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ABSTRACT

The primary objective of this research work is the development of new
materials and design modifications of knee joint prosthesis to improve fatigue life
and wear. Most individuals in developing countries including India live below the
poverty line and cannot afford costly above knee prosthesis devices manufactured by
developed countries. These devices can be made affordable by making them from
cheaper and low cost materials such as plastics. The research work is divided in two
parts. In first part, the new material is developed by preparing the composites of
Nylon66-aluminum oxide and Nylon66-titanium dioxide by adding different weight
% of the filler. The composites are developed by compounding the material on a
twin screw extruder and mechanical & tribological properties investigated. Tests for
sliding wear were performed using the pin-on-disk equipment under different loads,
sliding velocity and sliding distance combinations to determine the wear rate &
coefficient of friction. The images of the worn surfaces were examined using
scanning electron microscopy, to understand the wear mechanism. The improved
tribological and mechanical properties of Nylon66-Al,O; and Nylon66-TiO,
composites will enhance the application of plain Nylon 66. Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS), a Multiple Criteria Decision
Analysis (MCDA) technique was used to formulate material selection matrix.
Composite of Nylon66 with 2 wt.% of aluminum oxide ranked first and was chosen
as the material for the knee joint prosthesis. The composite of Nylon66 with 2 wt.%
of aluminum oxide exhibited much less wear rate and better mechanical properties
compared to oil impregnated nylon material and thus will result in enhanced
functional life. The fatigue testing is performed for the composite of Nylon66 with
2 wt.% of aluminum oxide and oil impregnated nylon material to predict their

fatigue life.

In the second part, static proof and ultimate stress analysis of the knee joint
prosthesis, is conducted by finite element analysis using ANSYS software. By
comparing stress distributions with failure criteria for prosthesis, the suitability of

proposed design changes were assessed. In these finite element analyses, all the



simulations for static and cyclic stress analysis were conducted by following the 1SO
10328 standard protocol. The study is done as per the loading conditions P5 (I & II)
of 1SO 10328:2006 for static and cyclic tests suitable for an amputee of 100 kg
weight. The finite element analysis (FEA) of knee prosthesis revealed failure of
some of the components under static and cyclic tests. The total deformation
exceeded the prescribed value of 5 mm as per ISO 10328 standard and von Mises
stresses are more compared to the yield strength of the material. FEA of existing
design with newly developed composite of Nylon 66 filled with 2 wt.%
microparticulate of aluminum oxide has shown marginal improvements, yet it failed.
Improvements in the design of knee joint prosthesis have been carried out by
modifying the geometry of the individual components with an objective to reduce
the stresses, total deformation, weight reduction and overcome failure. L9
orthogonal array from Taguchi design of experiments is used to develop new
designs. New designs of knee prosthesis were studied by the finite element analysis.
The optimized design of knee joint prosthesis meeting all the performance
requirements was recommended which complied with the strength and deformation
criteria for P5 load level conditions prescribed as per ISO 10328 and components
predicted the fatigue life of more than 3x10° cycles in comparison to the fatigue life
of 1.93x10° cycles of the existing design. The weight of optimized knee prosthesis is
356 grams compared to the existing design of 372 grams thus reducing the weight
by 4.3 %.

Vi
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CHAPTER 1
INTRODUCTION

The Census 2011 of India revealed that, out of the 1.21 billion population,
2.21% of the total population i.e. about 26.8 million persons are ‘disabled’” and 20%
of them are having movement disability [1]. Movement disability occurs due to loss
of lower limb. The lower limb supports the body structure during standing and
transport the body during walking. Lower limb is also required for many other
essential activities like walking, standing and driving the vehicles etc. and loss of
lower limbs makes amputees unable to perform their daily activities of life. Loss of
any limb brings catastrophic change in anyone’s life and the loss of lower limbs is

more crucial as they are needed for walking and movement.

1.1  Amputation

Amputation of the lower limb becomes necessary due to several reasons like
(i) road accidents, (ii) war injuries, (iii) vascular and diabetic diseases, (iv) growth of
tumor and (v) sometimes for the children born with congenitally deformed limbs.
Lower limb amputations may be performed at different levels along the lower limb
according to the nature and type of the problem:
1) Transtibial
2) Transfemoral
3) Knee disarticulation
4) Hip disarticulation
5) Partial foot
6) Ankle disarticulation

Irrespective of the reason and the type of amputation, the amputee undergoes

trauma both in physical and psychological terms.

