy (0(, B, }/) = Ziz=0 ;:0 Zi:o Ci]'k [aiﬁj}/k] , 3.10
2 2 2
Uyz = F4(a,[3,y) = ZZZDi]’k[aiﬁjyk] ’ 3.11
=0 j=0 k=0
2 2 2
E _ _ ik
E _FS((X'B'V)_ Eijk[aﬂ]/], 3.12
i=0 j=0 k=0
2 2 2
E . .
;2 = Fo(apy) = z z z Fijk[alﬁ]yk] : 3.13
=0 j=0 k=0
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2 2 2
p .

i=0  j=0 k=0

Where \alpha =\theta,\ \beta =\sfrac{L_2}{L_1} and \gamma =\sfrac{a}{L_1}

A valid set of (4) requires each function to have 22 coefficients. Coefficients for Poisson's ratios,
elastic modulus, and density ratio are derived from 22 models with varying geometrical
parameters. Finite element analysis has been performed on the models. Table 4 displays the values
of a, B, and y utilized for finite element analysis.

Table 5:Values of «, £, and p used [17].

Geometric Parameters (o, B, y)
Model number
a p Y
case 1 0.9599 0.04 0.8
case 2 0.9599 0.04 0.9
case 3 0.9599 0.06 0.8
case 4 0.9599 0.06 0.9
case 5 1.0472 0.02 0.8
case 6 1.0472 0.06 0.9
case 7 1.1345 0.02 0.8
case 8 1.1345 0.04 0.8
case 9 1.1345 0.04 0.9
case 10 1.1345 0.06 0.8
case 11 1.309 0.02 0.8
case 12 1.309 0.02 0.9
case 13 1.309 0.04 0.8
case 14 1.309 0.06 0.8
case 15 1.309 0.06 0.9
case 16 1.3963 0.02 0.8
case 17 1.3963 0.02 0.9
case 18 1.3963 0.04 0.9
case 19 1.3963 0.06 0.8
case 20 1.4835 0.02 0.8
case 21 1.4835 0.02 0.9
case 22 1.4835 0.04 0.8
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3.5. Loading Conditions

The assessment of the femur stem implants' performance under realistic loading conditions is a
critical component of this study, providing valuable insights into their biomechanical behavior and
stress distribution in functional daily activities. The selection of realistic loading conditions was
guided by their relevance to the biomechanics of the hip joint and the potential challenges posed
to femur stem implants during postoperative recovery and rehabilitation.

Walking, a fundamental activity in daily life, was chosen as one of the realistic loading conditions
to evaluate the implants' performance under varying degrees of joint motion. Going up stairs and
going downstairs were included to simulate the increased mechanical demands on the femur stem
during stair climbing, which can exert higher stresses on the implant and surrounding bone tissue
due to the repetitive and dynamic nature of the activity.

Standing up and sitting down were also selected as realistic loading conditions to assess the
implants' response to static and dynamic loading, reflecting the common movements involved in
transitioning between sitting and standing positions. These loading conditions are particularly
relevant for evaluating the implants' stability, stress distribution, and potential for stress shielding
during weight-bearing activities.

By incorporating these realistic loading conditions into the SolidWorks and ANSY'S simulations,
this study aims to provide a comprehensive evaluation of the optimized auxetic femur stem and
Zimmer's femur stem under various functional scenarios. This approach ensures that the implants'
design and mechanical properties are assessed under conditions that closely mimic the
biomechanical environment of the hip joint during daily activities, contributing to the development
of more effective and patient-specific implant designs for hip arthroplasty.

In the context of medical research, the critical issue of evaluating realistic loading conditions for
hip implants, with a focus on aligning these conditions with existing 1SO standards. Hip implants
are a crucial medical intervention, aiming to restore mobility and enhance the quality of life for
individuals dealing with hip-related ailments. Traditional evaluations of hip implant performance
have leaned on standardized ISO testing procedures, assuming their accuracy in simulating real-
world forces. However, the study's prompts an important query: do these ISO standards
authentically replicate the dynamic and variable loading conditions encountered by hip implants
during daily activities? To answer this question, the study embarks on the task of defining and
assessing realistic loading conditions, drawing from in vivo contact force measurements obtained
from patients engaging in diverse activities. The implications of these findings are profound,
raising concerns about the potential disconnect between ISO standards and genuine loading
conditions, with the pursuit of realism in hip implant evaluation holding the promise of improving
patient outcomes and extending implant durability—a matter of paramount significance in the
realm of medical research and device development.
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Left Femur
x, ¥, Z = Femur System

x', y¥'. z° = Implant System
AV = Anteversion Angle
S = Shaft Angle

L = Neck Length

CCD = Neck Angle

Figure 19:Coordinate systems for the femur and implant. The contact force F consists of the components Fy, F,, F;, in the femur-based
system xyz. The torsional moment M: acts around the implant stem z. Negative moments M- rotate the implant backwards. The angles AV
and S define the implant position relative to the femur. From www.OrthoLoad.com (Info, Manual)

Table 6: Peak contact value of force

Activity Peak contact force F(N) Peak Data file
moment

F —F, | —F, —F, M,
Walking 1800 403 249 1736 -115 Waliking_Average.HIP
Going up stairs 1900 446 464 1787 -17.1 UpStairs_Average.HIP
Going down stairs 2000 370 292 1944 -13.7 DownStairs_Average.HIP
Standing up 1500 420 105 1436 -7.8 StandingUp_Average.HIP
Sitting down 1200 323 -5 1155 -3.9 SittingDown_Average.HIP

Peak values of resultant contact force F and torsional moment M z. Highest loads for a body weight
of 1000 N. The 3 ‘high-impact activities’ are printed in italic. Stumbling is included in the ‘high
peak loads. Data files are available from www.OrthoLoad.com (HIP98).
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3.6. Stress Shielding in Orthopedic Implants

Stress shielding occurs when an orthopedic implant, such as a femur stem in hip arthroplasty,
absorbs more load than the surrounding bone tissue. This is due to the implant often being stiffer
than the natural bone, causing the bone to experience reduced mechanical stress. Over time, this
reduction in stress can lead to bone resorption, where the bone density decreases because it is not
being sufficiently loaded. This can weaken the bone, leading to complications such as implant
loosening, failure, or the need for revision surgery. The concept of stress shielding can be
understood through Wolff's Law, which states that bone in a healthy person or animal will adapt
to the loads under which it is placed. When the load on a bone decreases, the bone becomes less
dense and weaker[105].

In the context of femur stem implants, the design and material must be optimized to balance load
distribution between the implant and the bone. Materials with mechanical properties closer to those
of natural bone, such as certain auxetic materials, can help mitigate stress shielding. Auxetic
materials exhibit a negative Poisson's ratio, meaning they expand laterally when stretched,
distributing stress more uniformly and enhancing mechanical compatibility between the implant
and the bone. The formula for stress shielding can be represented as bone o;p1ant >0pone, Where
o represents stress. Reducing stress shielding not only maintains bone health and density but also
improves the long-term success and survivorship of the implant. Research focuses on developing
new materials and designs, such as the 3D star honeycomb auxetic structure, which show promise
in achieving better biomechanical performance under realistic loading conditions[17].

_ (Sint - Sstem)

SS
Sint

* 10090 ce cov ve e e e e e e e e e e 2 3015

S. . is the average von Mises stress on the intact femur, S is the average von Mises stress on

int stem

the femur with the implant.
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3.7. Optimization

The analysis outlined in the study represents a focused effort in optimizing femur stem designs for
hip arthroplasty, with a particular emphasis on reducing stress shielding and enhancing
biomechanical performance. Through a rigorous quantitative evaluation utilizing advanced
techniques, the study compares the mechanical behavior of Zimmer's femur stem against an
optimized auxetic femur stem under realistic loading conditions. Key metrics and standards are
established to evaluate stress shielding, including criteria related to bone density changes, load
transfer efficiency, and implant-bone interface stability.

The optimization process involves a comprehensive examination of stress distribution, strain
distribution, and load transfer patterns across the femur and surrounding bone tissue. By directly
comparing the performance of the two femur stem designs, the study aims to identify potential
advantages of the optimized auxetic femur stem in minimizing stress shielding and improving load
transfer efficiency. This comparative analysis not only highlights the differences in biomechanical
behavior but also underscores the importance of optimizing implant designs to enhance patient
outcomes.

Ultimately, the findings from this analysis contribute to ongoing efforts in developing innovative
implant designs and surgical techniques for hip arthroplasty. By providing valuable insights into
the biomechanical performance of femur stem designs, the study informs the optimization of
implant designs to improve implant stability and overall patient quality of life following hip
replacement surgery.
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Chapter Four
4. Result And Discussion
4.1. Results

Orthopedic implants, particularly femur stems used in total hip arthroplasty, play a crucial role in
restoring mobility and improving the quality of life for patients with hip joint issues. The
performance and durability of these implants are critically dependent on their ability to withstand
the mechanical loads and stresses encountered during daily activities such as walking, going
upstairs, going downstairs, standing up, and sitting down. This study aims to assess and compare
the biomechanical performance of two types of femur stem implants: Zimmer's Titanium Alloy
and a novel 3D Star Honeycomb Auxetic Structure. Zimmer's Titanium Alloy, known for its high
strength, corrosion resistance, and biocompatibility, is evaluated under various realistic loading
conditions to determine peak forces, moments, equivalent (Von Mises) stress, and total
deformation.

