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ABSTRACT

Robotic-assisted total hip arthroplasty (THA) has rapidly advanced as a transformative technology
in orthopedic surgery. This innovative approach integrates navigation, minimally invasive
techniques, and precise robotic arm control to enhance the accuracy of preoperative planning,
implant selection, osteotomy, and artificial joint placement. The inherent accuracy and stability of
robotic systems have led to their increasing adoption, particularly in hip and knee arthroplasty, and
are recognized for improving implant positioning and reducing limb length discrepancies
compared to conventional manual techniques. The precision offered by these systems in achieving
planned acetabular positioning and restoring the center of hip rotation is well-documented. While
initial clinical outcomes appear largely comparable to traditional methods, the long-term benefits,
implant survivorship, time to revision surgery, and cost-effectiveness of robotic THA continue to

be areas of active investigation and require further high-quality studies.

A pivotal component underpinning the precision and efficacy of robotic THA is the surgical end
effector. This instrument directly engages with bone and tissue during critical surgical phases, such
as reaming, cutting, and implant impaction. The structural integrity, mechanical performance, and
long-term durability of these end effectors are of paramount importance, directly influencing
patient safety and the overall success of the surgical procedure. This thesis undertakes a
comprehensive investigation into the stress, strain, and material analysis of a hip end effector

specifically designed for orthopedic surgical applications within robotic-assisted platforms.

This study focuses on the mechanical behavior of the hip end effector when fabricated from three
distinct and commonly employed biocompatible materials known for their applications in surgical

implants and instruments: 17-4 PH stainless steel, Cobalt alloys, and Titanium alloys.

Through detailed computational modeling, specifically employing Finite Element Analysis (FEA),
this research aims to meticulously analyze the stress and strain distributions within the end effector
design for each chosen material. The analysis will simulate various realistic surgical loading
conditions encountered during THA procedures, such as impaction forces, torsional loads, and
bending moments, with specific attention to applied loads of 5000 N and 7500 N. The primary
objective is to identify and characterize critical stress concentration points within the end effector
structure. This involves determining von Mises stresses, and the corresponding elastic and plastic

strains experienced by the device under these loads.




Understanding these critical regions and the magnitudes of stress and strain will provide invaluable
insights into the potential areas of mechanical weakness, susceptibility to plastic deformation, and
susceptibility to fatigue crack initiation and propagation. This knowledge is crucial for predicting
the fatigue life and potential failure modes of the end effector, which in turn will inform material
selection, guide structural design optimizations, and enhance the overall reliability and safety of
the instrument. The findings from this research are expected to contribute significantly to the
ongoing development of more robust, durable, and reliable robotic surgical instruments, thereby
playing a vital role in advancing the capabilities and widespread adoption of robotic-assisted

arthroplasty, ultimately benefiting patient outcomes.
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CHAPTER 1

Motivation

Repeated cracks and fractures observed at the distal end of the hip end effector during the
hammering process for reamer handle disassembly raised concerns about its structural reliability.
This study is motivated by the need to understand the underlying mechanical behavior that leads
to such failures. Using Ansys-based finite element simulations, we aim to accurately model the
impact loading conditions, identify high-stress regions, and understand failure mechanisms.
Additionally, material analysis will be performed to evaluate the current material's behavior under
load, and the maximum force leading to crack initiation will be estimated. These insights will guide
improvements in design and material selection, enhancing the reliability and safety of orthopedic

instruments in surgical environments.

1. INTRODUCTION

1.1 Background on Orthopedic Tools and Procedures

For patients with traumatic or degenerative musculoskeletal disorders, orthopedic surgery,
especially joint replacement procedures, is essential to regaining mobility and enhancing quality
of life. It has been demonstrated that total hip arthroplasty (THA), a frequently performed
technique, is an excellent treatment for severe hip joint diseases, particularly advanced
degenerative and inflammatory illnesses. It has been demonstrated that precise intraoperative cup

and stem position and alignment are linked to the clinical results after total hip arthroplasty [26].

With the rising aging population and increasing incidence of osteoarthritis and various other
problems such Avascular Necrosis etc. the demand for reliable and efficient hip replacement tools

continues to grow.

Successful arthroplasty depends not only on surgical skills but also on the design and performance

of specialized orthopedic tools. These instruments assist surgeons in accurately preparing bone




surfaces, positioning implants, and securing them within the patient’s anatomy. One such critical

instrument is the impactor system, which is used to seat prosthetic components into place.

The effectiveness of this tool, and more specifically the hip end effector, can significantly

influence both intraoperative handling and long-term clinical outcomes.

Robotic-Assisted Surgery in Hip Arthroplasty: The Stryker MAKO System

The Stryker MAKO system represents a pivotal advancement in the domain of orthopedic surgery,
particularly in procedures such as total hip arthroplasty, total knee arthroplasty, and knee
replacement. This robotic-assisted surgical platform integrates image-guided planning with real-
time intraoperative support, offering a new paradigm of precision and patient-specific

customization that significantly surpasses the capabilities of traditional manual surgical techniques

L1,

Figure 1. 1 MAKO Robot (Total Hip Arthroplasty and Total Knee Arthroplasty) [MAKO THA Surgical Guides]




A central innovation of the MAKO system is its utilization of preoperative three-dimensional
computed tomography (CT) imaging. This allows for the generation of an anatomically accurate
digital model of the patient’s joint, facilitating detailed surgical planning tailored to the individual's
specific anatomical structure. This personalized planning encompasses critical parameters such as
implant size, alignment, and the extent of bone resection required. The use of such preoperative
imaging ensures that the surgical strategy is meticulously optimized before entering the operating

room, with the goal of enhancing surgical accuracy and improving functional outcomes.

Intraoperatively, the MAKO system assists the surgeon through a robotic arm equipped with haptic
feedback technology, specifically the proprietary mechanism. This technology provides multi-
modal real-time feedback—tactile, auditory, and visual—that guides the surgeon’s hand
movements within the pre-defined boundaries established during the planning phase. The system
is designed to halt or restrict the movement of the surgical tool if it deviates from these boundaries,
thereby protecting essential anatomical structures such as ligaments, nerves, and healthy bone
tissue. Although the robotic arm provides this enhanced level of control and precision, it is
important to note that the system is not autonomous; the surgeon maintains full operational

authority throughout the procedure.

The collaborative nature of the MAKO system—merging robotic precision with human clinical
expertise—has been associated with a range of clinical benefits. These include improved implant
alignment, reduced intraoperative variability, and potentially shorter recovery times. Studies and
clinical experience suggest that the system contributes to more consistent surgical outcomes, lower
postoperative pain levels, and increased patient satisfaction compared to conventional surgical
techniques. Furthermore, the reduction in intraoperative complications and the improved

preservation of soft tissues may also contribute to shorter hospital stays and faster rehabilitation.

In a broader context, the MAKO system is indicative of a wider technological evolution within
surgical practice, reflecting a shift toward minimally invasive, data-driven, and precision-focused
interventions. As robotic surgical platforms become increasingly sophisticated, their integration
into routine clinical practice is expected to grow, not as a replacement for the surgeon, but as a tool

that enhances surgical performance and patient care.




In summary, the Stryker MAKO robotic system exemplifies the future direction of orthopedic
surgery. Its combination of advanced imaging, real-time feedback, and precise intraoperative
control offers substantial improvements in surgical safety, accuracy, and outcomes. The MAKO
system thus stands as a model of how robotic technologies can successfully augment human

capabilities in the operating room, setting a new standard for excellence in orthopedic care [ 18].

The hip joint plays a vital role in human mobility and bears substantial loads during daily activities
such as walking, running, and climbing. In orthopedic surgeries, particularly hip replacement
procedures, specialized surgical instruments such as the hip end effector are used for tasks like
reaming, positioning, and alignment. One critical issue observed in surgical practice is the
occurrence of cracks and fractures at the distal end of the hip end effector during the hammering
process used to disassemble the reamer handle. Such mechanical failures raise concerns about

structural integrity and long-term reliability | 18].

1.2 Importance of the Hip End Effector in Arthroplasty

The hip end effector plays a pivotal role in total hip arthroplasty (THA), a surgical procedure aimed
at replacing damaged or diseased hip joints to restore mobility and reduce pain. As a critical
component of the surgical instrumentation, the hip end effector directly interacts with the patient’s
anatomy, enabling precise manipulation, positioning, and stabilization of implants during the
operation. Its design and functionality significantly influence surgical accuracy, operative time,

and patient outcomes [1].

For surgical procedures to be performed correctly, end effector dexterity is essential. The job of
manipulating equipment and tissues falls to end-effectors. They can reach and grasp sometimes
very sensitive tissues because of their small size and incredibly sharp tip. Titanium and stainless
steel, which are impervious to corrosion and deterioration, can be used to construct reusable end

effectors [ 18].

One of the primary functions of the hip end effector is to securely hold and guide the reaming tools
that prepare the acetabulum (hip socket) for implant placement. Accurate reaming ensures optimal

fit and alignment of the prosthetic components, which are essential for the longevity and
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biomechanical performance of the implant. Additionally, the end effector must accommodate

varying anatomical shapes and sizes, requiring adaptability and reliable gripping mechanisms.