1.1.1 Transfemoral Amputation
In movement disability, transfemoral amputation also known as an above
knee amputation is a most occurring type of the lower limb amputation which

happens through the femur bone in the thigh. Two of the most important joints of the
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human being i.e. knee and ankle joints are lost by the person due to this type of
amputation. To ensure the proper rehabilitation of the amputee, care should be taken
during surgery to leave as much residual limb as possible, preserve the adductor

muscle, and effectively suture the remaining soft tissue to minimize scarring [2].

Transfemoral amputees faces distinct challenges, such as balance and
stability problems, discomfort while sitting and difficulty rising from a seated
position and increased energy requirements [3]. Above knee amputees face more
challenges ambulating throughout the community. They cannot participate in the
sports and other essential activities. Young amputees response is good to the

functional need, but aged amputees find it difficult to overcome the energy cost [4].

1.2 Prosthesis

The word “prosthetics” comes from the Ancient Greek, meaning “to place an
addition” [5]. In orthopedic field, prosthesis is defined as an artificial device that
replaces the amputed limb of the body [6]. Lower limb prostheses were designed to
assist the amputees to overcome the above difficulties and improve their lives. The
replacement of any lost natural limb, in true sense, is practically impossible by any
artificial mechanical system due to the fact that the natural limb is an integrated part
of the body which has grown up by natural biological processes with complex
articular linkages and neuromuscular control system. However, a well-functioning
prosthesis has the ability to return independence to an amputee and may allow him
or her to participate in socio-economic activities that would otherwise be impossible.
It is a well accepted criterion for the successful prosthetic device that it shall
rehabilitate the lower limb amputees with a normal appearing gait. Also, the
prosthetic replacement shall be comfortable, safe and amputee uses it without undue
physical effort and mental agony. Basically two types of prosthesis (below or above

knee) are used to replace the lower limb, depending on the kind of amputation.

1.2.1 Transfemoral Prosthesis / Above Knee Prosthesis
In the case of transfemoral amputation, the replacement limb is called the
transfemoral prosthesis or above knee prosthesis and it must allow the amputee to

control the knee prosthesis by means of the residual limb and enable walking. There
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are two types of transfemoral prosthesis: exoskeletal and endoskeletal as shown in
Figure 1.1(a) and 1.1(b). Exoskeletal prosthesis is the primitive design with plastic
laminated outer skin or shell of wood and polyurethane foam interiors and

endoskeletal prosthesis consists of four major components — socket, knee joint,

pylon and foot.

Socket

Fylon

Fool

(a) Exoskeletal (b) Endoskeletal
Figure 1.1 Transfemoral prosthesis

Knee joint is the most important component of the above knee prosthesis and
must be able to substitute the functionality of the muscles lost due to amputation,
particularly the stability during walking in the stance phase and control during the
swing phase [7]. The knee joint is very complex and biggest joint of the human
body, lying between hip and ankle joint and is essentially made of four bones —
Femur, Tibia, Fibula and Patella (knee cap).

Even though more than 100 different designs of knee joint prosthesis are
commercially available in the markets worldwide, but prosthetic knees can be
classified as per kinematic function into two types: single-axis and polycentric [8].
Single axis knee is defined as any knee joint in which the shin moves in pure
rotation about a fixed centre of rotation which is located at the knee bolt, whereas in
the polycentric knee design, the shin moves in a combination of translational and
rotational motion. This combined translational and rotational motion is described
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mechanically in terms of pure rotational motion. This continuously changing centre

of rotation is called instantaneous centre of rotation [9].

In single axis knee prosthesis, the amputee needs to walk over a fully
extended i.e. straight knee during the weight-bearing phase which leads to the
unnatural appearing gait and contributes to the physiological abnormalities to the
above-knee amputee [10]. In comparison to single axis knee, four-bar knee design
provides increased stability during the heel strike, through the early stance phase and
reduced energy requirement. The overall length of the prosthesis gets shortened
during the swing phase and the four bar design provides increased voluntary control
of knee flexion in the terminal stance [11-13]. Due to these important features, the

four-bar knee prosthesis have gained large acceptance by the amputees.