In parallel, the study explores the performance of a 3D Star Honeycomb Auxetic Structure,
designed with varying geometric parameters including wall length, cell wall thickness, and cellular
structure angle. Auxetic materials, known for their unique property of becoming thicker
perpendicular to the applied force, offer potential advantages in load distribution and stress
management. A detailed analysis of different geometric configurations is conducted to identify the
optimal design for femur stem applications. A comparative analysis of the two femur stem designs,
focusing on stress shielding and stress distribution on both the implant and the surrounding bone,
provides a comprehensive understanding of their relative performance. This comparison aims to
identify the most effective implant design, minimizing complications such as stress shielding,
which can lead to bone resorption and implant failure. The findings of this study are expected to
contribute significantly to the field of orthopedic implant design, offering guidance for developing
more effective and durable femur stems that enhance patient outcomes in total hip arthroplasty.

4.1.1. Assessing the Performance of Zimmer's Titanium Alloy in femur stem
walking, going upstairs, going downstairs, standing up and sitting down
realistic loading condition: A Data-Driven Study.
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41.1.1.

Peak force applied

The peak force applied in various realistic conditions serves as a crucial parameter for assessing

the biomechanical performance and durability of orthopedic implants, particularly femur stems in

total hip arthroplasty. This metric represents the maximum load experienced by the implant during

activities mimicking daily movements and stresses encountered by the hip joint.

| * T F
S R P

Figure 20:A. Walking: The peak force applied during walking, a common daily activity, is crucial for assessing the implant's performance
in supporting the body weight and facilitating smooth movement. B. Going Upstairs: Ascending stairs imposes unique demands on the hip
joint, requiring the femur stem to withstand increased forces as the body elevates with each step. C. Going Downstairs: Descending stairs
involves a different set of forces compared to ascending, with the femur stem experiencing loads as the body lowers with each step
downwards. D. Standing Up: The peak force during standing up from a seated position represents the initial load placed on the femur
stem as the individual transitions from a seated to a standing position. E. Sitting Down: Conversely, the peak force during sitting down
reflects the load experienced by the femur stem as the individual lowers into a seated position, providing insight into its ability to support

the body during weight-bearing activities.

Activity Peak contact force F(N) Peak Data file
moment
F —F, | -F, | —F, M,
Walking 1800 403 249 1736 -11.5 Waliking_Average.HIP
Going up stairs 1900 446 464 1787 -17.1 UpStairs_Average.HIP
Going down stairs 2000 370 292 1944 -13.7 DownStairs_Average.HIP
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Standing up 1500 420 105 1436 -7.8 StandingUp_Awverage.HIP

Sitting down 1200 323 -5 1155 -3.9 SittingDown_Average.HIP

4.1.1.2. Equivalent (Von-Misis) stress Zimmer's Titanium Alloy in Hip Implants
walking, going upstairs, going downstairs, standing up and sitting down
realistic loading condition.

Figure 21: Equivalent (Von-Misis) stress A. Walking: The peak force applied during walking, a common daily activity, is crucial for
assessing the implant's performance in supporting the body weight and facilitating smooth movement. B. Going Upstairs: Ascending
stairs imposes unique demands on the hip joint, requiring the femur stem to withstand increased forces as the body elevates with each
step. C. Going Downstairs: Descending stairs involves a different set of forces compared to ascending, with the femur stem
experiencing loads as the body lowers with each step downwards. D. Standing Up: The peak force during standing up from a seated
position represents the initial load placed on the femur stem as the individual transitions from a seated to a standing position. E.
Sitting Down: Conversely, the peak force during sitting down reflects the load experienced by the femur stem as the individual lowers
into a seated position, providing insight into its ability to support the body during weight-bearing activities.

Activity Peak contact force F(N) Peak Maximum Equivalent
moment (Von-Misis) stress
Zimmer's Titanium
F —F, | —-F, —F, M, Alloy
Walking 1800 403 249 1736 -115 100.52
Going up stairs 1900 446 464 1787 -17.1 158.3
Going down stairs 2000 370 292 1944 -13.7 104.9
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Standing up 1500 420 105 1436 -7.8 96.134
Sitting down 1200 323 -5 1155 -3.9 81
41.1.3. Total Deformation Zimmer's Titanium Alloy in Hip Implants walking,

going upstairs, going downstairs, standing up and sitting down realistic
loading condition.

Figure 22:Deformation A. Walking: The peak force applied during
walking, a common daily activity, is crucial for assessing the implant's
performance in supporting the body weight and facilitating smooth

| movement. B. Going Upstairs: Ascending stairs imposes unique
demands on the hip joint, requiring the femur stem to withstand
increased forces as the body elevates with each step. C. Going
Downstairs: Descending stairs involves a different set of forces
compared to ascending, with the femur stem experiencing loads as the
body lowers with each step downwards. D. Standing Up: The peak force
during standing up from a seated position represents the initial load
placed on the femur stem as the individual transitions from a seated to
a standing position. E. Sitting Down: Conversely, the peak force during
sitting down reflects the load experienced by the femur stem as the
individual lowers into a seated position, providing insight into its ability
to support the body during weight-bearing activities.
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4.1.2. Assessing the Performance of 3D Star Honeycomb Auxetic Structure in
femur stem walking, going upstairs, going downstairs, standing up and

sitting down realistic loading condition.

Varying several shape parameters, including the wall length, cell wall thicknesses, and cellular
structure angle, to investigate their impact on the overall structural properties.

Geometric Parameters (a, p, v)
Model number
a p Y
case 1 0.9599 0.04 0.8
case 2 0.9599 0.04 0.9
case 3 0.9599 0.06 0.8
case 4 0.9599 0.06 0.9
case 5 1.0472 0.02 0.8
case 6 1.0472 0.06 0.9
case 7 1.1345 0.02 0.8
case 8 1.1345 0.04 0.8
case 9 1.1345 0.04 0.9
case 10 1.1345 0.06 0.8
case 11 1.309 0.02 0.8
case 12 1.309 0.02 0.9
case 13 1.309 0.04 0.8
case 14 1.309 0.06 0.8
case 15 1.309 0.06 0.9
case 16 1.3963 0.02 0.8
case 17 1.3963 0.02 0.9
case 18 1.3963 0.04 0.9
case 19 1.3963 0.06 0.8
case 20 1.4835 0.02 0.8
case 21 1.4835 0.02 0.9
case 22 1.4835 0.04 0.8
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Figure 25:Assessing the performance of the 3D star honeycomb
auxetic structure in femur stem going upstairs involves analyzing its
mechanical behavior across a sample of 20 cases.
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Figure 27:Assessing the performance of the 3D star honeycomb
auxetic structure in femur stem standing up involves analyzing its

mechanical behavior across a sample of 20 cases.

Figure 23:Assessing the performance of the 3D star
honeycomb auxetic structure in femur stem walking

involves analyzing its mechanical behavior across a
sample of 20 cases.
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Figure 24:Assessing the performance of the 3D star honeycomb
auxetic structure in femur stem going down stairs involves analyzing
its mechanical behavior across a sample of 20 cases.
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Figure 26:Assessing the performance of the 3D star honeycomb
auxetic structure in femur stem sitting down involves analyzing its
mechanical behavior across a sample of 20 cases.
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4.1.3. A Comparative Analysis of Titanium Alloy femur stem and 3D Star

Honeycomb Auxetic Structures Optimized for Best Geometric

- A - B - C
2 @ Engineering Data v o 2 @ Engineering Data v 4 8 2 @ Results ~
Engineering Data 3 Geometry v 4 Results
4 @ Model v .,
5 | @@ setup v .
6 | @5 Solution v
7 @ Results v

3D star auxetic honeycomb structure

i =

2 @ Engineering Data v 4
3 Geometry v 4
4 | @ Model v
3 @ Setup v 4
6 Solution v
7 | @ Results v

Titanium Alloy

Figure 28:Project schematics for femur stem walking, going upstairs, going downstairs, standing up and
sitting down realistic loading condition
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Figure 29:Comparision of Titanium alloy with 3D star
honeycomb auxetic structure on the same level of Von-Misis
stress for A. Walking: The peak force applied during walking, a
common daily activity, is crucial for assessing the implant's
performance in supporting the body weight and facilitating
smooth movement. B. Going Upstairs: Ascending stairs imposes
unique demands on the hip joint, requiring the femur stem to
withstand increased forces as the body elevates with each step.
C. Going Downstairs: Descending stairs involves a different set
of forces compared to ascending, with the femur stem
experiencing loads as the body lowers with each step
downwards. D. Standing Up: The peak force during standing
up from a seated position represents the initial load placed on
the femur stem as the individual transitions from a seated to a
standing position. E. Sitting Down: Conversely, the peak force

. o J i e J during sitting down reflects the load experienced by the femur

— T stem as the individual lowers into a seated position, providing
insight into its ability to support the body during weight-bearing
activities.
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4.1.4. Stress shielding for walking, going upstairs, going downstairs, standing
up and sitting down realistic loading condition

4.1.4.1. Stress distribution on intact bone

0.000 2100 0200(m)
[ S—  S—
Q050 0150

000 0100 0200(m)
)

0050 0150

Figure 30: Intact bone Equivalent (Von-Misis) stress A.
Walking: The peak force applied during walking, a
common daily activity, is crucial for assessing the
implant's performance in supporting the body weight and
facilitating smooth movement. B. Going Upstairs:
Ascending stairs imposes unique demands on the hip joint,
requiring the femur stem to withstand increased forces as
the body elevates with each step. C. Going Downstairs:
Descending stairs involves a different set of forces
compared to ascending, with the femur stem experiencing
loads as the body lowers with each step downwards. D.
Standing Up: The peak force during standing up from a
seated position represents the initial load placed on the
femur stem as the individual transitions from a seated to a
standing position. E. Sitting Down: Conversely, the peak
force during sitting down reflects the load experienced by
the femur stem as the individual lowers into a seated
position, providing insight into its ability to support the
body during weight-bearing activities.