Furthermore, the hip end effector must withstand high mechanical loads and repetitive stress
throughout the surgical procedure while maintaining ergonomic ease for the surgeon. Advances in
material selection and design optimization have enhanced the durability, precision, and safety of
these devices. Overall, the hip end effector is indispensable for ensuring surgical precision,

minimizing complications, and improving the success rates of hip arthroplasty surgeries.

1.3 Problem Definition

In the field of orthopedic biomechanics, the design and material selection of hip end effectors play
a crucial role in ensuring implant durability, patient safety, and long-term performance. These
components are subjected to complex loading conditions, including high-impact and cyclic loads,
which demand materials with excellent mechanical strength, fatigue resistance, and
biocompatibility. However, the choice of optimal material remains a challenge due to varying
mechanical properties, manufacturing constraints, and biological considerations. Among the most
used materials in medical implants are 17-4 PH stainless steel, titanium alloys, and cobalt-based
alloys—each offering distinct advantages and limitations in terms of stress handling, deformation
behavior, and compatibility with the human body. A comparative analysis of these materials under
realistic loading scenarios is essential to identify the most suitable material for hip end effector
applications. This study aims to fill this gap by performing a detailed stress-strain analysis using
finite element methods to evaluate and compare the mechanical response of these three materials

under standardized loading conditions.

1.4 Objectives of the Study

his study aims to investigate and compare the mechanical performance of three widely used
biomedical materials—17-4 PH stainless steel, titanium alloy, and cobalt alloy—specifically for
their application in hip end effectors. These materials are commonly selected in orthopedic

applications due to their high strength, corrosion resistance, and biocompatibility. However, their




behavior under stress and strain conditions can vary significantly, which directly impacts the

performance, durability, and safety of the end effector during use.
To address this, the study sets out to achieve the following objectives:

o To evaluate the stress and strain responses of each material under a standardized load using

Finite Element Analysis (FEA).

o To analyze and compare the deformation characteristics, stress distribution, and strain

concentrations across the three materials.

o To identify the most suitable material for hip end effector applications based on mechanical

performance criteria such as strength, stiffness, and resistance to deformation.

e To provide a data-driven basis for material selection in biomedical device design, thereby

enhancing the reliability and efficiency of orthopedic tools.

By fulfilling these objectives, the study seeks to support more informed decision-making in the

design and material selection of hip end effectors used in clinical practice.

1.5 Scope and Limitations of the Study
The present study is focused on the material selection and structural analysis of the hip end
effector used in orthopedic surgeries, specifically in total hip arthroplasty. The work includes

computational modeling, material selection, and simulation-based evaluation.
The following are the key boundaries and limitations of this research:

e The study considers only the mechanical aspects of the design; it does not include

biological interactions, such as tissue response or long-term biocompatibility.
o The analysis is limited to static simulations using finite element methods.

e Tool manufacturing processes, sterilization considerations, and economic aspects are

beyond the scope of this thesis.

e The study does not cover integration with robotic surgical systems or feedback-based

control systems.




Despite these limitations, the research offers a detailed mechanical insight into stress-related

failure points and proposes a validated alternative that aligns with surgical requirements.

1.6 Need for the Study

Given the growing global demand for joint replacement surgeries and the increasing complexity
of modern orthopedic procedures, the need for robust, durable, and high-performance surgical
tools—such as hip end effectors—is more critical than ever. These components must endure
substantial mechanical loads, including high-impact forces and cyclic stresses, particularly during
robotic-assisted and minimally invasive surgeries. Despite the widespread use of materials like
titanium alloy, 17-4 PH stainless steel and cobalt alloy in biomedical applications, there remains a
lack of comparative research focused on their stress-strain behavior under identical loading
conditions relevant to hip end effectors. Failures arising from high stress concentrations can

compromise surgical precision, reduce tool lifespan, and pose risks to patient safety.

This study addresses this critical gap by evaluating and comparing the mechanical performance of
these materials through finite element analysis, with the aim of identifying the most suitable
candidate for improved structural reliability. The findings are especially timely and relevant for
advancing the design of orthopedic instruments that prioritize precision, compactness, and

longevity.




CHAPTER 2

LITERATURE REVIEW

2.1 Review of Hip Arthroplasty Tools and Devices

Hip arthroplasty has evolved significantly over the decades, with continuous advancements in
surgical techniques and instrumentation aimed at improving clinical outcomes and procedural
efficiency. Hip arthroplasty tools and devices have revolutionized hip replacement surgery,
transforming it into a highly precise and almost futuristic procedure that combines cutting-edge
technology with surgical expertise. Traditional tools used in total hip replacement procedures
include reamers, broaches, impactors, and alignment guides, each serving a specific role in bone

preparation and implant placement.

Modern developments have led to the design of more ergonomic and precise instruments that
reduce intraoperative time and enhance implant alignment. Surgeons now utilize robot-assisted
systems that provide unparalleled stability and accuracy, allowing for perfectly guided bone cuts
and implant positioning. These systems integrate with computer navigation technology, which
creates a detailed 3D map of the patient’s hip in real time, enabling surgeons to customize every
step of the operation to the patient’s unique anatomy. Instruments equipped with smart sensors
measure force, angle, and pressure, delivering constant feedback that helps avoid errors and
ensures optimal implant alignment—critical factors that dramatically improve joint function and
longevity. On the device side, implants have evolved from simple metal and plastic parts to high-
tech 3D-printed titanium alloys with porous surfaces that encourage natural bone growth,
along with advanced ceramics that resist wear and reduce inflammation. Some implants even
feature bioactive coatings that promote faster healing and reduce the risk of infection.
Additionally, modular implant designs allow surgeons to mix and match components during
surgery for the perfect fit and function. These innovations collectively reduce surgery time,
minimize complications, and extend implant lifespan, often giving patients a new hip that feels
and moves like their original joint. This incredible fusion of robotics, smart tools, and

bioengineered implants marks a monumental leap forward, turning hip arthroplasty from a




challenging operation into a near-perfect science—offering patients pain relief, restored mobility,

and a dramatically improved quality of life.

Notably, the integration of modular components and minimally invasive tool designs has improved
surgical access and reduced patient trauma. However, despite these improvements, several studies
have highlighted persistent challenges related to tool durability, particularly under repeated
mechanical stress. End effectors, which interface directly with implants during hammering or
impaction, are often subjected to high axial loads, leading to material fatigue, micro-cracks, or in
some cases, complete failure. These issues underscore the importance of material selection,
geometry optimization, and stress distribution analysis in the design of arthroplasty tools. The
literature emphasizes the need for robust design methodologies and finite element-based

evaluations to mitigate such failures and ensure consistent surgical performance.

The field of robotic-assisted arthroplasty, particularly in total hip arthroplasty (THA) and total
knee arthroplasty (TKA), has seen rapid advancements aimed at improving precision and patient
outcomes. This literature review synthesizes key findings from recent studies exploring the
efficacy, safety, and operational considerations of robotic assistance compared to conventional

manual techniques.

Early reviews highlighted the transformative potential of robotic arm-assisted arthroplasty. Their
work underscored its capabilities in enabling accurate preoperative planning, optimal selection of
implants, minimally invasive surgical approaches, precise osteotomy, and accurate artificial joint
placement. These attributes, stemming from technology’s inherent accuracy and stability, position

robotic systems as a rapidly developing area within joint surgery [1].

However, the question of whether this enhanced precision translates to superior clinical outcomes
remains a central point of investigation. A systematic review and meta-analysis specifically
examined robot-assisted THA versus conventional manual techniques. While they affirmed that
robotic assistance indeed improves implant positioning accuracy, their findings suggested limited
data to conclude that this improved accuracy leads to better long-term clinical outcomes.
Furthermore, they did not identify significant differences in complication rates or implant
survivorship, noting a tendency for prolonged surgical times with robotic procedures [10].

Supporting this, a systematic review and meta-analysis also found that while robotic assistance




improved cup positioning accuracy and reduced outliers, it did not significantly alter clinical

outcomes or leg length discrepancy, and often increased operation time [7].

These findings about the current use of robotics in total hip arthroplasty are further supported by
the increased precision of acetabular cup positioning and hip rotation center restoration made
possible by robotic devices. Importantly, when compared to manual techniques, these accuracy
gains had not yet resulted in differences in early functional outcomes, correction of leg-length

discrepancies, or postoperative complications.

In contrast, practical limitations included high installation costs, additional radiation exposure,
steep learning curves for surgeons, and compatibility issues with restricted implant designs |§].
mirrored these opinions, stating that while robotic THA improved radiological results, functional
results were "equivocal". Additionally, the cost of robotic total hip arthroplasty and the already
remarkable outcomes of traditional procedures have hindered its global appeal [3].
The thorough review of meta-analyses reaffirmed the general agreement that robot-assisted THA
enhances radiography results. There is still a persisting knowledge gap, nevertheless, as its effects

on complication rates, clinical and functional outcomes, and implant survival are still unknown

191.