1.3 Knee Prosthesis Material

The material selection of knee joint is done by considering the strength and
weight of the material. The necessary trade off is made between the strength and
weight of the prosthesis and decision is taken on the strength to weight ratio so that
amputee need not to walk with too much weight. Cost of the prosthesis depends
upon material selected. There are many amputees who cannot afford advanced
prosthesis due to paucity of funds. Therefore selecting a low cost material can make
the prosthetic device much more affordable for many amputees throughout the

developing countries.

1.3.1 Kbnee Prosthesis in the Developed World

The material selection for prosthetic knee joints in the developed countries is
primarily based on the mechanical properties, regardless of cost. The selected
material shall have high strength combined with low density, high fatigue strength
and corrosion resistance properties. Titanium alloys, stainless steel, high strength
aluminum alloys and carbon fiber materials are normally used for the knee
prosthesis in the developed countries. In some of the knee joints, the composite and
copolymer materials are used for the bearing or contact surfaces due to their less
coefficient of friction and self lubricating properties. Polymer composite materials

offers excellent strength to weight ratio and their development has led to
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technological advances in prosthetic devices [14]. The knee joints commonly used
by the amputees in developed countries costs thousands of US dollars which is the

result of chosen material and the manufacturing processes.

1.3.2 Knee Prosthesis in the Developing World

As most of the amputees in the developing countries live below the poverty
line, the material selection for knee joint prosthesis is dependent more on the locally
available material having less cost. Thermoplastics are primarily used as the main
material due to their relatively less cost, light weight due to less density, low friction
and ease of machining. The most commonly used materials include different types
of nylon, polyacetal, polypropylene and polyethylene. However, these prosthetic
components shall be capable of withstanding the high loads present during mobility
and provide sufficient strength complying with the requirements of international
standards [15]. The above polymer materials suffer from poor mechanical strength
and wear properties compared to the metal & alloys used in prosthetic devices. The
wear is caused on some of the components of the knee prosthesis as a result of
severe loading developed during the various daily activities. The repetitive action of
such loading leads to the failure of some of the prostheses [16]. Thus the need is felt

to develop new materials having less wear and better mechanical properties.

1.3.3 1SO 10328

The development of lower limb prostheses took place only on the basis of
field use by the amputee, without performing any structural testing, for so many
years. As it is recommended to first establish the safety of the product before the
commencement of mass production, an International Standard “ISO 10328:2006
Prosthetics - Structural testing of lower limb prostheses - Requirements and test
methods”, was developed [16,17]. Thus it is very much essential to develop the knee

prosthesis which shall meet the performance criteria of ISO 10328 standard.

1.4 Finite Element Method
The development time for new designs can be accelerated and experimentation
cost can be reduced significantly by simulating the tests using the finite element

method. Finite element analysis softwares such as ANSYS are utilized for this
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purpose. The finite element method revealed the stress distributions induced on
prosthetic devices and predicted their fatigue life and the validation results confirm
the fidelity of its application [18, 19]. Thus it is concluded that the application of
FEM suits well for the design of prosthesis.

With this background knowledge, the present work has been undertaken to
develop new materials, study their structural suitability and develop new design of
knee joint prosthesis meeting the performance criteria specified in “ISO 10328:2006

standard™.

Main purpose of this thesis is to develop new Nylon66 based composite
having better mechanical and tribological properties for knee joint prosthesis. The
properties of all the developed composites are studied and their performances are
compared. The study would help the research community to select the composites
for different engineering applications. Further, one of the low cost knee prosthesis
used in developing countries is studied for its static strength and fatigue life analysis

using finite element method to develop new optimized design.

1.5  Thesis Outline
The remaining part of thesis is structured as below:

Chapter 2: Includes literature review considered to provide an outline of the
existing basic knowledge and issues involving the present research
interest. It describes the research works on above knee prosthesis,
its mechanism, design, types etc. Study of various types of polymer
composites of nylon by addition of different fillers. Research on
application of FEM in the area of above knee prosthesis conducted
by various researchers and design optimization techniques.