0000 [4]) ﬂaw(m)
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4.1.4.2.  Stress distribution on bone femur stem implant

0.000 0050 0.100(m) 0000 0050 0.100(m)
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Figure 31:Equivalent (Von Misis) stress of implanted femur
in bone A. Walking: The peak force applied during walking,
a common daily activity, is crucial for assessing the implant's
performance in supporting the body weight and facilitating
smooth movement. B. Going Upstairs: Ascending stairs
imposes unique demands on the hip joint, requiring the femur
stem to withstand increased forces as the body elevates with
each step. C. Going Downstairs: Descending stairs involves
a different set of forces compared to ascending, with the
femur stem experiencing loads as the body lowers with each
step downwards. D. Standing Up: The peak force during
standing up from a seated position represents the initial load

0.000 0.050 0.100(m) . .. ..
e placed on the femur stem as the individual transitions from a

0025 0075
seated to a standing position. E. Sitting Down: Conversely,

the peak force during sitting down reflects the load
experienced by the femur stem as the individual lowers into a
seated position, providing insight into its ability to support
the body during weight-bearing activities.
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4.2. DISCUSSION

The optimized femur stem, utilizing 3D star honeycomb material and Ti-6Al-4V alloy sourced
from ZIMMER company, exhibited superior biomechanical performance across five realistic
loading conditions compared to conventional designs. When compared with patient-specific data
from Samaritan Surgical Center, the optimized stem demonstrated a marked reduction in stress
shielding and biomechanical behavior more closely aligned with intact bone. These findings
corroborate the initial hypothesis, suggesting that innovative design and material selection can
effectively reduce stress shielding and enhance the overall biomechanical compatibility of femur
stems under realistic loading conditions.

Table 7: Tabular data for Walking realistic loading condition.

Welking condiin Geometric Parameters (o, v szson’s ratll(])s I;guivalent .(Von-
o B 7 i Y "Z Misis) stress in Mpa. Deformation
case 1 0.9599 0.04 08| -0.705] -0.325|  0.69]123.05 1.3678
case 2 0.9599 0.04 09 -0.69] -0.315| -0.705/109.18
case 3 0.9599 0.06 0.8 0.7)  -0.36] -0.715]110.53 1.3939
case 4 0.9599 0.06 09 -0.69] -0.32| -0.705/109.29 1.3745
case 5 1.0472 0.02 08] -0461| -0.1465] -0.46{102.13 1.2886
case 6 1.0472 0.06 09] -0.485 -0.1355 -0.5]102.16 1.2832
case 7 11345 0.02 0.8 -0.3415] -0.0535] -0.335|101.64 1.2405
case 8 1.1345 0.04 08] -0.244] -0.035 -0.255|101.47 1.2302
-g case 9 11345 0.04 09 -0.269] -0.0387| -0.2715/101.5 1.2294
9 case 10 1.1345 0.06 0.8 -0.2575] -0.0333| -0.255|101.46
cc>f case 11 1.309 0.02 08/ 00%] -0.01 0.092{100.94 1.2123
2 case 12 1.309 0.02 09] 0.1185] -0.0093| 0.1165{100.91
g case 13 1.309 0.04 0.8 0.1695 -0.0083| 0.1675/100.85 1.21
2 case 14 1.309 0.06 08| 0.1665 -0.1015 0.1695(101.14 1.2583
® case 15 1.309 0.06 09] 0167 -0.015] 0.1655/101.14 1.2584
case 16 1.3963 0.02 08 02735 0  0.306100.67 1.2029
case 17 1.3963 0.02 09{ 02735 -0.04f 0.306{100.79 1.2239
case 18 1.3963 0.04 09 0377) -0.06| 0.3665(100.78 1.2323
case 19 1.3963 0.06 08 033 -0.05 0.385]100.74 1.2274
case 20 1.4835 0.02 0.8 0.5] 0.1535 0.5[99.951 1.1136
case 21 1.4835 0.02 09| 0.3665 -0.1165|  0.435[102.85 1.2607
case 22 14835 0.04 08/ 0485 -0.131| 0.487|104.02
Zimmer's Titanium Alloy 0.3 100.52
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Table 8:Tabular data for Going upstairs realistic loading condition.

_ _ Geometric Parameters Equivalent (Von:
Going Up stairs (a, B, 7Y) Poisson’s ratios Misis) stress in
a B Y | Vxy Vyz Vxz Mpa.

case 1 0.9599 0.04/ 0.8 -0.705| -0.325 0.69/188.3
case 2 0.9599 0.04/09] -0.69| -0.315| -0.705/159.7
case 3 0.9599 0.06] 0.8 -0.7]  -0.36] -0.715|173.56
case 4 0.9599 0.06/ 0.9 -0.69] -0.32| -0.705|172.04
case 5 1.0472 0.02| 0.8] -0.461| -0.1465]  -0.46|160.6
case 6 1.0472 0.06/ 0.9] -0.485| -0.1355 -0.5/160.76
case 7 1.1345 0.02| 0.8] -0.3415| -0.0535] -0.335[159.99
case 8 1.1345 0.04{ 0.8] -0.244] -0.035] -0.255|159.71

2 case 9 1.1345 0.04/ 0.9] -0.269| -0.0387| -0.2715[159.77

g |case 10 1.1345 0.06] 0.8] -0.2575| —0.0333] —0.255|159.73

a? case 11 1.309 0.02/ 0.8] 0.095| -0.01] 0.092|158.83

£ |case12 1.309 0.02] 0.9] 0.1185| -0.0093| 0.1165[158.78

g |case13 1.309 0.04| 0.8] 0.1695| —0.0083| 0.1675|158.67

g case 14 1.309 0.06/ 0.8] 0.1665| -0.1015| 0.1695[159.03

@ case 15 1.309 0.06/ 0.9] 0.167| -0.015| 0.1655/158.7
case 16 1.3963 0.02| 0.8 0.2735 0|  0.306]158.37
case 17 1.3963 0.02] 0.9] 0.2735] -0.04] 0.306{158.53
case 18 1.3963 0.04/ 0.9] 0377 -0.06] 0.3665/158.48
case 19 1.3963 0.06/ 0.8] 0.335|  -0.05 0.385[158.42
case 20 1.4835 0.02| 0.8 0.5 0.1535 0.5|157.37
case 21 1.4835 0.02] 0.9] 0.3665| -0.1165] 0.435/158.58
case 22 1.4835 0.04/ 0.8] 0485 -0.131|  0.487(159.39
Zimmer's Titanium Alloy 0.3 158.03

Page 76




OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

Table 9:Tabular data for Going downstairs realistic loading condition.

: .| Geometric Parameters Equivalent
Going downstairs ) ) .
condition (o, B, y) Poisson’s ratios (Von-Misis)
a p Vxy Vyz Vs stress in Mpa.
case 1 0.9599 0.04] 0.8 -0.705] -0.325 0.69|113.33
case 2 0.9599 0.04] 0.9 -0.69| -0.315| -0.705(112.92
case 3 0.9599 0.06/ 0.8 -0.7 -0.36| -0.715(114.21
case 4 0.9599 0.06/ 0.9 -0.69 -0.32| -0.705(113.02
case 5 1.0472 0.02| 0.8] -0.461| -0.1465 -0.46|106.67
case 6 1.0472 0.06| 0.9 -0.485] -0.1355 -0.5/106.7
case 7 1.1345 0.02| 0.8f -0.3415| -0.0535| -0.335|106.15
case 8 1.1345 0.04] 0.8] -0.244] -0.035| -0.255|105.96
‘é case 9 1.1345 0.04] 0.9 -0.269| -0.0387| -0.2715(106
9 case 10 1.1345 0.06| 0.8f -0.2575| -0.0333| -0.255]105.96
aZ:‘ case 11 1.309 0.02] 0.8 0.095 -0.01 0.092]105.39
o case 12 1.309 0.02] 0.9 0.1185] -0.0093| 0.1165|105.36
s case 13 1.309 0.04] 0.8f 0.1695] —0.0083| 0.1675{105.29
(8 case 14 1.309 0.06| 0.8{ 0.1665| -0.1015| 0.1695[105.29
™ case 15 1.309 0.06/ 0.9 0.167| -0.015] 0.1655|105.31
case 16 1.3963 0.02| 0.8f 0.2735 0 0.306|105.09
case 17 1.3963 0.02] 0.9 0.2735 -0.04 0.306|105.22
case 18 1.3963 0.04f 0.9 0.377 -0.06| 0.3665|105.2
case 19 1.3963 0.06/ 0.8 0.335 -0.05 0.385|105.16
case 20 1.4835 0.02] 0.8 0.5 0.1535 0.5/104.3
case 21 1.4835 0.02] 0.9 0.3665| -0.1165 0.435|105.74
case 22 1.4835 0.04] 0.8 0.485| -0.131 0.487)106.94
Zimmer's Titanium
Alloy 0.3 104.9
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Table 10:Tabular data for standing up realistic loading condition.

OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

Standing up

Geometric Parameters (a,

Poisson’s ratios

conition Vyy Uy, Uy, Equivalent .(Von-Misis)
B stress in Mpa.
case 1 0.9599 0.04 08| -0.705| -0.325 0.69|118
case 2 0.9599 0.04 09] -0.69] -0.315 -0.705{104.21
case 3 0.9599 0.06 0.8 0.7 -0.36] -0.715105.57
case 4 0.9599 0.06 09 -069] -032| -0.705/104.33
case 5 1.0472 0.02 08| -0.461| -0.1465  -0.46{97.69
case 6 1.0472 0.06 09| -0.485 -0.135 -0.5{97.715
case 7 1.1345 0.02 0.8] -0.3415| -0.0535] -0.335/97.198
case 8 1.1345 0.04 08| -0.244| -0.035] -0.255(97.024
g case 9 1.1345 0.04 09] -0.269| -0.0387| -0.2715(97.064
S |case 10 1.1345 0.06 0.8| -0.2575| —0.0333| —0.255(97.024
a? case 11 1.309 0.02 0.8 0095 -0.01] 0.092{96.531
£ |case 12 1.309 0.02 09] 0.1185] -0.0093| 0.1165{96.502
g |casel3 1.309 0.04 0.8/ 0.1695] —0.0083| 0.1675{96.433
2 case 14 1.309 0.06 0.8 0.1665] -0.1015] 0.1695(96.74
@ |case 15 1.309 0.06 09 0167 -0.015 0.1655/96.467
case 16 1.3963 0.02 0.8 0.2735 0  0.306(96.27
case 17 1.3963 0.02 09] 02735 -0.04] 0.306{96.399
case 18 1.3963 0.04 09] 0377] -0.06] 0.3665{96.395
case 19 1.3963 0.06 08 033 -0.05 0.385/96.35
case 20 1.4835 0.02 0.8 0.5 0.1535 0.595.5
case 21 1.4835 0.02 09] 0.3665 -0.1165] 0.435/98.608
case 22 1.4835 0.04 08) 0485 -0.131] 0.487(99.74
Zimmer's Titanium
Alloy 0.3 96.134
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Table 11:Tabular data for Sitting down condition realistic loading condition.

Geometric

sitting down condition Parameters (a, , 7) Poisson’s ratios (v) Equivalent (Von
Uy |V Vxz Misis) stress in
0 p Y Mpa.
case 1 096 0.04] 08| -0.705 -0.325 0.69(97.056
case 2 096 004 09 -0.69] -0.315| -0.705(86.088
case 3 096 0.06] 0.8 -0.7 -0.36] -0.715|87.146
case 4 096 0.06] 0.9 -0.69 -0.32| -0.705|86.172
case 5 1.047{ 0.02| 08| -0.461| -0.1465 -0.46(82.437
case 6 1.047) 0.06] 0.9 -0.485] -0.1355 -0.5(82.462
case 7 1.135| 0.02| 0.8 -0.3415] -0.0535| -0.335(82.002
case 8 1.135| 0.04f 08| -0.244] -0.035| -0.255(81.851
g case 9 1.135| 0.04] 0.9 -0.269| -0.0387| -0.2715|81.649
9 |case 10 1.135| 0.06/ 0.8] -0.2575] -0.0333| —0.255(81.846
°c>" case 11 1.309| 0.02 0.8 0.09% -0.01]  0.092|81.401
E case 12 1.309] 0.02| 0.9 0.1185] -0.0093| 0.1165|81.375
g [case 13 1.309| 0.04f 0.8 0.1695] -0.0083| 0.1675(81.321
2 case 14 1.309| 0.06/ 0.8| 0.1665| -0.1015| 0.1695(81.576
@ case 15 1.309] 0.06f 0.9 0.167{ -0.015| 0.1655|81.342
case 16 1.396 0.02| 08| 02735 0] 0.306(81.166
case 17 1.396| 0.02| 0.9 0.2735 -0.04 0.306|81.277
case 18 1.396| 0.04] 0.9 0.377 -0.06| 0.3665|81.27
case 19 1.396 0.06 0.8 0.335 -0.05]  0.385|81.231
case 20 1.484| 0.02| 0.8 0.5| 0.1535 0.5/80.5
case 21 14841 0.02] 0.9 0.3665] -0.1165 0.435(81.907
case 22 1.484| 0.04f 08 0485 -0.131| 0.487|82.184
Zimmer's Titanium Alloy 0.3 81
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The key finding of the study reveals a significant reduction in stress shielding across five
realistic loading conditions: walking (34.16%), going upstairs (38.16%), going downstairs
(37.82%), standing up (29.1%), and sitting down (30.13%). The femur stem design features
uniform porosity, achieved through the selection of a specific unit cell design applied
consistently across the implant's porous areas. This design incorporates open porosity to
facilitate bone ingrowth and minimize areas of maximum stress concentration. Compared to
most existing studies, which typically achieve a stress shielding reduction of no more than
33%][22, 106-108] and without considering various realistic loading conditions on the femur
stem, this optimized design demonstrates superior performance in reducing stress shielding and
enhancing biomechanical compatibility.
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Figure 32:A. Equivalent stress for walking condition B. Equivalent stress for going upstairs condition c. Equivalent stress
for going downstairs condition D. Equivalent stress for standing up condition E. Equivalent stress for sitting down
condition.

As depicted in Figure 32, the distribution of equivalent stress within the structure exhibits a
notable decrease as the geometric parameter a increases from 55 to 85 degrees. Beyond this
threshold, however, the trend reverses, with the equivalent stress beginning to increase once
more. This observation underscores the intricate relationship between the geometric parameters
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of the structure and its mechanical response, highlighting the importance of optimizing o within
the specified range to achieve desired stress distribution characteristics.

[ Equivalent stress for sitting down realistic loading_condition |

\— Equivalent stress for walking realistic loading condition \
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Figure 33:The X-axis is labeled “Geometric Parameter (radian)” and the y-axis is labeled “Equivalent (Von-Mises)
stress in (MPa) ” for 5 realistic conditions.

In the three-dimensional (3D) model of the star honeycomb unit cell structure, the re-entrant angle,
denoted as a, plays a critical role in determining the auxetic properties of the material. Specifically,
it has been observed that when the re-entrant angle a is less than 60 degrees, the structure ceases
to exhibit expansion characteristic of auxetic behavior. Conversely, when a exceeds 85 degrees,
the structure loses its auxetic properties entirely, as illustrated in Figure 53. However, within the
range of 60 to 85 degrees for the re-entrant angle o, the material demonstrates the desired auxetic
properties, offering potential benefits in terms of mechanical and material properties.
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Chapter Five

5. Conclusion And Recommendation

1.1. Conclusion

This paper provides a thorough investigation into optimizing femur stem designs for hip
arthroplasty, with a focus on lowering stress shielding (SS) and improving biomechanical
performance under actual loading situations. By incorporating an innovative auxetic 3D star
honeycomb structure into femur stem design and comparing it to the popularly used Zimmer's
femur stem from Samaritan Surgical Center, this study aims to provide significant insights for
implant optimization. The results show that using auxetic structures reduced SS around the femoral
stem compared to Zimmer's femur stem, especially under actual loading situations like walking,
going up stairs, going downstairs, standing up, and sitting down. Furthermore, the study discovered
no consistent effect of the re-entrant angle on SS, emphasizing the complexities of biomechanical
optimization. These findings provide critical insights into creating auxetic femoral stems with
higher survivorship potential than standard solid femoral stems, helping to progress orthopedic
surgery procedures and improve patient outcomes in hip arthroplasty. Using modern
methodologies and realistic loading circumstances, this comparative analysis emphasizes the
necessity of improving implant designs to improve stability and overall patient quality of life post-
THA, which will guide future improvements in orthopedic implant design and surgical practice.

1.2. Recommendation

Based on the findings and analysis presented in this research, several recommendations can be
made to advance the field of orthopedic implant design and optimization:

1. Comparison of 3D Star Honeycomb Auxetic Structure with Other Auxetic Structures:
Further comparative studies should be conducted between 3D star honeycomb auxetic
structures and other types of auxetic structures. This will help determine which design
parameters and structural configurations optimize stress shielding reduction and biomechanical
performance in femur stems for total hip arthroplasty. Research can be conducted by
integrating insights from materials science, mechanical engineering, and bioengineering for a
comprehensive understanding.

2. Study of Tribological Aspects of Femur Stem with Auxetic Structure: Research focusing
on the tribological aspects of femur stems with auxetic structures is recommended. Investigate
wear patterns, frictional characteristics, and lubrication requirements of these implants to
ensure long-term durability and performance in clinical settings. Integration of expertise from
biomechanics and materials science will be crucial for achieving optimal tribological
properties.
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3. Further Study in Biomechanical Compatibility: Continued biomechanical studies are
essential to assess the long-term performance and biomechanical compatibility of femur stems
with auxetic structures. Evaluate parameters such as stress distribution, strain patterns, and
bone-implant interface mechanics under various loading conditions to optimize implant design.
Integration of different fields of study, including biomechanics, materials science, and
computational modeling, will lead to a more thorough understanding of biomechanical
compatibility.