In addition to THA, other arthroplasty procedures are also being investigated with robotic help.
For simple unilateral knee osteoarthritis, a single-center retrospective study comparing MAKO
robot-assisted total knee arthroplasty (TKA) with traditional manual TKA, with an emphasis on
safety and effectiveness in the early postoperative phase. This implies continued research into uses
and preliminary results [13]. The scoping review on robotic-assisted hip and knee revision
arthroplasty indicated growing areas of research by highlighting the wider scope of robotic uses in
orthopedic surgery, including revisions [15].
More cup anteversion and a larger percentage of components within safe ranges were identified in
the meta-analysis on MAKO robot-assisted THA, with forgotten joint scores favoring MAKO [ 13].
Recent research are further refining our understanding of the benefits of robotics. Similarly, using
MAKO robotic assistance, improved radiographic characteristics and higher postoperative rates
were observed with a focus on hip osteoarthritis. These results point to minor clinical benefits and

ongoing radiography accuracy with particular robotic systems [14].
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The importance of precise implant positioning tailored to individual patient biomechanics,
especially considering spinopelvic mobility had proposed that robotic-arm assisted THA facilitates
enhanced planning based on patient-specific factors, enabling more accurate functional component
positioning | 8]. This area was further reviewed and discussed robotic-assisted THA in the context
of spinopelvic parameters, emphasizing the dynamic relationship between the pelvis and lumbar

spine as a critical factor in hip stability [ 16].

From an operational perspective practical procedure guide for robotic arm-assisted (MAKO) THA,
outlining pre-operative was provided on preparation, surgical steps, and precautions, indicating
the growing adoption and need for standardized procedures for these advanced techniques [14].
Additionally, economic benefits, specifically noting a reduction in implant waste associated with
robotic-assisted THA, suggesting potential cost efficiencies in the long run [5]. Finally, a broader
review of surgical robotics was provided, discussing current platforms and the crucial role of end
effectors, indicating the continuous innovation in this technological domain driven by expiring

patents and evolving surgical needs [ 18].

In conclusion, the literature largely agrees that robotic assistance significantly enhances the
accuracy and precision of implant placement in arthroplasty. While the translation of this
radiographic superiority into consistently improved long-term functional and clinical outcomes
remains an area requiring further high-quality research, ongoing studies suggest benefits in specific
patient-reported outcomes and operational efficiencies. The continued evolution of robotic
platforms and surgical techniques, alongside a deeper understanding of patient-specific

biomechanics, points towards a growing, albeit still maturing, role for robotics in joint arthroplasty.

2.2 Summary of Research Gaps

1. Chen, Deng, Sun, and He (2022) conducted a review highlighting robotic arm-assisted
arthroplasty's latest developments, emphasizing its role in achieving accurate preoperative
planning, optimal implant selection, minimally invasive surgery, precise osteotomy, and
accurate artificial joint placement due to its high accuracy and stability.

2. Kumar, Patel, Baburaj, Rajnish, and Aggarwal (2023) performed a systematic review
and meta-analysis comparing robot-assisted total hip arthroplasty (THA) to conventional
manual techniques. They concluded that while robotic assistance improves implant

positioning accuracy, there is currently limited data to suggest this translates to better long-
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term clinical outcomes, and they found no significant differences in complication rates or
implant survivorship. They also noted prolonged surgical times for robotic procedures.
Kayani, Konan, Ayuob, Ayyad, and Haddad (2019) reviewed the current role of robotics
in THA. Their findings indicated that robotic THA improves accuracy in achieving planned
acetabular cup positioning and precision for restoring the hip's center of rotation. However,
this enhanced accuracy did not result in differences in early functional outcomes, correction
of leg-length discrepancy, or postoperative complications compared to conventional
manual THA. They also identified limitations such as high installation costs, additional
radiation exposure, and steep learning curves.

Bullock, Brown, Clark, Plant, and Blakeney (2023) provided a current concepts article
on robotics in THA. They reported that while robotic THA consistently shows improved
radiological outcomes (implant placement accuracy), the evidence regarding functional
outcomes remains equivocal when compared to conventional techniques. They also
highlighted the limited literature on newer robotic systems beyond MAKO and
ROBODOC, alongside challenges related to cost and the already high success rates of
traditional methods.

Han, Chen, Zhang, Han, Wei, Li, and Wei (2019) conducted a systematic review in
addition of meta-analysis comparing robotics-assisted versus conventional manual
approaches for THA. They concluded that robotic assistance significantly improves the
accuracy of cup positioning and reduces outliers but did not find significant differences in
clinical outcomes (e.g., WOMAC scores, complications) or leg length discrepancy. They
also noted an increase in operation time for robotic procedures.

Cepolina and Razzoli (2024) reviewed robotic surgery platforms and end effectors,
discussing the extensive growth of automated surgical devices. They noted that expiring
patents are broadening the common knowledge base for future surgical robotics
development. Their review covered the advantages and limitations of various robotic
systems, with a particular focus on the crucial role of end effectors in surgical outcomes.
Kort, Stirling, Pilot, and Miiller (2021) conducted a systematic overview of meta-
analyses comparing robot-assisted THA to conventional THA. They concluded that robot-

assisted THA improves radiographic outcomes (implant positioning accuracy), but it
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10.

11.

12.

remains unclear whether it alters complication rates, clinical and functional outcomes, and
implant survival.

Ma, Sun, Xin, Zhong, Xie, and Xiao (2024) performed a single-center retrospective
analysis comparing the efficacy and safety of MAKO robot-assisted total knee arthroplasty
(MA-TKA) with conventional manual total knee arthroplasty (CM-TKA) in patients with
end-stage knee osteoarthritis during the early postoperative period.

Fontalis, Raj, Kim, Gabr, Glod, Foissey, Kayani, Putzeys, and Haddad (2023)
presented a manuscript outlining challenges posed by spinopelvic imbalance and a
reproducible approach to achieve functional-component positioning in THA. They
concluded that robotic-arm assisted THA has facilitated enhanced planning based on
patient-specific biomechanics and spinopelvic mobility, enabling precise functional
component positioning.

Cheng, Chiu, McLawhorn, Westrich, Green, and Cross (2024) investigated the
reduction in implant waste associated with robotic-assisted total hip arthroplasty.
Llombart-Blanco, Mariscal, Barrios, Vera, and Llombart-Ais (2024) conducted a
comprehensive meta-analysis comparing the efficacy and safety outcomes of MAKO
robot-assisted total hip arthroplasty. They found that the MAKO group achieved greater
cup anteversion and a higher percentage of components within safe inclination and
anteversion ranges. While Harris Hip Scores did not differ significantly, forgotten joint
scores favored MAKO, though not exceeding the minimally clinically significant
difference.

Loke, Lim, Chan, and Tan (2025) performed a systematic review in addition of meta-
analysis comparing MAKO robotic-arm-assisted THAs (MAKO-THA) to conventional
methods for hip osteoarthritis. Their findings indicated that MAK O-assisted THAs resulted
in higher postoperative Harris Hip Scores (HHS) and improved radiographic parameters

(implant positioning accuracy).
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CHAPTER 3

SYSTEM DESCRIPTION AND FUNCTIONAL ANALY SIS

3.1 Introduction

The integration of robotic systems in orthopedic surgery has revolutionized the field, particularly
in total hip arthroplasty (THA). A critical component of these robotic systems is the hip end
effector, which serves as the mechanical interface between the robotic arm and the surgical
instruments. This chapter provides a detailed description of the hip end effector, its functionality
during surgical operations such as reaming, broaching, and impaction, and an explanation of
impaction and load transmission. The chapter concludes with schematic diagrams illustrating the

system's design and operation.

3.2 Detailed Description of the Hip End Effector

The hip end effector is designed to accurately transmit robotic arm's movements to the surgical
instruments while maintaining the necessary alignment and force application. Constructed from
high-strength, biocompatible materials such as titanium alloys, the end effector ensures durability
and resistance to corrosion. The design incorporates modular interfaces that allow for the

attachment of various surgical tools, including reamers, broaches, and implant inserters.

Figure 3. 1- Structural and Functional Components of a Hip End Effector with Offset Reamer
Handle

14




Key features of the hip end effector include:

e Modular Tool Interface: Allows for quick attachment and detachment of surgical

instruments, facilitating efficient transitions between different surgical tasks.

e Force and Torque Sensors: Embedded sensors provide real-time feedback on the forces
and torques applied during surgery, enabling the robotic system to adjust movements

accordingly.

e Ergonomic Design: The effector's design minimizes the risk of strain and fatigue for the

surgical team, enhancing overall efficiency and safety.

3.3 Functionality During Surgical Operations

ﬁq’

Figure 3. 2-Fully Assembled Reamer and Power Equipment in MAKO [13]
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3.3.1 Reaming

Reaming is the process of enlarging the acetabular cavity to accommodate the acetabular
component of the hip implant. During this phase, the hip end effector guides the reamer into the
acetabulum, ensuring precise alignment and depth. The embedded force sensors monitor the
resistance encountered, allowing the robotic system to adjust the reaming speed and pressure to

prevent over-reaming or damage to surrounding bone structures.

Figure 3. 3- Initial reaming with the tip of the reamer constrained and the trajectory

unconstrained

[MAKO THA Surgical Guides]

Figure 3. 4-: Initial reaming with the tip of the reamer constrained and the trajectory

constrained

[MAKO THA Surgical Guides]
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Figure 3. 5 - Intra-operative images detailing acetabular reaming relative to pre-operative plan

The blue areas indicate the reamer position. The green area is the area to be reamed, and the red

area denotes minimal deviation from pre-operative plan (any further and the system would shut

off), and the numbers in white indicate real-time distance from pre-operative plan as the operator

reams [3].
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Figure 3. 6 - After reaming, the acetabular cup is accurately positioned within the acetabulum

[3]

3.3.5 Broaching

Broaching involves shaping the femoral canal to fit the femoral stem of the implant. The hip end
effector facilitates the insertion and alignment of the broach, transmitting the necessary forces to
prepare the canal. The modular design of the effector allows for the use of different broach sizes

and configurations, accommodating variations in patient anatomy.