Chapter 3: This chapter briefly illustrates the properties and specifications of
the selected materials, methodology to develop composites, test
procedure for the mechanical characterisation and tribological
studies. Material selection process by TOPSIS, a multi criteria
design analysis and the methodology of finite element analysis and
the requirements of 1SO 10328: 2006 standard in detail.
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Chapter 4: This chapter covers the results of mechanical and tribological
properties of oil impregnated nylon material (Oilon), Nylon66 and
composites of Nylon66 material. The interpretation of the results
and comparison for various compositions is elaborated in detail.
The SEM results of worn out surface of the specimens is also
depicted. The result of material selection, based on multi objective
design criteria is also covered in detail.

Chapter 5: This chapter covers the finite element analysis of knee joint
prosthesis as per the procedure of 1SO 10328. The static proof and
ultimate strength analysis of the knee joint prosthesis, by finite
element method is covered in detail.

Chapter 6: It presents a detailed study on design modifications of the existing
design and FEA of knee joint prosthesis. Fatigue testing of the
materials and the analysis of optimized design for fatigue life, is
also discussed.

Chapter 7: Important findings of this research work are presented in this
chapter and explicit conclusions deduced from the investigations are
outlined and suggestions for future work are mentioned.

The next chapter briefly discusses the literature review of various research
papers on knee joint prosthesis, its mechanism, design, types etc. Study on various
types of polymer composites used in prosthesis. Research work involving the
application of FEM and 1SO 10328 standard in the area of knee joint prosthesis is
discussed. The specific objectives of research work are explicitly outlined in the
next chapter.
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CHAPTER 2
LITERATURE REVIEW

The purpose of the literature review is to gain useful insight and information
on the issues to be considered in this thesis and to emphasize the importance and
relevance of the present study. This review seeks out to summarize, evaluate and
describe the works in the field of above knee prosthesis. The types of knee
prosthesis used in developed and developing countries and the materials used for
knee prosthesis is studied in detail, particularly the polymer composites. Research
work related to the application of FEM, design optimization and ISO 10328 standard
in the area of above knee prosthesis is also studied.

This thesis includes various aspects of polymer composites, particularly with
a special reference to the mechanical and wear characteristics. The topics included
in this literature review are:
2.1  History of Prostheses
2.2  Types of Knee Prosthesis
2.3 Materials used for Prosthesis
2.4 Material Selection methods
2.5  Applications of FEM in Prosthesis
2.6 1SO 10328 applications in knee prosthesis
2.7 Taguchi Technique for Design of Experimentation

Literature survey summary and knowledge gap in the previous research work

IS given at the end of chapter. The objectives of this research are clearly outlined.

2.1  History of Prostheses

The earliest prosthesis found a mention in Rigveda with reference to the
warrior queen Vishpala. We got the evidence from the wooden toe of an individual
that the prostheses were in existence from earlier times of Egyptians [20]. In the
earlier era, simple stubs of wood prostheses were used by the amputees for
balancing while walking. Until the late 18th century, the prosthesis design did not
assumed an anthropomorphic (human like) design and before the 20th century, the
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prostheses in use were mostly passive [21]. More prosthetic devices were developed
by researchers, as the numbers of amputations in war were increased. A pneumatic
hand developed in Germany was the first powered prosthesis and since then
tremendous improvements have taken place and improved powered prosthetic
designs are developed [22]. Presently, highly sophisticated microprocessor controlled
prosthetic devices involving state of the art hardware and software which are
capable of imitating the natural human gait are available in the developed countries.
These advanced high-tech prostheses are not accessible to everyone due to the high
cost and still millions of amputees in the developing countries are dependent on

passive or semi- passive prostheses.

Prosthesis for individuals with amputations above the knee through femur
bone is referred to as transfemoral or the above-knee prosthesis. The amputees with
knee disarticulation who have transection between the tibial and femoral condyles,
also suffers from the loss of functions of knee, and their prostheses are known as
knee disarticulation prostheses. In knee disarticulation, the challenge is to manage
the long residual limb. It shall be ensured that the shank and thigh segments are in
proportion to the intact limb. Knee joint is required in both the above types of
amputees, thus the term transfemoral or above knee prosthesis includes knee

disarticulation also.