4. Study the Cost Aspect of Femur Stem with Auxetic Structure: Conduct a comprehensive
cost analysis comparing femur stems with auxetic structures to traditional solid stems. Assess
manufacturing costs, material expenses, and potential savings in surgical procedures and
patient recovery to understand the economic feasibility and benefits of adopting auxetic
designs. Integration of expertise from economics and biomedical engineering can provide
valuable insights into the economic aspects of auxetic implants.

5. Integration of Different Fields of Studies for Perfect Results: Research should explore the
integration of different fields of study, including materials science, mechanical engineering,
bioengineering, biomechanics, and economics, to achieve optimal results in femur stem design
with auxetic structures. Collaborative efforts will enhance the understanding of structural
optimization, biomechanical performance, tribological aspects, and economic feasibility of
these innovative implants.

Implementing these recommendations through the integration of different fields of studies will
advance the understanding and application of auxetic structures in orthopedic implants, potentially
leading to improved patient outcomes, reduced healthcare costs, and enhanced durability of
implants.

Page 83



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

[1]

[2]
[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Reference

N. Wu et al., "The advances of topology optimization techniques in orthopedic implants:
A review," Medical & Biological Engineering & Computing, vol. 59, no. 9, pp. 1673-1689,
2021.

J. M. Brown et al., "Femoral component revision of total hip arthroplasty,” Orthopedics,
vol. 39, no. 6, pp. e1129-e1139, 2016.

S. Stulberg and R. Patel, "The short stem: promises and pitfalls,” The bone & joint journal,
vol. 95, no. 11_Supple_A, pp. 57-62, 2013.

M. Ashjari, S. Saadatm, S. Hashemi, and A. Rasoulian, "Auxetic materials materials with
negative poisson’s ratio," Material Science & Engineering International Journal, vol. 1,
no. 2, pp. 62-64, 2017.

M. Gnecchi, Z. Zhang, A. Ni, and V. J. Dzau, "Paracrine mechanisms in adult stem cell
signaling and therapy,"” Circulation research, vol. 103, no. 11, pp. 1204-1219, 2008.

S. Chatterjee, S. Roy, S. Majumder, and A. RoyChowdhury, "Biomechanical analysis to
probe role of bone condition and subject weight in stiffness customization of femoral stem
for improved periprosthetic biomechanical response,” Journal of Biomechanical
Engineering, vol. 142, no. 10, p. 101002, 2020.

K. K. Saxena, R. Das, and E. P. Calius, "Three decades of auxetics research— materials
with negative Poisson's ratio: a review," Advanced Engineering Materials, vol. 18, no. 11,
pp. 1847-1870, 2016.

B. Liu, H. Wang, N. Zhang, M. Zhang, and C.-K. Cheng, "Femoral stems with porous
lattice structures: a review," Frontiers in Bioengineering and Biotechnology, vol. 9, p.
772539, 2021.

G. Sunavala-Dossabhoy, B. M. Saba, and K. J. McCarthy, "Debulking of the Femoral Stem
in a Primary Total Hip Joint Replacement: A Novel Method to Reduce Stress Shielding,"
Bioengineering, vol. 11, no. 4, p. 393, 2024.

A. A. Zadpoor, "Mechanical performance of additively manufactured meta-biomaterials,"
Acta biomaterialia, vol. 85, pp. 41-59, 2019.

N. Hennicke, D. Kluess, and M. Sander, "Influence of stem design parameters on
periprosthetic femoral fractures examined by subject specific finite element analyses,"”
Medical Engineering & Physics, vol. 119, p. 104032, 2023.

M. M. Soliman et al., "Advancement in total hip implant: a comprehensive review of
mechanics and performance parameters across diverse novelties,” Journal of Materials
Chemistry B, vol. 11, no. 44, pp. 10507-10537, 2023.

A. H. Mohammed et al., "Preparation of polylactic acid/calcium peroxide composite
filaments for fused deposition modelling," Polymers, vol. 15, no. 9, p. 2229, 2023.

Z. Munib, M. N. Ali, U. Ansari, and M. Mir, "Auxetic polymeric bone stent for tubular
fractures: design, fabrication and structural analysis,” Polymer-Plastics Technology and
Engineering, vol. 54, no. 16, pp. 1667-1678, 2015.

Y. Huo, Y. Lyu, S. Bosiakov, and F. Han, "A critical review of the design, manufacture,
and evaluation of bone joint replacements for bone repair,” Materials, vol. 15, no. 1, p. 153,
2021.

O. Duncan et al., "Review of auxetic materials for sports applications: Expanding options
in comfort and protection,” Applied Sciences, vol. 8, no. 6, p. 941, 2018.

Page 84



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

B. Liu et al., "Capability of auxetic femoral stems to reduce stress shielding after total hip
arthroplasty,” Journal of Orthopaedic Translation, vol. 38, pp. 220-228, 2023.

S. Wang, X. Zhou, L. Liu, and Y. Hao, "On the design and properties of porous femoral
stems with adjustable stiffness gradient," Medical Engineering & Physics, vol. 81, pp. 30-
38, 2020.

C. Bitsakos, J. Kerner, I. Fisher, and A. A. Amis, "The effect of muscle loading on the
simulation of bone remodelling in the proximal femur," Journal of biomechanics, vol. 38,
no. 1, pp. 133-139, 2005.

M. Plecko et al., "Osseointegration and biocompatibility of different metal implants-a
comparative experimental investigation in sheep,” BMC musculoskeletal disorders, vol. 13,
pp. 1-12, 2012.

X.-W. Liu, Y. Zi, L.-B. Xiang, and Y. Wang, "Total hip arthroplasty: areview of advances,
advantages and limitations,” International journal of clinical and experimental medicine,
vol. 8, no. 1, p. 27, 2015.

R. D. Beckenbaugh and D. M. llstrup, "Total hip arthroplasty,” JBJS, vol. 60, no. 3, pp.
306-313, 1978.

H.-D. Liang et al., "Are short-stem prostheses superior to conventional stem prostheses in
primary total hip arthroplasty? A systematic review and meta-analysis of randomised
controlled trials,” BMJ open, vol. 8, no. 9, 2018.

A. Bandyopadhyay, I. Mitra, S. B. Goodman, M. Kumar, and S. Bose, "Improving
biocompatibility for next generation of metallic implants,” Progress in Materials Science,
vol. 133, p. 101053, 2023.

L. Guo et al., "On the design evolution of hip implants: A review," Materials & Design,
vol. 216, p. 110552, 2022.

B. Rawal, R. Ribeiro, R. Malhotra, and N. Bhatnagar, "Anthropometric measurements to
design best-fit femoral stem for the Indian population,” Indian journal of orthopaedics, vol.
46, pp. 46-53, 2012.

Y. Bantirga, "Finite Element Stress Analysis of Artificial Femur Head on Hip Joint
Prosthesis," Addis Ababa University, 2013.

A. Mittal, P. Meshram, W. H. Kim, and T. K. Kim, "Unicompartmental knee arthroplasty,
an enigma, and the ten enigmas of medial UKA," Journal of Orthopaedics and
Traumatology, vol. 21, no. 1, p. 15, 2020.

H. Wellauer, R. Heuberger, E. Gautier, M. Tannast, H. Steinke, and P. Wahl, "The history
of the development of the regular straight stem in hip arthroplasty,” EFORT open reviews,
vol. 8, no. 7, pp. 548-560, 2023.

P. Balamurugan, "Fractures of the Distal Femur managed with Less Invasive Skeletal
Stabilization System [LISS] using Locking Compression Plate [LCP]: A Study of 20
cases,” Madurai Medical College, Madurai, 2008.

S. Arabnejad, B. Johnston, M. Tanzer, and D. Pasini, "Fully porous 3D printed titanium
femoral stem to reduce stress-shielding following total hip arthroplasty," Journal of
Orthopaedic Research, vol. 35, no. 8, pp. 1774-1783, 2017.

R. R. C. d. Costa, F. R. B. d. Almeida, A. A. X. d. Silva, S. M. Domiciano, and A. F. C.
Vieira, "Design of a polymeric composite material femoral stem for hip joint implant,”
Polimeros, vol. 29, p. e2019057, 2020.

Page 85



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

T. Shimoyama et al., "CCN3 inhibits neointimal hyperplasia through modulation of smooth
muscle cell growth and migration,"” Arteriosclerosis, thrombosis, and vascular biology, vol.
30, no. 4, pp. 675-682, 2010.

K. Hazlehurst, C. Wang, and M. Stanford, "The potential application of a Cobalt Chrome
Molybdenum femoral stem with functionally graded orthotropic structures manufactured
using Laser Melting technologies,” Medical Hypotheses, vol. 81, no. 6, pp. 1096-1099,
2013.