3.3.6 Impaction

Impaction is the process of seating the acetabular and femoral components into the prepared bone
cavities. The hip end effector transmits controlled, high-magnitude forces to ensure proper seating
of the implants. The embedded sensors provide feedback on the forces applied, allowing for

adjustments to prevent over-impaction, which could lead to bone fractures or implant damage.

18




3.4 Impaction Mechanics and Load Transmission Dynamics

is one of the most mechanically intensive phases in total hip arthroplasty (THA), requiring the
transmission of high-magnitude, controlled forces to drive the prosthetic components—namely the
acetabular cup and femoral stem—securely into their respective bone cavities. The success of this
process is critically dependent on the hip end effector’s ability to manage and transmit these forces
without deviation, energy loss, or damage to surrounding anatomical structures. Proper impaction
ensures the implant is seated with appropriate press-fit stability, which is vital for initial fixation
and long-term osseointegration. The design of the end effector, therefore, plays a central role in

ensuring the fidelity and safety of force delivery during this phase.

A fundamental requirement for effective impaction is the precise alignment of the end effector
with respect to the implant insertion axis. Proper alignment ensures that the transmitted axial forces
act uniformly along the intended anatomical pathway, typically aligned with the femoral or
acetabular axes. If the effector or instrument is even slightly misaligned, the resultant vector of
force may introduce lateral stress or shear forces, leading to off-axis insertion, bone microfracture,
or improper implant seating. Misalignment also increases the risk of malposition, which can
compromise implant stability, alter biomechanics, and accelerate wear over time. To address this,
the effector incorporates mechanical features such as self-centering guide tracks, calibrated
alignment pins, or robotic pose feedback systems to maintain a strict spatial orientation throughout
the impaction event. The robotic control system continuously verifies this alignment using

preoperative planning data, and if necessary, corrects the trajectory before the force is applied.

Another critical factor in the successful transmission of impaction forces is the material
composition and structural design of the hip end effector. The components must be constructed
from materials that exhibit high compressive strength, fatigue resistance, and stiffness. Titanium
alloys and high-grade stainless steel are typically used due to their favorable mechanical properties
and resistance to deformation under dynamic loads. During impaction, forces as high as 2,000—
5,000 newtons can be generated, especially when seating large implants or compensating for dense
cortical bone. The internal frame of the end effector must not flex, bend, or absorb energy in a way
that diminishes the intended impulse to the implant. Finite element modeling (FEM) is often
employed in the design phase to ensure that stress concentrations are minimized, and that load

paths are optimized. Additionally, the effector often includes elastomeric inserts or mechanical
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dampers that can modulate the transmission of peak forces, protecting both the implant and patient

tissue from sudden impact surges.

Crucially, the modern hip end effector is also equipped with integrated sensor systems that provide
real-time feedback on force magnitude, direction, and displacement during impaction. These may
include piezoelectric force sensors, strain gauges, or capacitive load cells embedded within the
effector structure. Sensor feedback serves multiple purposes: it allows the robotic system to verify
that the applied force matches the pre-specified parameters, it helps detect premature seating or
excessive resistance, and it can confirm that the implant has been fully seated by analyzing load-
displacement trends. For example, a decreasing displacement response despite increasing applied
force may indicate that full seating has been achieved. Additionally, this feedback loop enables
dynamic force modulation—if the system detects excessive resistance or misalignment, it can halt
impaction or adjust force application before damage occurs. In some systems, auditory or visual
cues are provided to the operating surgeon based on sensor readings, further enhancing control and

situational awareness during this critical step.

Taken together, the alignment precision, material engineering, and sensor feedback of the hip end
effector form a synergistic system that ensures controlled and effective load transmission during
implant impaction. These design considerations are essential not only for improving surgical
outcomes but also for reducing the risk of intraoperative complications. As robotic systems evolve,
future end effectors may incorporate adaptive stiffness mechanisms, Al-driven force modulation,

or even haptic feedback systems to further refine the impact process.
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CHAPTER 4

MODELING & SIMULATION SETUP

4.1 CAD modeling of the hip end effector

Introduction

Computer-Aided Design (CAD) plays a pivotal role in the development of precise and efficient
surgical instruments, particularly in orthopedic procedures like Total Hip Arthroplasty (THA). This
chapter outlines the complete design and modeling of a hip end effector using PTC Creo
Parametric, a widely adopted CAD platform. The focus is on creating a functionally robust and
ergonomically sound model based on essential design components including ball bearings, chuck

slide assemblies, reamer barrels, and more.
Objective

The objective of this modeling task is to design a high-precision hip end effector capable of
accommodating the mechanical and functional requirements of reaming and implant positioning
during hip surgery. The model integrates multiple critical components to ensure rotational freedom,

axial alignment, and secure tool engagement.
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4.2 CAD Modeling
Modeling Environment
The model was created in PTC Creo Parametric, a powerful 3D CAD tool suitable for parametric

and surface-based modeling. Each part was first modeled independently and then assembled using

appropriate constraints.

Figure 4. 1 - Side view of assembled part of Hip End Effector with Reamer

Figure 4. 2 - Assembled part of Hip End Effector with Reamer
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Locking Mechanism

The locking mechanism functions by engaging interlocking splines at the joint interface, allowing
the shaft to be locked at predefined angular positions and restricting rotational movement. A
orientation pin is inserted through the elongated slot on the outer shaft and into a corresponding
hole or groove in the inner shaft, secures the joint axially. By rotating the inner shaft to align
different spline teeth, the joint can be locked at various discrete angles, enabling adjustable but

secure positioning.

Figure 4. 3 - Locking Mechanism with Internal Spline Engagement

Figure 4. 4 - Locking Mechanism with Spline Engagement and Guide Slot
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Compression Spring

A compression spring with 0.85 mm diameter and 15 mm length is mounted behind the release

knob to provide resistance force and return it to its neutral position automatically.

Figure 4. 5 - Compression Spring

Figure 4. 6 - Spring placement within Hip Chuck Slide Assembly
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Release Knob

The Release Knob, with a diameter of 37.5 mm, serves as the manual locking mechanism. It is
ergonomically designed for quick engagement and disengagement of the surgical tool with

minimal torque.

Figure 4. 7 - Release Knob

Hip Chuck Slide Assembly

The Hip Chuck Slide Assembly has a total length of 75.88 mm and is responsible for

translating the axial motion into a locking action.

Figure 4. 8 - Hip Chuck Slide Assembly
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Reamer Barrel

With an outer diameter of 37.77 mm, the reamer barrel accommodates various femoral head

sizes. It is structurally reinforced and designed to securely house the reaming bit.

Figure 4. 9 - Reamer Barrel

Impaction platform

The central shaft (reamer) within the end effector shows a variable internal diameter ranging from
10.56 mm to 19 mm. The shaft's total length is 266.42 mm, optimized for surgical reach and

compatibility with standard reaming tools.

Figure 4. 10 - Impaction Platform
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4.3 Finite Element Modelling

Introduction

This chapter presents a comprehensive overview of the modeling assumptions, boundary
conditions, material properties, and simulation setup used to analyze the redesigned hip end
effector for orthopedic surgical applications. The simulation is conducted using ANSYS
Workbench 2024 R2, specifically within the Static Structural module. The focus lies in
understanding the von Mises stress distribution and total deformation under axial loading
conditions of 5000 N and 7500 N for the following materials including Cobalt Alloy, Titanium
Alloy (Ti-6Al1-4V) and 17- 4 PH Stainless Steel.

Importing Geometry for FEM Analysis

The model was created in accordance with the geometric modeling section using Creo and then

imported as an IGES file from the CAD software for further processing.
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Figure 4. 11 - Importing Geometry
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Material Properties Used

The following material properties were defined for simulation, based on literature and standard

databases:
Common Advantages Across All Three Materials

o High Biocompatibility
All three materials are well-tolerated by the human body, making them suitable for
surgical tools and long-term implants. They do not cause toxic or inflammatory

responses, which is crucial for medical applications.

o Excellent Mechanical Performance
These materials exhibit a combination of strength, stiffness, and durability, making them
capable of withstanding the mechanical demands of surgical procedures and

physiological loading conditions.

o High Mechanical Strength
It provides the necessary toughness and hardness required for surgical instruments and

end effectors that encounter impact and repeated use.

o Corrosion Resistance
Offers resistance to bodily fluids and sterilization processes, ensuring reliability and
longevity.: - In the Engineering Data section, material properties will be established for
the five materials after conducting research. The engineering data will be created by

defining each new material and incorporating the necessary material properties.
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Property Value

Young’s Modulus 200 GPa

Density 7,750 kg/m?

Tensile Strength 0.25 Gpa

Poisson’s Ratio 0.29~0.3

Table 4. 1 - Properties for 17-4 PH Stainless Steel
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Figure 4. 12 - Assigning material properties for 17-4 PH Stainless Steel
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Property Value

Young’s Modulus 0.828 GPa

Density 4500 kg/m?