Transfemoral prosthesis has four main components, a socket and suspension
for interfacing and securing the prosthesis to the residual limb, a knee joint, shank or
pylon with connectors and a foot component. All of these components are having
their own importance and are responsible for a comfortable and well-functioning
prosthesis. The comfort, load-bearing capability, proprioception, and control of the
prosthetic limb are dependent on the fit of the socket & suspension to the amputee
[23]. The knee joint plays a major role for articulating the mobility activities. They
are sitting, stair climbing, squatting, kneeling, swing-phase walking and facilitates
limited performance, depending upon the design. Knee joint plays a major role in
stability during weight-bearing [24, 25]. Stability, comfort, smooth rollover and

progression of the shank, are dependent on the foot component of the prosthesis [26-
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28]. The successful fitment and use of the above knee prosthesis, is dependent on the
setup, alignment and interaction of all the components of the prosthesis.

2.2  Types of Knee Prosthesis
From the literature review, it is revealed that the prosthetic knee joints of
following types are in use:
1. Knee with Manual Locking
2 Single Axis Knee with Constant Friction
3 Polycentric Knee
4. Weight Activated Stance Control Knee
5 Knee joint fitted with Outside Hinges

Knee with manual locking gives maximum stability from the above given
types, but it does not provide the voluntary control. As seen, outside hinges on knee
joint gives the highest voluntary control but has minimum stability of all given
designs. Control means ability to influence by the amputee on prosthetic device and
stability means influence of the prosthesis on the amputee wearing it. Locking
mechanisms of the knee joint are manual and weight activated. K scale or K score is
defined by “The Medicare Functional Modifier System” to differentiate knees which
ranges from KO to K4. KO is for healthy humans and K4 for children, athletes and
bilateral amputees. Most of the amputees come under category of K2 and K3, where
they have to do many activities in different areas [29]. The different passive knee
joint prosthesis are classified on the basis of design aspects such as axes,
mechanisms for locking, adjustability, friction, and microprocessor control etc. [30-
32]. Single axis and polycentric are the two main types of prosthesis. The knee joints
equipped with frictional components can be, hydraulic or pneumatic, with constant
or variable friction. Extension aids fitted with the above knee prosthesis are either
external or internal. Different types of knee prosthesis designs are made on the basis
of Thigh-Knee-Ankle (TKA) weight line and its relation to the instantaneous centre
of rotation. Stability and control is dependent on TKA weight line. Stability is high
when TKA weight line is anterior with respect to the knee axis and situation is
reverse when TKA weight line is posterior to the knee axis [42, 56-59].The design
which is suggested also depends upon the stump length of the amputee. The amputee
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who has long stump length can have voluntary control and stability. Such amputee
needs low stability, high control knee joints. Whereas the amputees with short stump
length cannot have voluntary control due to not having enough muscles, so they

needs low control and high stability prosthetic knee joints [34].

2.2.1 Passive Prosthesis

The functioning of Passive prostheses depends upon energy which is stored
and released during gait, during heel strike the energy is stored and is released
during toe off [35]. With the help of springs, the energy storage and release is done
in some of the passive prosthesis designs. Due to high energy expenditure while
walking, amputees are not able to use the prosthesis as much as needed [36]. With
good prosthetic design, the energy expenditure can be reduced. Some of the popular
passive prosthetic knee joints are manually locking, polycentric, and weight
activated knees for stance control. Because these prosthetic knee designs can function
without microprocessor control and allow for simple mechanical or geometric
locking. The asymmetric transfemoral prosthesis designed by Sushko et al. was
successful in restoring symmetric gait due to its less weight than the conventional
prosthetic devices [37].

In the developing world, most of the individuals due to their poor economic
conditions tend to use passive knee prostheses, designed purely based on mechanical
means. Single axis knee prosthesis is the most common model with no swing phase
control and offers the lowest cost and little to no maintenance lifespan [38, 39].
However, this model exhibits stability problems, offers no variance in walking speed
and gait problems [39]. Due to these problems, many amputees consequently switch
to manually locking single axis knee for more stability over uneven terrain [39, 40].
The ICRC manually locking knee exhibits a low failure rate and offers no in-gait
swing or stance control. Weight-activated friction knee was developed by ATLAS to
address the absence of control, but it showed unreliable function and high rates of
structural failure. The failure problems noted in these prosthetic designs were
primarily attributed to the high wear of the braking mechanisms and changes in the

friction coefficient due to the factors such as humidity and moisture [40].