S. Dimitrievska, J. Whitfield, S. Hacking, and M. Bureau, "Novel carbon fiber composite
for hip replacement with improved in vitro and in vivo osseointegration,” Journal of
Biomedical Materials Research Part A: An Official Journal of The Society for
Biomaterials, The Japanese Society for Biomaterials, and The Australian Society for
Biomaterials and the Korean Society for Biomaterials, vol. 91, no. 1, pp. 37-51, 2009.

H. A. Siddiqui, K. L. Pickering, and M. R. Mucalo, "A review on the use of hydroxyapatite-
carbonaceous structure composites in bone replacement materials for strengthening
purposes,” Materials, vol. 11, no. 10, p. 1813, 2018.

Y. z. Cai and S. g. Yan, "Development of ceramic-on-ceramic implants for total hip
arthroplasty,” Orthopaedic Surgery, vol. 2, no. 3, pp. 175-181, 2010.

T. McTighe, D. Brazil, and W. Bruce, "14 Metallic Alloys in Total Hip Arthroplasty,”
2015.

C. C. Barber, M. Burnham, O. Ojameruaye, and M. D. McKee, "A systematic review of
the use of titanium versus stainless steel implants for fracture fixation,” OTA International,
vol. 4, no. 3, p. e138, 2021.

C. Delaunay, I. Petit, I. Learmonth, P. Oger, and P. Vendittoli, "Metal-on-metal bearings
total hip arthroplasty: the cobalt and chromium ions release concern,” Orthopaedics &
Traumatology: Surgery & Research, vol. 96, no. 8, pp. 894-904, 2010.

M. Merola and S. Affatato, "Materials for hip prostheses: a review of wear and loading
considerations,” Materials, vol. 12, no. 3, p. 495, 20109.

J. Zajc, A. Moli¢nik, and S. K. Fokter, "Dual modular titanium alloy femoral stem failure
mechanisms and suggested clinical approaches," Materials, vol. 14, no. 11, p. 3078, 2021.
P. Staunton, P. Dicker, and M. Donnelly, "Is there an Increased Risk of Periprosthetic Hip
Fracture with Polished Tapered Stems Implanted for Neck of Femur Fracture in the
Elderly,” Orthopedics and Rheumatology Open Access Journals, vol. 16, no. 3, pp. 70-76,
2020.

S. Xiang, Y. Zhao, Z. Li, B. Feng, and X. Weng, "Clinical outcomes of ceramic femoral
prosthesis in total knee arthroplasty: a systematic review," Journal of Orthopaedic Surgery
and Research, vol. 14, pp. 1-10, 2019.

A. Fuchs, H. Eberbach, K. Izadpanah, G. Bode, N. P. Sudkamp, and M. J. Feucht, "Focal
metallic inlay resurfacing prosthesis for the treatment of localized cartilage defects of the
femoral condyles: a systematic review of clinical studies,” Knee Surgery, Sports
Traumatology, Arthroscopy, vol. 26, no. 9, pp. 2722-2732, 2018.

I. E. Zais, S. Sammali, M. Pavan, E. Chisari, and C. A. Krueger, "The Local Toxicity of
Cobalt Chrome implants: A Systematic Review of Preclinical Studies,” 2022.

H. V. Gouda, S. Channabasavaraj, A. T. Gouda, and G. Siddesh, "Investigations of tensile
properties of modified epoxy-based composites reinforced with kenaf/hemp fibers for
orthopaedic implants,” in IOP Conference Series: Materials Science and Engineering,
2020, vol. 988, no. 1: IOP Publishing, p. 012127.

Page 86



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

W. Solorzano, C. Ojeda, and A. Diaz Lantada, "Biomechanical study of proximal femur
for designing stems for total hip replacement,” Applied Sciences, vol. 10, no. 12, p. 4208,
2020.

A. Vinakurava and A. Skrzat, "Biomechanical properties of hip implant with ceramics
coating," Advances in Mechanical and Materials Engineering, vol. 33, no. 293 (1), pp. 65-
72, 2016.

I. Tatani, K. Solou, A. Panagopoulos, J. Lakoumentas, A. Kouzelis, and P. Megas, "Short-
term clinical and radiological results of two different design metaphyseal fitting femoral
stems in total hip arthroplasty: a prospective, randomized trial,”" Journal of Orthopaedic
Surgery and Research, vol. 16, no. 1, p. 316, 2021.

J. Charnley and J. Charnley, "Numerical grading of clinical results,” Low friction
arthroplasty of the hip: theory and practice, pp. 20-24, 1979.

E. JAmsen, P. Nevalainen, A. Eskelinen, K. Huotari, J. Kalliovalkama, and T. Moilanen,
"Obesity, diabetes, and preoperative hyperglycemia as predictors of periprosthetic joint
infection: a single-center analysis of 7181 primary hip and knee replacements for
osteoarthritis,” JBJS, vol. 94, no. 14, p. €101, 2012.

P. Fabian et al., "Influenza virus in human exhaled breath: an observational study,” PloS
one, vol. 3, no. 7, p. 2691, 2008.

N. P. Hailer, G. Garellick, and J. Kérrholm, "Uncemented and cemented primary total hip
arthroplasty in the Swedish Hip Arthroplasty Register: evaluation of 170,413 operations,"
Acta orthopaedica, vol. 81, no. 1, pp. 34-41, 2010.

A. Nebergall, C. Bragdon, A. Antonellis, J. Karrholm, R. Branemark, and H. Malchau,
"Stable fixation of an osseointegated implant system for above-the-knee amputees: titel
RSA and radiographic evaluation of migration and bone remodeling in 55 cases," Acta
orthopaedica, vol. 83, no. 2, pp. 121-128, 2012.

H. S. Khanuja, S. Banerjee, D. Jain, R. Pivec, and M. A. Mont, "Short bone-conserving
stems in cementless hip arthroplasty,” JBJS, vol. 96, no. 20, pp. 1742-1752, 2014.

B. Weisse, C. Affolter, A. Stutz, G. Terrasi, S. Kbbel, and W. Weber, "Influence of
contaminants in the stem—ball interface on the static fracture load of ceramic hip joint ball
heads,"” Proceedings of the Institution of Mechanical Engineers, Part H: Journal of
Engineering in Medicine, vol. 222, no. 5, pp. 829-835, 2008.

S. M. Kurtz, E. Lau, K. Ong, K. Zhao, M. Kelly, and K. J. Bozic, "Future young patient
demand for primary and revision joint replacement: national projections from 2010 to
2030," Clinical Orthopaedics and Related Research®, vol. 467, pp. 2606-2612, 20009.

K. Thygesen, J. S. Alpert, A. S. Jaffe, M. L. Simoons, B. R. Chaitman, and H. D. White,
"Third universal definition of myocardial infarction,” circulation, vol. 126, no. 16, pp.
2020-2035, 2012.

C. D. Watts, M. P. Abdel, D. G. Lewallen, D. J. Berry, and A. D. Hanssen, "Increased risk
of periprosthetic femur fractures associated with a unique cementless stem design,"
Clinical Orthopaedics and Related Research®, vol. 473, pp. 2045-2053, 2015.

A. Miric, M. C. Inacio, and R. S. Namba, "The effect of chronic kidney disease on total hip
arthroplasty,” The Journal of Arthroplasty, vol. 29, no. 6, pp. 1225-1230, 2014.

N. A. Sandiford, C. P. Duncan, D. S. Garbuz, and B. A. Masri, "Two-stage management of
the infected total hip arthroplasty,” Hip International, vol. 25, no. 4, pp. 308-315, 2015.

Page 87



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]
[73]

[74]

[75]

[76]

[77]

N. Christodoulou, E. Volonakis, K. Voutsas, K. Raptis, and C. Koutserimpas, "Early
Clinical and Radiographic Outcomes of Total Hip Arthroplasty with DELTA ST-C Cup
and MINIMA S Stem,"” Medicina, vol. 59, no. 3, p. 607, 2023.

Y. A. Fillingham et al., "Serum metal levels for diagnosis of adverse local tissue reactions
secondary to corrosion in metal-on-polyethylene total hip arthroplasty,” The Journal of
Arthroplasty, vol. 32, no. 9, pp. S272-S277, 2017.

D. Dowson and A. Neville, "Tribology and corrosion in hip joint replacements: materials
and engineering,” in Joint Replacement Technology: Elsevier, 2021, pp. 403-441.

D. Langton, S. Jameson, T. Joyce, N. Hallab, S. Natu, and A. Nargol, "Early failure of
metal-on-metal bearings in hip resurfacing and large-diameter total hip replacement: a
consequence of excess wear," The Journal of Bone & Joint Surgery British Volume, vol.
92, no. 1, pp. 38-46, 2010.

A. J. Hart et al., "Pseudotumors in association with well-functioning metal-on-metal hip
prostheses: a case-control study using three-dimensional computed tomography and
magnetic resonance imaging,” JBJS, vol. 94, no. 4, pp. 317-325, 2012.

D. J. Langton, "Five Hundred Fifty-five Retrieved Metal-on-metal Hip Replacements of a
Single Design Show a Wide Range of Wear, Surface Features, and Histopathologic
Reactions,” Clinical Orthopaedics and Related Research®, vol. 476, no. 11, pp. 2278-
2279, 2018.

O. Lainiala, A. Reito, P. Elo, J. Pajaméki, T. Puolakka, and A. Eskelinen, "Revision of
metal-on-metal hip prostheses results in marked reduction of blood cobalt and chromium
ion concentrations,” Clinical Orthopaedics and Related Research®, vol. 473, pp. 2305-
2313, 2015.