Tensile Strength 0.434 GPa

Poisson’s Ratio 0.3

Table 4. 2 - Properties for Titanium Alloy
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Figure 4. 13 - Assigning material properties for Titanium Alloy
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Property Value

Young’s Modulus 0.220 GPa

Density 8660 kg/m?

Tensile Strength 0.220 GPa

Poisson’s Ratio 0.33

Table 4. 3 - Properties for Cobalt Alloy
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Figure 4. 14 - Assigning material properties for Cobalt Alloy
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4.4 Boundary Conditions
The following boundary conditions were applied to the FEA model in ANSYS:

1. Fixed Support: A fixed support condition was applied to the handle end of the hip end
effector. This simulates the surgeon holding the instrument rigidly during the procedure,

preventing any translational or rotational movement at that point.

2. Applied Loads: Two axial loading scenarios were simulated at the distal end of the hip
end effector, representing typical forces experienced during bone reaming and implant

insertion:
o Load Case 1: A force of 5000N applied axially at the working tip.
o Load Case 2: A force of 7S00N applied axially at the working tip.

These forces were distributed uniformly over the contact area at the distal end to simulate the
interaction with the reamer or implant. The direction of the force was aligned with the operational

axis of the tool.

4.5 Meshing Details (Element Size, Type, Quality)

Meshing is a critical step in Finite Element Analysis (FEA), as it discretizes the continuous
geometry of the hip end effector into a finite number of interconnected elements. The quality and
characteristics of the mesh directly impact the accuracy and computational efficiency of the

simulation results.
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Figure 4. 15 - Default Meshing
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Figure 4. 16 - Face meshing
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Figure 4. 17 - Refined Meshing
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Figure 4. 18 - Details of Refined Meshing
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The figures provide a clear visual representation of the meticulous meshing process undertaken

for the hip end effector within the Finite Element Analysis (FEA) framework.
Element Size

The meshing process begins by discretizing the intricate geometry of the hip end effector into a
vast network of smaller elements and nodes. The first image (Fig 4.15) presents the initial global
mesh, characterized by 643,161 nodes and 420,519 elements, which forms the fundamental basis
for the structural analysis. To achieve optimal computational efficiency and accuracy, the "Element
Size" is carefully controlled and varied across the model. Advanced mesh controls such as "Body
Sizing" and overall "Refinement" are employed to manipulate element dimensions. In the initial
meshing pass, the global mesh was generated using program-controlled defaults for element order,
refinement levels, and smoothing algorithms. However, for subsequent fine meshing of critical
regions, the element formulation was explicitly set to quadrilateral elements, and their
polynomial order was elevated from linear (Order 1) to cubic (Order 3). Concurrently, a more
aggressive refinement level was applied, transitioning from an initial setting of 1 to a higher
density setting of 3, and more robust mesh smoothing algorithms were employed to enhance
overall element quality and geometric conformity. This is particularly evident in the highly detailed
views (Fig 4.18), where specific surfaces and volumes, likely critical regions such as attachment
points or areas where high stresses are anticipated, exhibit significantly smaller elements. The
"Minimum Edge Length" parameter, often defined during mesh generation, dictates the smallest
allowed dimension for an element's side, directly influencing the local mesh density. This targeted
reduction in element size in high-gradient regions is crucial, as it allows for precise capture of
detailed stress and strain distributions. Ultimately, this approach leads to a refined state (Fig 4.18)
with a higher total count of 1,997,164 nodes and 1,400,850 elements, signifying a denser and more
accurate representation in the areas most relevant to the stress analysis under the applied 5000 N

and 7500 N loads.
Element Type

While the figures do not explicitly specify the exact element types used for the volumetric

discretization, the appearance of the meshed geometry, particularly for a complex 3D component
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like a hip end effector, strongly suggests the use of tetrahedral elements. Tetrahedral elements
(often 4-node or 10-node solid elements) are widely preferred for meshing irregular and complex
geometries due to their flexibility in conforming to intricate shapes. The images show "Face
Meshing" applied to specific surfaces (Fig 4.16); this surface meshing typically serves as the
foundation upon which the 3D volume mesh is generated. The quality and distribution of these 2D
surface elements directly influence the creation of well-formed 3D solid elements within the
component. This chosen element type enables accurate representation of the material behavior

under various loading conditions, allowing for robust stress and strain analysis.
Mesh Quality

Ensuring high "Mesh Quality" is a paramount step to guarantee the reliability and accuracy of the
Finite Element Analysis results. Various parameters and checks are utilized to assess the quality of
the generated mesh. These metrics are vital for preventing numerical inaccuracies or solving
convergence issues. The interface also indicates the use of strict criteria, such as "Aggressive
Mechanical" for error limits and "High" smoothing, which signifies a rigorous approach to

optimizing element shape and connectivity. By maintaining a high standard

of mesh quality, the analysis minimizes errors stemming from poor element geometry, thereby
ensuring that the predictions of stress and strain, particularly at critical points under the 5000 N
and 7500 N loads for materials like 17-4 PH stainless steel, Cobalt, and Titanium, are reliable and

representative of the physical behavior of the hip end effector.

4.6 Setup in ANSYS (Static Structural, Constraints, Loads)

The Finite Element Analysis (FEA) of the hip end effector was performed using ANSYS
Workbench, a comprehensive simulation software. The "Static Structural" analysis system was
utilized, as the primary objective was to assess the instrument's behavior under constant applied
loads without considering time-dependent or inertial effects. The setup involved several key steps:
importing the CAD model, defining engineering data (material properties), applying boundary

conditions (constraints and loads), meshing, and solving the analysis.
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Figure 4. 19 - Boundary Conditions and Applied Load (5000 N) on the Hip End Effector

A: 7500

Static Structural
Time: 1.5
6/26/2025 11:44 AM
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Figure 4. 20 - Boundary Conditions and Applied Load (7500 N) on the Hip End Effector
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Solution
Boundary Conditions and Loads
The defined boundary conditions and loads were applied in the ANSYS Mechanical interface:

1. Fixed Support: A "Fixed Support" was applied to the face of the hip end effector
corresponding to the handle end. This constraint prevents all translational (X, Y, Z) and
rotational (around X, Y, Z) degrees of freedom at this boundary, simulating a rigid holding

condition.

2. Applied Force: A "Force" load was applied to the circular face at the very distal tip of the

hip end effector, simulating the impaction point.

o The force was defined as an axial load, directed along the longitudinal axis of the

hip end effector.
o Two separate axial loads were considered:
* Load 1: Magnitude of 5000 N
* Load 2: Magnitude of 7500 N

The force was applied to ensure correct directionality and was set to act

perpendicularly to the contact surface.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter presents and discusses the results obtained from the finite element analysis (FEA)
performed on the designed component. The analysis focused on understanding the component's
structural integrity under specified loading conditions, specifically examining von Mises stress
distribution, total deformation (strain), and identifying critical load paths. Three primary materials,
Cobalt, Titanium, and 17-4 PH Stainless Steel, were evaluated to compare their performance

characteristics.

Load Case 1: 5000 N

5.1 Stress Analysis: Von Mises Stress Regions and Critical Locations at 5000 N

The von Mises equivalent stress criterion was employed to assess the yielding potential of the
materials under complex loading. This criterion provides a single, positive stress value that can be
compared against the material's yield strength. Higher von Mises stress indicates areas more prone

to yielding.

5.1.1 17-4 PH Stainless Steel Material Analysis

For the 17-4 PH Stainless Steel component, the maximum von Mises stress, as depicted in

Figure 5.1, was found to be approximately 111.89 MPa.

A: 5000

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 15

6/24/2025 12:32 AM

1.1189¢8 Max
9.9457e7
8.7025e7
7.4593e7
6.2161e7
4.9729e7
3.7296e7
2.4864e7
1.2432e7
4.8524e-6 Min

5

Figure 5. 1 - Von Mises Stress Distribution for 17-4 PH Stainless Steel Component under 5000 N

0.060 (m)
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e The critical locations for the 17-4 PH Stainless Steel component were observed at the

interface region where the main cylindrical body connects to the base/support structure.

e Localized stress concentrations on the inner cylindrical surface at the connection point to

the fixed support.
5.1.2 Titanium Material Analysis

For the Titanium component, the maximum von Mises stress, as depicted in Figure 5.2 &

Figure 5.3, was found to be approximately 111.89 MPa.

A: 5000

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1s

6/24/2025 1:14 AM

1.1189¢8 Max
9.9457e7
8.7025e7
7.4593e7
6.2161e7
4.9729e7
3.7296e7
2.4864e7
1.2432e7
5.961e-6 Min

0.000

A: 5000

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1s

6/24/2025 1:15 AM

1.1189e8 Max
9.9457e7
8.7025e7
7.4593e7
6.2161e7
497297

Figure 5. 3 - Von Mises Equivalent Stress distribution showing the maximum stress region (red)

in the component under 5000 N
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The critical locations for the Titanium component were identified at:

The same interface region between the main cylindrical body and the base, particularly at the
point of load transfer to the fixed support.

5.1.4 Cobalt Material Analysis

As shown in Figure 5.4 & Figure 5.5 the maximum von Mises stress observed in the Cobalt
component was approximately 109.83 MPa.

A: 5000

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1s

6/24/2025 1:24 AM

~mm 1.0983¢8 Max
9.7626e7
854237
| 73207
6.1016e7
4.8813e7
3661e7

€7

1.2203e7
- 2.3225¢-6 Min

Figure 5. 4 - Von Mises Stress Distribution for Cobalt Component under 5000 N

A: 5000

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1s

6/24/2025 1:24 AM

1.0983e8 Max
9.7626e7
8.5423e7
7.322e7
6.1016e7
4.8813e7
3.661e7
2.4407e7
1.2203e7
2.3225e-6 Min

Figure 5. 5 - Von Mises Equivalent Stress distribution for Cobalt Component showing the

maximum stress region (red) in the component under 5000 N
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The critical locations, characterized by the highest stress concentrations (indicated by red regions

in the stress contour plot), were consistently found at:

e The interface region where the main cylindrical body connects to the base/support
structure. This area experiences significant stress due to the transition in geometry and the

transfer of load from the cantilevered arm to the fixed support.

e Specifically, a localized stress concentration was observed on the inner cylindrical surface

at this connection point, suggesting a high bearing or shear stress.

These regions are critical as they are the most likely points for material yielding or fatigue

failure under repeated loading.

Discussion on Stress Analysis

A comparison of the stress results reveals that Cobalt and Titanium components experience
similar maximum von Mises stress values, with Titanium showing a slightly lower peak stress.
Based on typical material properties, 17-4 PH Stainless Steel is also expected to exhibit
comparable stress distribution patterns, with peak stresses occurring at the same critical locations
due to the identical geometry and loading conditions. The specific magnitude for 17-4 PH
Stainless Steel will depend on its elastic properties. The choice among these materials would
depend on their respective yield strengths, fatigue properties, as well as cost, weight, and

environmental considerations, relative to these observed peak stress values.

5.2 Total Deformation Analysis Under Load and Safe Limits at 5000 N

Total deformation analysis provides insight into how much the component displaces under the
applied load, which is crucial for assessing its functional integrity and ensuring it remains within

acceptable operational limits.
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5.2.1 17-4 PH Stainless Steel Material Analysis

For the 17-4 PH Stainless Steel component, the total deformation is presented in

Figure 5.6 & Figure 5.7. The maximum total deformation was approximately 2.0147 x 10"-5 m.

A: 5000

Total Deformation
Type: Total Deformation
Unit m

Time: 15

6/24/2025 12:33 AM

2.0147e-5 Max
1.7908e-5
1.567e-5
1.3437e-5
1.1193e-5
8.9541e-6
6.7156e-6
4477e-6
2,2385e-6

0 Min

-

Figure 5. 6 - Total Deformation for 17-4 PH Stainless Steel Component under 5000 N

A: 5000

Total Deformation
Type: Total Deformation
Unit m

Time: 1s

6/24/2025 12:33 AM

2.0147e-5 Max
1.7908e-5
1.567e-5
1.3431e-5

1.1193e-5
E] 8.9541e-6
. 6.7156e-6
. 4.477e-6
2.2385e-6
0 Min

0.060 (m)

Figure 5. 7 - Total Deformation plot of the 17-4 PH Stainless Steel component under a 5000 N

load, indicating a maximum deflection

As with the other materials, the maximum deformation for 17-4 PH Stainless Steel was

concentrated at the free end of the cantilevered arm, diminishing towards the fixed support.
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5.2.2 Titanium Material Analysis

For the Titanium component, the total deformation is presented in Figure 5.8 The maximum total

deformation was significantly higher, approximately 0.0048666 m.

A: 5000

Total Deformation

Type: Total Deformation
Unit m

Time: 1s

6/24/2025 1:15 AM

0.0048666 Max
0.0043259
0.0037852
0.0032444
0.0027037
0.0021629
0.0016222
0.0010815
0.00054074

0 Min

Figure 5. 8 - Total Deformation for Titanium Component under 5000 N

The maximum deformation was concentrated at the free end of the cantilevered arm.
5.2.3 Cobalt Material Analysis

The total deformation of the Cobalt component is illustrated in Figure 5.9 & Figure 5.10

the maximum total deformation recorded was approximately 0.018237 m.

A: 5000

Total Deformation
Type: Total Deformation
Unit: m

Time: 1s

6/24/2025 1:25 AM

0.018237 Max
0.016211
0.014185
0.012158
0.010132
0.0081055
0.0060791
0.0040527
0.0020264

0 Min

Figure 5. 9 - Total Deformation for Cobalt Component under 5000 N
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A: 5000

Total Deformation
Type: Total Deformation
Unit m

Time: 1s
6/24/2025 1:25 AM

0.018237 Max
0.016211
0.014185
0.012158
0.010132
0.0081055
0.0060791
0.0040527
0.0020264

0 Min

0.100 (m)

Figure 5. 10 - Total Deformation plot of the Cobalt component under a 5000 N load, indicating a

maximum deflection

The highest deformation was observed at:

e The free end of the cantilevered arm, farthest from the fixed support. This is an expected
outcome as this is the point with the longest lever arm relative to the fixed support, resulting

in maximum deflection.
The deformation gradually decreases as one move closer to the fixed support.

Discussion on Strain Analysis and Safe Limits:

The most striking difference among the materials is evident in the total deformation results. The
Titanium component exhibited a significantly larger deformation (more than 800 times) compared
to the Cobalt component under the same loading conditions, indicating Cobalt's superior stiffness.
17-4 PH Stainless Steel typically possesses a Young's Modulus higher than Titanium but lower
than Cobalt, suggesting its deformation will likely fall between the two, being stiffer than Titanium

but less stiff than Cobalt.

The "safe limits" for deformation depend entirely on the functional requirements of the component.

If high dimensional stability is required, Cobalt would be the preferred choice due to its minimal
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deformation. If a certain degree of flexibility is acceptable, 17-4 PH Stainless Steel or even
Titanium might be viable, provided the deformation remains within the elastic limit and does not
compromise functionality. The final material selection should balance the mechanical performance
(stress and strain limits) with other critical factors such as manufacturing cost, weight constraints,

and specific application requirements.
5.3 Force Analysis: Load Paths

Understanding load paths is essential for optimizing component geometry and ensuring efficient
transfer of forces to the supporting structures. The analysis of stress and deformation patterns

allows for the inference of these paths.

The applied force is applied to the end of the extended arm with a magnitude of 5000 N. The
fixed support, on the other hand, is located at the base of the component, providing the reaction

forces necessary to counteract the applied load.

1. From Applied Force to Main Body: The applied force at the end of the arm induces bending
and shear stresses along the entire length of the arm. The load is primarily transferred axially

along the arm and as a bending moment into the main cylindrical body.

2. Through the Main Body: The cylindrical section of the component acts as a beam, transmitting
the bending moments and shear forces towards the fixed end. The stress concentration at the
interface (as seen in all stress analyses) clearly indicates this region is bearing the accumulated

forces and moments before they are transferred to the support.

3. To the Fixed Support. The load is finally transferred from the cylindrical body to the fixed
base. The high stress concentrations at the connection points with the fixed support confirm
that these are the primary load-bearing areas responsible for anchoring the component. The
entire structure acts as a cantilever beam, with the load being absorbed and transferred by the

material from the point of application to the point of constraint.

The continuous nature of the stress and strain contours from the point of load application to
the fixed support illustrates a clear and direct load path, which is consistent across all analyzed

materials. Optimizing the geometry and material properties in these load path regions,
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particularly at transitions and connection points, is crucial for enhancing the component's

overall strength and durability.

Three primary materials, Cobalt, Titanium, and 17-4 PH Stainless Steel, were evaluated to

compare their performance characteristics under an applied load of 7500 N.

Load Case 2: 7500 N

5.3 Stress Analysis: Von Mises Stress Regions and Critical Locations at 7500 N

The von Mises equivalent stress criterion was employed to assess the yielding potential of the
materials under complex loading. This criterion provides a single, positive stress value that can be
compared against the material's yield strength. Higher von Mises stress indicates areas more prone

to yielding.
5.3.1 17-4 PH Stainless Steel Material Analysis

For the 17-4 PH Stainless Steel component, the maximum von Mises stress under a
7500 N load, as depicted in Figure 5.11 & Figure 5.12 was found to be approximately
167.83 MPa.

A: 7500

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1s

6/24/2025 1:47 AM

1.6783e8 Max
1.4919e8
1.3054e8
1.1189%8
9.3241e7
7.4593e7
5.5945e7
3.7296e7
1.8648e7
4.7603e-6 Min

Figure 5. 11 - Von Mises Stress Distribution for 17-4 PH Stainless Steel Component
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A: 7500

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 15

6/24/2025 1:47 AM

1.6783e8 Max
1.4919e8
1.3054e8
1.1189%e8
9.3241e7
7.4593e7
5.5945e7
3.7296e7
1.8648e7
4.7603e-6 Min

Figure 5. 12 - Von Mises Equivalent Stress distribution for 17-4 PH Stainless Steel Component

showing the maximum stress region (red) in the component under 7500 N

The critical locations for the 17-4 PH Stainless Steel component were observed to be consistent

with those identified for Titanium and Cobalt:

The interface region where the main cylindrical body connects to the base/support structure.

o Localized stress concentrations on the inner cylindrical surface at the connection point to the

fixed support.