G. B. Higgs et al., "Does taper size have an effect on taper damage in retrieved metal-on-
polyethylene total hip devices?,”" The Journal of Arthroplasty, vol. 31, no. 9, pp. 277-281,
2016.

L. Necas, M. Hrubina, Z. Cibula, J. Behounek Jr, S. Krivanek, and Z. Horak, "Fatigue
failure of the sliding hip screw—clinical and biomechanical analysis,” Computer Methods
in Biomechanics and Biomedical Engineering, vol. 20, no. 12, pp. 1364-1372, 2017.

S. Griza et al., "Fatigue failure analysis of a specific total hip prosthesis stem design,”
International Journal of Fatigue, vol. 30, no. 8, pp. 1325-1332, 2008.

K. Hardinge, "The direct lateral approach to the hip,” The Journal of bone and joint surgery.
British volume, vol. 64, no. 1, pp. 17-19, 1982.

B. A. McArthur, E. Vulcano, M. Cross, J. Nguyen, A. G. Della Valle, and E. Salvati,
"Acetabular component orientation in total hip arthroplasty: the impact of obesity," Hip
International, vol. 24, no. 3, pp. 263-269, 2014.

T. Fukuhara, T. Shimizu, and Y. Namba, "Limited efficacy of endoscopic third
ventriculostomy for hydrocephalus following aneurysmal subarachnoid hemorrhage,”
Neurologia medico-chirurgica, vol. 49, no. 10, pp. 449-455, 2009.

G. J. Macpherson et al., "The posterior approach reduces the risk of thin cement mantles
with a straight femoral stem design,” Acta orthopaedica, vol. 81, no. 3, pp. 292-295, 2010.
X. Flecher, M. Ollivier, and J.-N. Argenson, "Lower limb length and offset in total hip
arthroplasty," Orthopaedics & Traumatology: Surgery & Research, vol. 102, no. 1, pp. S9-
S20, 2016.

Page 88



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

R. Mittal et al., "Tourniquet application only during cement fixation in total knee
arthroplasty: a double-blind, randomized controlled trial," ANZ journal of surgery, vol. 82,
no. 6, pp. 428-433, 2012.

S. Morshed, K. J. Bozic, M. D. Ries, H. Malchau, and J. M. Colford Jr, "Comparison of
cemented and uncemented fixation in total hip replacement: a meta-analysis,” Acta
orthopaedica, vol. 78, no. 3, pp. 315-326, 2007.

H. Yamada et al., "Cementless total hip replacement: past, present, and future,” Journal of
Orthopaedic Science, vol. 14, pp. 228-241, 20009.

L. I. Havelin, L. B. Engeseeter, B. Espehaug, O. Furnes, S. A. Lie, and S. E. Vollset, "The
Norwegian arthroplasty register: 11 years and 73,000 arthroplasties,” Acta Orthopaedica
Scandinavica, vol. 71, no. 4, pp. 337-353, 2000.

A. D. Algarni and J. Antoniou, "Hybrid Fixation Utilizing a Custom Stem Extension for
the Treatment of Periprosthetic Femoral Nonunions Around Well-Fixed Cylindrical
Femoral Stems: A Report of Two Cases," JBJS Case Connector, vol. 3, no. 4, p. €105,
2013.

S. Cespedes, S. Rua, A. Romero, A. Lopez, U. Zapata, and F. L. Casado, "Biomechanical
in silico evaluation of a 3D novel total hip implant with cemented fixation using finite
elements,” in 2022 44th Annual International Conference of the IEEE Engineering in
Medicine & Biology Society (EMBC), 2022: IEEE, pp. 2523-2526.

H. Cho, D. Seo, and D. N. Kim, "Mechanics of auxetic materials," Handbook of mechanics
of materials, pp. 733-757, 2019.

X.-C. Zhang, L.-Q. An, H.-M. Ding, X.-Y. Zhu, and M. EI-Rich, "The influence of cell
micro-structure on the in-plane dynamic crushing of honeycombs with negative Poisson’s
ratio," Journal of Sandwich Structures & Materials, vol. 17, no. 1, pp. 26-55, 2015.

V. Lvov, F. Senatov, A. Korsunsky, and A. Salimon, "Design and mechanical properties
of 3D-printed auxetic honeycomb structure,” Materials Today Communications, vol. 24, p.
101173, 2020.

L. Yang, O. Harrysson, H. West, and D. Cormier, "Mechanical properties of 3D re-entrant
honeycomb auxetic structures realized via additive manufacturing,” International Journal
of Solids and Structures, vol. 69, pp. 475-490, 2015.

G. Luo, D. Mo, C. Chai, J. Liu, and Y. Chen, "Mechanical and Energy-Absorption
Properties of a 3D-Printed Star-Shaped Auxetic Honeycomb under Combined
Compression-Shear Loading," Latin American Journal of Solids and Structures, vol. 20, p.
e486, 2023.

P. Mardling, A. Alderson, N. Jordan-Mahy, and C. L. Le Maitre, "The use of auxetic
materials in tissue engineering,” Biomaterials science, vol. 8, no. 8, pp. 2074-2083, 2020.
Y. Jiang et al., "3D-printed auxetic-structured intervertebral disc implant for potential
treatment of lumbar herniated disc,” Bioactive Materials, vol. 20, pp. 528-538, 2023.

M. R. M. Ravandi, S. Dezianian, M. T. Ahmad, A. Ghoddosian, and M. Azadi,
"Compressive strength of metamaterial bones fabricated by 3D printing with different
porosities in cubic cells," Materials Chemistry and Physics, vol. 299, p. 127515, 2023.

N. Ghavidelnia, M. Bodaghi, and R. Hedayati, "Femur auxetic meta-implants with tuned
micromotion distribution,” Materials, vol. 14, no. 1, p. 114, 2020.

P. Babaniamansour, M. Ebrahimian-Hosseinabadi, and A. Zargar-Kharazi, "Designing an
optimized novel femoral stem," Journal of Medical Signals & Sensors, vol. 7, no. 3, pp.
170-177, 2017.

Page 89



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LOADING CONDITION

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

C. Sun, L. Wang, J. Kang, D. Li, and Z. Jin, "Biomechanical optimization of elastic
modulus distribution in porous femoral stem for artificial hip joints,” Journal of Bionic
Engineering, vol. 15, pp. 693-702, 2018.

N. Khadka, M. Yadav, and A. Ghimire, "Novel Stemless Hip Prosthesis Design and Finite
Element Analysis to validate stemless Prosthesis for Reduction of Aseptic Loosening in
Total Hip Arthroplasty,” 2020.

G. Yamako et al., "Improving stress shielding following total hip arthroplasty by using a
femoral stem made of 3 type Ti-33.6 Nb-4Sn with a Young’s modulus gradation," Journal
of biomechanics, vol. 63, pp. 135-143, 2017.

S. H. Saw, B.-G. Lee, and H. T. Ewe, "Skeleton-Based 3D Femur Shape Analysis System
Using Maximum-Minimum Centre Approach,” IEEE Access, vol. 10, pp. 53533-53545,
2022.

M. Kawaguchi et al., "Bone formation at Ti-6Al-7Nb scaffolds consisting of 3D
honeycomb frame and diamond-like carbon coating implanted into the femur of beagles,"
Journal of Biomedical Materials Research Part B: Applied Biomaterials, vol. 109, no. 9,
pp. 1283-1291, 2021.

Y. Sakemi, K. Hayashi, A. Tsuchiya, Y. Nakashima, and K. Ishikawa, "Reconstruction of
critical-size segmental defects in rat femurs using carbonate apatite honeycomb scaffolds,"
Journal of Biomedical Materials Research Part A, vol. 109, no. 9, pp. 1613-1622, 2021.
B. Jetté, V. Brailovski, M. Dumas, C. Simoneau, and P. Terriault, "Femoral stem
incorporating a diamond cubic lattice structure: Design, manufacture and testing,” Journal
of the Mechanical Behavior of Biomedical Materials, vol. 77, pp. 58-72, 2018.

B. Oladapo, A. Zahedi, S. Ismail, W. Fernando, and O. Ikumapayi, "3D-printed biomimetic
bone implant polymeric composite scaffolds,” The International Journal of Advanced
Manufacturing Technology, vol. 126, no. 9, pp. 4259-4267, 2023.

M. G. Gok, "Creation and finite-element analysis of multi-lattice structure design in hip
stem implant to reduce the stress-shielding effect,” Proceedings of the Institution of
Mechanical Engineers, Part L: Journal of Materials: Design and Applications, vol. 236,
no. 2, pp. 429-439, 2022.

A. Darwich, H. Nazha, and W. Abbas, "Numerical study of stress shielding evaluation of
hip implant stems coated with composite (carbon/PEEK) and polymeric (PEEK) coating
materials," Biomedical Research, vol. 30, no. 1, pp. 169-174, 2019.

M. Shokri Rad, Z. Ahmad, and A. Alias, "Computational approach in formulating
mechanical characteristics of 3D star honeycomb auxetic structure,” Advances in Materials
Science and Engineering, vol. 2015, 2015.