5.3.3 Titanium Material Analysis

For the Titanium component, the maximum von Mises stress under a 7500 N load, as depicted in

Figure 5.13 was found to be approximately 167.83 MPa.
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A: 7500

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1s

6/24/2025 2:01 AM

1.6783e8 Max
1.4919e8
1.3054e8
1.1189%8
9.3241e7
7.4593e7
5.5945e7
3.7296e7
1.8648e7
8.702¢-6 Min

0.200 (m)

Figure 5. 13 - Von Mises Stress Distribution for Titanium Alloy Component 7500 N Load

A: 7500

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 15

6/24/2025 2:01 AM

- 1.6783e8 Max
1.4919e8
1.3054e8
1.1189%e8
9.3241e7
7.4593e7
5.5945e7
3.7296e7
1.8648e7
8.702¢-6 Min

Figure 5. 14 - Von Mises Equivalent Stress distribution for Titanium Alloy Component showing the maximum stress region (red)

in the component under 7500 N

Like previous analyses, the critical locations for the Titanium component were identified at:

o The interface region between the main cylindrical body and the base, particularly at the point

of load transfer to the fixed support.

o The innermost circular section at this connection point also showed high stress concentration.
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5.3.5 Cobalt Material Analysis

For the Cobalt component under a 7500 N load, the maximum von Mises stress was found to be

approximately 164.74 MPa.

A: 7500

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 15

6/24/2025 2:10 AM

1.6474e8 Max
1.4644e8
1.2813e8
1.0983e8
9.1525e7
7.322e7
5.4915e7
3.661e7
1.8305e7
5.0094e-6 Min

0.200 (m)

Figure 5. 15 - Von Mises Stress Distribution for Cobalt Alloy Component under 7500 N Load

A: 7500
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1s
6/24/2025 2:10 AM

1.6474e8 Max
1.4644e8
1.2813e8

1.0983e8
9.1525e7
7.322e7
5.4915e7
3.661e7
1.8305e7
5.0094e-6 Min

Figure 5. 16 - Von Mises Equivalent Stress distribution for Cobalt Alloy Component showing the

maximum stress region (red) in the component under 7500 N
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The critical locations, characterized by the highest stress concentrations, are expected to be

consistent with previous analyses:

e The interface region where the main cylindrical body connects to the base/support

structure.

e Localized stress concentration on the inner cylindrical surface at this connection point.
These regions are critical as they are the most likely points for material yielding or fatigue

failure under repeated loading.

Discussion on Stress Analysis

Under a 7500 N load, Titanium and 17-4 PH Stainless Steel components show very similar
maximum von Mises stress values, approximately 167.83 MPa. This indicates that for this
increased load, these materials experience comparable peak stress magnitudes and distribution
patterns, with the critical areas remaining consistent at the interface with the fixed support. For
Cobalt, similar stress patterns are anticipated, and its specific value will need to be provided. The
general observation is that increasing the load from 5000 N to 7500 N (a 50% increase) leads to a
proportional increase in peak stress values, highlighting the linear elastic behavior under these
conditions. The choice among these materials would depend on their respective yield strengths

relative to these peak stress values, as well as fatigue properties, cost, and weight.

5.4 Total Deformation Under Load and Safe Limits at 7500 N

Total deformation analysis provides insight into how much the component displaces under the
applied load, which is crucial for assessing its functional integrity and ensuring it remains within

acceptable operational limits.
5.4.1 17-4 PH Stainless Steel Material Analysis

For the 17-4 PH Stainless Steel component, the total deformation under a 7500 N load is presented
in Figure 5.17 & Figure 5.18 the maximum total deformation was approximately

3.0222x10"5 m.
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A: 7500

Total Deformation
Type: Total Deformation
Unit: m

Time: 15

6/24/2025 1:49 AM

3.0222¢-5 Max
2.6864e-5
2.3506e-5
2.0148e-5
1.67%-5
1.3432e-5
1.0074e-5
6.7159e-6
3.358e-6

0 Min

0.200 (m)

Figure 5. 17 - Total Deformation for 17-4 PH Stainless Steel Component under 7500 N load

A: 7500

Total Deformation
Type: Total Deformation
Unit: m

Time: 1s

6/24/2025 1:49 AM

3.0222¢-5 Max
2.6864e-5
2.3506e-5
2.0148e-5
1.679%e-5
1.3432e-5
1.0074e-5
6.7159%e-6
3.358e-6

0 Min

Figure 5. 18 - Total Deformation plot of the 17-4 Stainless Steel component under a 7500 N load,

indicating a maximum deflection

As with the other materials, the maximum deformation for 17-4 PH Stainless Steel was

concentrated at the free end of the cantilevered arm, diminishing towards the fixed support.

52




5.4.3 Titanium Material Analysis

For the Titanium component, the total deformation under 7500 N load is presented in Figure 5.4.3

The maximum total deformation was approximately 0.0072999 m.

A: 7500

Total Deformation

Type: Total Deformation
Unit m

Time: 1s

6/24/2025 2:02 AM

0.0072999 Max
0.0064888
0.0056777
0.0048666
0.0040555
0.0032444
0.0024333
0.0016222
0.0008111

0 Min

0.200 (m)

Figure 5. 19 - Total Deformation for Titanium Alloy Component under 7500 N Load

0.0072999 Max
0.0064888
0.0056777
0.0048666

Figure 5. 20 - Total Deformation plot of the Titanium Alloy component under a 7500N load,

indicating a maximum deflection

The maximum deformation was concentrated at the free end of the cantilevered arm.
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5.4.5 Cobalt Material Analysis

For the Cobalt component under a 7500 N load, the maximum total deformation was

approximately 0.027356 m.

A: 7500

Total Deformation

Type: Total Deformation
Unit m

Time: 1§

6/24/2025 212 AM

~mm 0.027356 Max
0.024316
0.021217
0018237
0.015198
0012158
0.0091187
0.0060791
0.0030396

- 0 Min

0.200 (m)
)

I
0.050 0.150

Figure 5. 21 - Total Deformation for Cobalt Alloy Component under 7500 N Load

A: 7500

Total Deformation
Type: Total Deformation
Unit: m

Time: 15

6/24/2025 2:12 AM

0.027356 Max
0.024316
0.021277
0.018237
0.015198
0.012158
0.0091187
0.0060791
0.0030396

0 Min

Figure 5. 22 - Total Deformation plot of the Cobalt Alloy component under a 7500 N load,

indicating a maximum deflection
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The highest deformation is expected at the free end of the cantilevered arm, farthest from the fixed

support, gradually decreasing towards the fixed support.

Discussion on Deformation and Safe Limits

Under the increased 7500 N load, the differences in deformation between the materials are
significant. Titanium exhibits significantly larger deformation (7.2999 mm) compared to 17-4 PH
Stainless Steel (0.030222 mm). This highlights the substantial difference in stiffness, with 17-4
PH Stainless Steel demonstrating much greater rigidity. While specific values for Cobalt at 7500
N are needed, based on its typical higher modulus, it is expected to show the least deformation

among the three materials, maintaining its superior stiffness.

The "safe limits" for deformation are critically important at this higher load. If the component
needs to maintain strict dimensional stability, Cobalt will likely remain the most suitable choice,
followed by 17-4 PH Stainless Steel. Titanium's higher deformation under this load might be a
concern for applications requiring minimal deflection. The final material selection must balance
the mechanical performance (stress and strain limits) with other critical factors such as
manufacturing cost, weight constraints, and specific application requirements, ensuring that the

component operates safely and effectively within its intended environment.
5.5 Force Analysis: Load Paths

Understanding load paths is essential for optimizing component geometry and ensuring efficient
transfer of forces to the supporting structures. The analysis of stress and deformation patterns

allows for the inference of these paths.

The force is applied to the end of the extended arm with a magnitude of 7500 N. The fixed support,
on the other hand, is located at the base of the component, providing the reaction forces necessary

to counteract the applied load.
Inferred Load Paths:

1. From Applied Force to Main Body: The applied force at the end of the arm induces bending
and shear stresses along the length of the arm. The load is primarily transferred axially along

the arm and as a bending moment into the main cylindrical body.
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2. Through the Main Body: The cylindrical section of the component acts as a beam,
transmitting the bending moments and shear forces towards the fixed end. The stress
concentration at the interface (as seen in all stress analyses for 7500 N load) clearly indicates
this region is bearing the accumulated forces and moments before they are transferred to the

support.

3. To the Fixed Support: The load is finally transferred from the cylindrical body to the fixed
base. The high stress concentrations at the connection points with the fixed support confirm
that these are the primary load-bearing areas responsible for anchoring the component. The
entire structure acts as a cantilever beam, with the load being absorbed and transferred by the

material from the point of application to the point of constraint.

The continuous nature of the stress and strain contours from the point of load application to
the fixed support illustrates a clear and direct load path, which remains consistent across all
analyzed materials and load conditions. Optimizing the geometry and material properties in
these load path regions, particularly at transitions and connection points, is crucial for

enhancing the component's overall strength and durability.

5.5.1 Safety and Design Improvement Considerations

Based on the finite element analysis, the safety and potential for design improvement of the
component are primarily governed by two factors: the magnitude of the maximum von Mises stress
relative to the material's yield strength, and the extent of total deformation relative to functional

requirements.
5.5.2 Safety Assessment

e Yielding Prevention: For safe operation, the maximum von Mises stress in any part of the
component must remain below the material's yield strength. The analysis shows peak stresses
around 167.83 MPa for Titanium and 17-4 PH Stainless Steel under a 7500 N load. To ensure
safety, a Factor of Safety (FoS) is applied, which means the material's yield strength should be
significantly higher (e.g., 1.5 to 3 times) than the maximum calculated stress. If, for instance,
a material's yield strength is less than or close to this value, it would be at risk of permanent

deformation or failure under the given load.
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Deformation Limits for High-Precision Assemblies: Given that this component is a part of
a high-precision assembly, the control of deformation becomes paramount. Even a minimal
deflection, perhaps on order of tens or hundreds of micrometers (um), could lead to significant
functional issues such as misalignment, binding with adjacent parts, loss of precision in
movement, or even complete operational failure of the assembly. The results show a large
difference in deformation between Titanium (7.2999 mm) and 17-4 PH Stainless Steel
(0.030222 mm). For a high-precision application, Titanium's large deformation would almost
certainly be unacceptable, making 17-4 PH Stainless Steel (or Cobalt, expected to be even
stiffer) a far safer and more suitable choice in terms of maintaining the assembly's integrity
and performance. The acceptable deformation limit for such an assembly must be rigorously

defined early in the design process.

5.5.3 Design Improvement Suggestions to Reduce Stress Concentration

The FEA clearly identifies the critical locations as the interface where the main cylindrical body

connects to the base/support structure, specifically at sharp internal corners or transitions. Stress

concentrations occur at these points due to abrupt changes in geometry, which force stress lines to

converge. Reducing these concentrations is paramount for improving component longevity and

reliability, especially for a high-precision application where localized yielding or cracking could

severely compromise function.

Several geometry changes can effectively mitigate stress concentration:

1.

Introduce or Increase Fillet Radii: The most common and effective method is to replace
sharp internal corners with generous fillet radii. A larger radius allows stress to flow more
smoothly through the material, distributing the load over a wider area. For instance, if the
current connection has a sharp 90-degree corner, adding a fillet or increasing an existing small
fillet can significantly reduce localized stresses. This is particularly important in high-precision
parts where even microscopic cracks initiated by stress concentration could lead to

unacceptable failure.

Gradual Transitions/Tapers: Instead of an abrupt change in cross-section or connection,
design a more gradual transition. Tapering or blending the geometries over a longer distance
can help distribute the load more evenly, preventing stress from peaking at a single point. This

smooth transition reduces the "pull" on any one area.
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3. Hole/Opening Optimization and Reinforcement: If there are holes or openings in highly
stressed areas, consider optimizing their shape (e.g., elliptical instead of circular where stress
flow is critical) or adding reinforcement around them (e.g., thicker walls, bosses, or integrated

collars) to effectively spread the load.

4. Optimized Load Distribution: If possible, consider redesigning how the 7500 N load is
applied or supported. Spreading the load over a larger surface area or introducing additional
support points could reduce the overall stress intensity in the critical regions. For example, if
the cantilever is currently fixed at a single point, widening the fixed base or adding more

attachment points could help distribute the reaction forces more broadly.

5. Material Optimization in Critical Areas (Localized Reinforcement): In some advanced
high-precision designs, localized material reinforcement could be considered. This might
involve selective thickening of the wall only in the highly stressed zone or, in very specialized
cases, integrating a small insert of an even stronger/stiffer material into the critical area.

However, this adds significant manufacturing complexity and cost.

By implementing these design modifications, engineers can reduce the peak stresses, enhance
the overall strength, and critically, improve the fatigue life of the component. For a high-
precision assembly, these improvements directly translate to higher reliability, extended
operational lifespan, and maintained accuracy, leading to a safer and more robust product.
Future FEA iterations would then be used to quantify the effectiveness of these proposed design

changes.

5.6 Validation

The CAD model was validated through comprehensive simulation studies presented in Chapter 4,
where stress and strain analyses were conducted under realistic loading conditions. The same
design was tested using three different materials to evaluate performance variations and identify
the most suitable option for surgical applications. As shown in Fig 4.4.1, Fig 4.4.2, and Fig 4.4.3,
the simulations illustrate the distribution of stress and deformation across critical components such
as the locking mechanism, reamer barrel, and spring-loaded assemblies. These figures highlight
how each material responds to operational forces, confirming the structural integrity and functional
reliability of the design. The comparative analysis ensures that the selected material offers optimal

strength, durability, and safety for clinical use.
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17-4 PH Stainless Steel

Serial | Load Value (N) Maximum Von misses Stress Yield Strength (MPa)

No. (MPa)

1 5000 111.89 250
Titanium Alloy
Serial | Load Value (N) Maximum Von misses Stress Yield Strength (MPa)
No. (MPa)
2 5000 111.89 434
Cobalt Alloy
Serial | Load Value (N) Maximum Von misses Stress Yield Strength (MPa)
No (MPa)
2 5000 109.83 220
Table 5. 1 - Validation Report for Von Misses Stress Analysis
17-4 PH Stainless Steel

Serial | Load Value (N) | Maximum Von misses Stress Yield Strength (MPa)

No. (MPa)

1 7500 167.83 250
Titanium Alloy
Serial | Load Value (N) | Maximum Von misses Stress Yield Strength (MPa)
No. (MPa)
2 7500 167.83 434
Cobalt Alloy

Serial | Load Value (N) | Maximum Von misses Stress Yield Strength (MPa)
No (MPa)
2 7500 164.74 220

Table 5. 2 - Validation Report for Von Misses Stress Analysis
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17-4 PH Stainless Steel

Serial | Load Value (N) Total Deformation (m) Deformation limit (m)
No.
1 5000 2.0147 x 10 m 3.5x10™2
Titanium Alloy
Serial | Load Value (N) Total Deformation (m) Deformation limit (m)
No.
2 5000 0.016211 m 3.5x10™2
Cobalt Alloy
Serial | Load Value (N) Total Deformation (m) Deformation limit (m)
No
2 5000 0.018237 m 3.5x10™2
Table 5. 3 -Validation Report for Total Deformation Analysis
17-4 PH Stainless Steel
Serial | Load Value (N) Total Deformation (m) Deformation limit (m)
No.
1 7500 3.0222 x 10 m 3.5x10™2
Titanium Alloy
Serial | Load Value (N) Total Deformation (m) Deformation limit (m)
No.
2 7500 0.0072999 m 3.5x10™2
Cobalt Alloy

Serial | Load Value (N) Total Deformation (m) Deformation limit (m)
No
2 7500 0.027356 m 3.5x10™

Table 5. 4 - Validation Report for Total Deformation Analysis
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CHAPTER 6

CONCLUSION & FUTURE WORK

6.1 Summary of Findings

This study focused on the design and validation of a surgical end effector using CAD modeling
and finite element analysis. Three materials—17-4 PH Stainless Steel, Titanium Alloy, and Cobalt
Alloy—were evaluated under two loading conditions: 5000 N and 7500 N. Stress and deformation
analyses were conducted to assess the mechanical performance of the design. The results, as
presented in Table 5.6 and Table 5.7 for Von Mises stress analysis, demonstrated that all three
materials-maintained stress levels below their respective yield strengths. Furthermore, the total
deformation values, detailed in Table 5.8 and Table 5.9, remained within the updated acceptable
limit of 3.5 x 102 m, validating the structural integrity and mechanical reliability of the design

across all tested materials.

6.2 Validation of Objectives

The primary objective of ensuring mechanical reliability under surgical loads was successfully
validated. For both 5000 N and 7500 N load cases, the maximum Von Mises stress for all materials
remained well below their yield strengths, as shown in Table 5.6 and Table 5.7. Deformation
results, detailed in Table 5.8 and Table 5.9, showed that even the highest deformation value—
0.027356 m for Cobalt Alloy at 7500 N—remained within the threshold of 3.5 x 1072 m. This
confirms that the design is structurally sound and functionally reliable for surgical applications

when using materials like 17-4 PH Stainless Steel, Titanium Alloy, and Cobalt Alloy.

6.3 Limitations of the Current Analysis

While the simulation results validate the design under static loading conditions, the analysis does
not account for dynamic or fatigue loading, which may occur during actual surgical procedures.
Additionally, the simulations assume ideal material properties and perfect manufacturing
tolerances, which may not fully represent real-world conditions. Thermal effects, wear, and long-

term durability were also not considered in this study.
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6.4 Suggestions for Improved Material Selection, Manufacturing, or Surgical Application

Future iterations of the design could benefit from exploring advanced composite materials or
hybrid alloys that offer improved strength-to-weight ratios. Manufacturing processes such as
additive manufacturing or precision CNC machining could enhance the dimensional accuracy and
surface finish of the components. From a surgical perspective, ergonomic refinements and

modularity could improve usability and adaptability across different procedures.

6.5 Potential for Experimental Validation or Design Optimization in Future Work

Future work should include experimental validation of the simulation results through physical
prototyping and mechanical testing. Fatigue testing, thermal analysis, and biocompatibility
assessments would provide a more comprehensive evaluation of the design. Additionally,
optimization studies using topology optimization or parametric design techniques could further
enhance performance and reduce material usage. Integration with robotic systems and real-time
feedback mechanisms could also be explored to advance the surgical capabilities of the end

effector.
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