S. A. Naghavi et al., "Stress shielding and bone resorption of press-fit polyether—ether—
ketone (PEEK) hip prosthesis: a sawbone model study," Polymers, vol. 14, no. 21, p. 4600,
2022.

S. Rouf et al., "Functionally graded additive manufacturing for orthopedic applications,"
Journal of Orthopaedics, vol. 33, pp. 70-80, 2022.

S. Safavi, Y. Yu, D. L. Robinson, H. A. Gray, D. C. Ackland, and P. V. Lee, "Additively
manufactured controlled porous orthopedic joint replacement designs to reduce bone stress
shielding: a systematic review," Journal of Orthopaedic Surgery and Research, vol. 18, no.
1, p. 42, 2023.

Page 90



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LDADING CONDITION

[108] G. Cortis, I. Mileti, F. Nalli, E. Palermo, and L. Cortese, "Additive manufacturing structural
redesign of hip prostheses for stress-shielding reduction and improved functionality and
safety,” Mechanics of Materials, vol. 165, p. 104173, 2022.

Appendix

1.1. Walking realistic loading condition

1.1.1. Assessing the Performance of Zimmer's Titanium Alloy in Hip Implants walking
realistic loading condition: A Data-Driven Study

= = ww
s anse
Figure 34:Force in walking realistic loading condition. Figure 35:Equivalent (Von-Misis) stress.
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0.050 0.150
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Figure 36:Total deformation.

1.1.2. Assessing the Performance of 3D Star Honeycomb Auxetic Structure in Hip
Implants walking realistic loading condition

In this study cases involves varying several shape parameters, including the wall length, cell wall

thicknesses, and cellular structure angle, to investigate their impact on the overall structural

properties.
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Figure 37:Iteration 3D star honeycombed structure for optimized results in walking realistic loading condition. o — — ————————
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1.1.2.1. A Comparative Analysis of Titanium Alloy Hip Implants and 3D Star
Honeycomb Auxetic Structures Optimized for Best Geometric Parameters

- A - - C
1 1 1
2 @ Data v 2 v 4 ®2 @ Resdis
Engineering Data 3 4 /{ Results.
4@ Model v . /|
5|8 sewp v / ‘l’
6 6 so v 4 [
v 4
Titanium Alloy °_ °“? fm) L:‘ : °_ unu‘:(m) L‘.‘ %
. . . . L . . Figure 38:Comparision of Titanium alloy with 3D star honeycomb auxetic
Figure 39:Project schematics for walking realistic loading conditions structure on the same level of Von-Misis stress.

1.1.2.2.  Stress shielding for walking

000 [A[) 0.200(m)
0000 0050 0.100(m)
Q050 0150 [ E— S—
0025 0075

. . - . Figure 40:Equivalent (Von-Misis) stress 3D star
Figure 41:Equivalent (Von-Misis) stress for intact honeycomb auxetic structure in walking realistic
bone in walking realistic loading condition. loading condition
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1.2.  Going up stairs realistic loading condition

1.2.1. Assessing the Performance of Zimmer's Titanium Alloy in Hip Implants going up
stairs realistic loading condition: A Data-Driven Study

oo %0 Q100 (m) o Q050 0100(m)
[ — m— | S— E—]
s [0} 00 7

Figure 43:Force going up stairs realistic loading condition. Figure 42:Equivalent (Von-Misis) stress of Zimmer's Titanium

Alloy going up stairs realistic loading condition.
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0.025 0,075

Figure 44:Total Deformation of Zimmer's Titanium Alloy going up stairs realistic loading condition.
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1.2.2. Assessing the Performance of 3D Star Honeycomb Auxetic Structure in Hip
Implants going up stairs realistic loading condition

Varying several shape parameters, including the wall length, cell wall thicknesses, and cellular

structure angle, to investigate their impact on the overall structural properties.
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Figure 45:Iteration 3D star honeycombed structure for optimized results in going upstairs realistic loading condition
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1.2.2.1. A Comparative Analysis of Titanium Alloy Hip Implants and 3D Star
Honeycomb Auxetic Structures going up stair realistic loading conditions
Optimized for Best Geometric Parameters

- c
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Figure 47:Project schematics for going up stair realistic loading conditionsneycomb auxetic

1.2.2.2.  Stress shielding for going up stairs

M 0.0011727 Min

N L — ety * """
0050 0150 ‘ oy il
Figure 49:Equivalent (Von-Misis) stress for intact bone in going Figure 48:Equivalent (Von-Misis) stress 3D star honeycomb
upstairs realistic loading condition. auxetic structure in going upstairs realistic loading condition

Page 96




OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LDADING CONDITION

1.3. Going down stairs realistic loading condition

1.3.1. Assessing the Performance of Zimmer's Titanium Alloy in Hip Implants Going
down stairs realistic loading condition: A Data-Driven Study

/
\ 0000 0050 0.100(m)
_wm:_WSZI 0.000 0.050 0.100(m)
0025 0075
Figure 50:Equivalent (Von-Misis) stress of Zimmer's Titanium Alloy
Figure 51:Force on going down stairs realistic loading condition going down stairs realistic loading condition.
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Figure 52:Total Deformation going down stairs realistic loading condition.
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1.3.2. Assessing the Performance of 3D Star Honeycomb Auxetic Structure in Hip
Implants going down stairs realistic loading condition

Varying several shape parameters, including the wall length, cell wall thicknesses, and cellular

structure angle, to investigate their impact on the overall structural properties.

— — T

Figure 53::Iteration 3D star honeycombed structure for optimized results in going downstairs realistic loading condition
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1.3.2.1. A Comparative Analysis of Titanium Alloy Hip Implants and 3D Star
Honeycomb Auxetic Structures going down stair realistic loading conditions

Optimized for Best Geometric Parameters.
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Figure 54:Comparision of Titanium alloy with 3D star honeycomb auxetic
structure on the same level of Von-Misis stress for going down stair realistic

loading condition.
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Figure 55:Project schematics for going down stair realistic loading
conditions

1.3.2.2.  Stress shielding for going up stairs
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Figure 56Equivalent (Von-Misis) stress 3D star honeycomb

Figure 57:Equivalent (Von-Misis) stress for intact bone in going
auxetic structure in going down stairs realistic loading condition

down stairs realistic loading condition
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1.4. Standing up realistic loading condition

1.4.1. Assessing the Performance of Zimmer's Titanium Alloy in Hip Implants standing up
realistic loading condition: A Data-Driven Study
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Figure 59:Force on standing up realistic loading condition

Figure 58:Equivalent (Von-Misis) stress of Zimmer's Titanium Alloy
standing up realistic loading condition.
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Figure 60:Total Deformation in standing up realistic loading condition.
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1.4.2. Assessing the Performance of 3D Star Honeycomb Auxetic Structure in Hip

Implants standing up realistic loading condition
varying several shape parameters, including the wall length, cell wall thicknesses, and cellular

structure angle, to investigate their impact on the overall structural properties.
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Figure 61lteration 3D star honeycombed structure for optimized results in standing up realistic loading condition
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A Comparative Analysis of Titanium Alloy Hip Implants and 3D Star
Honeycomb Auxetic Structures standing up realistic loading conditions

Optimized for Best Geometric Parameters
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Figure 63:Project schematics for standing up realistic loading

conditions.

1.4.2.2.
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Figure 65:Equivalent (Von-Misis) stress for intact bone in standing

up realistic loading condition.
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Figure 62:Comparision of Titanium alloy with 3D star honeycomb auxetic
structure on the same level of Von-Misis stress for standing up realistic

loading condition.

Stress shielding for standing up realistic loading condition
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Figure 64:Equivalent (Von-Misis) stress for intact bone in
standing up realistic loading condition
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1.5. Sitting down realistic loading condition

1.5.1. Assessing the Performance of Zimmer's Titanium Alloy in Hip Implants sitting
down realistic loading condition: A Data-Driven Study

ANSYS

220R1

Fi 7 Figure 66: Equivalent (Von-Misis) stress of Zimmer's Titanium
igure 67:FO oy sitting down realistic loading condition.
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Figure 68:Total Deformation sitting down realistic loading condition.

Page 103



OPTIMIZATION OF AUXETIC FEMUR STEM IN REALISTIC LDADING CONDITION

1.5.2. Assessing the Performance of 3D Star Honeycomb Auxetic Structure in Hip
Implants sitting down realistic loading condition.

Varying several shape parameters, including the wall length, cell wall thicknesses, and cellular

structure angle, to investigate their impact on the overall structural properties.
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Figure 69:lteration 3D star honeycombed structure for optimized results in going sitting down realistic loading condition
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1.5.2.1. A Comparative Analysis of Titanium Alloy Hip Implants and 3D Star
Honeycomb Auxetic Structures sitting down realistic loading conditions

Optimized for Best Geometric Parameters
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Figure 70:Comparision of Titanium alloy with 3D star honeycomb auxetic
structure on the same level of Von-Misis stress for sitting down realistic

Figure 71:Project schematics for sitting down realistic loading
conditions.

loading condition.

1.5.2.2.  Stress shielding for sitting down realistic loading condition
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Figure 72:Equivalent (Von-Misis) stress for intact bone in

Figure 73:Equivalent (Von-Misis) stress 3D star honeycomb e - . o
g d ( ) Y sitting down realistic loading condition

auxetic structure sitting down realistic loading condition
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