Literature Review 12
|

The four bar linkage knee mechanism, based on polycentric action is in
existence for almost four decades and was designed primarily to offer stance phase
stability & swing phase mobility [9]. The four-bar linkage knee prosthesis provides
greater toe clearance during the swing phase of walking compared to the single-axis
knees and negated the need for a joint lock thereby increasing the functionality &
mechanical advantage of the artificial knee joint and consequently increases the
efficiency of the prosthesis and decreasing the energy requirement for the amputee
patient [60]. The four bar knee prosthesis mechanism is modified adding a fifth link
and offers a stance flexion feature to the amputees in early stance and mid-stance
phases of the gait [61]. Patil and Chakraborty [62] gave a six bar knee-ankle design.
It provides and coordinates motion between knee and ankle joint while walking and
squatting. Otto Bock developed Total Knee & 3R60 Knee prosthesis using six-bar
mechanism [63]. This study shows us six bar mechanism is better than four-bar
mechanism. It can be designed in better way to achieve the desired trajectory of the
ankle joint [59].

Due to the development of cheaper and better designs, the usage of knee
prosthesis based on four bar mechanism principle are increasing in the developing
world [52]. The four-bar knee offers better stability and enables relatively natural
gait movement due to its polycentric design but still experiences abrasion wear
problems. Bhagwan Mahavir Viklang Sahayta Samiti (BMVSS), Jaipur has
developed a low cost prosthesis in collaboration with Stanford University which

costs less than 40 dollars and is widely used in the developing countries [33, 41].

Uses of spring can minimize the energy required by mimicking the
musculotendonous structures. The energy is stored and released during the gait cycle
as per the requirement. Spring is very much efficient and is useful due to its high
power/weight ratio [54]. A prototype was developed by Unal et al. [55], which uses
a set of springs, coupling knee and joints which can harvest and return energy. This
design works on energy distribution which is balanced between the ankle and knee

joints in a single stride.
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2.2.2 Active Prosthetics

Most of the low cost prostheses currently in use lack technology that assists
the amputee during swing-phase of the gait cycle. Swing-phase control knee joints
aid to limit heel rise, assist extension, and reduce impact at the end of knee
extension for more comfortable, efficient and aesthetic gait [42]. Microprocessors
are used in Active prostheses to control and position of the knee and ankle joints
which are monitored by the sensors. Other variables tracked are, stride lengths,
stride velocity and applied forces [43]. The parameters are tracked to assimilate the
movements of the healthy limb. The actuators which are used in these devices are
hydraulic or pneumatic, or the electric motors can be used [48]. Pneumatic based
designs give enough power and precise control during the work [44]. Hydraulic
based designs gives high power to weight ratio and has lesser leakages but it is
heavier than pneumatic based devices [45, 46]. Yokogushi et al. made successful
design of hydraulic polycentric knee. It performed under different step rates and
gives the results similar to that of healthy human limb [47]. The active prostheses
adapt to the motion of the wearer and compensate for the lack of muscle control in
the residual limb. Significant improvements in the gait and balance were experienced
by the transfemoral amputees fitted with active microprocessor controlled prostheses,
when compared to the passive prostheses. The major constraints to these designs are

high cost, large size and heavy weight.

2.2.3 Problems Experienced by Transfemoral Prosthesis Users

Current models of low-cost prosthetic knee used by amputees in the
developing countries offer very little functionality and serve primarily as structural
support for the amputee. Inadequately functioning knee joint prosthesis can lead to
significant gait deviations compromising on the mobility, independence and morale
of the amputee [49]. Transfemoral amputees experience innumerable problems such
as gait asymmetry, which affect their quality of life [50]. Socket, which is a
component of prosthesis, is fitted on the residual stump of the transfemoral amputee.
The sockets are mounted tightly on the residual stump to avoid slipping which
causes increased discomfort. The residual stump is affected by the continuous

rubbing, friction and sweat resulting in skin sores and other dermatological problems
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[51]. The studies also tell us that the amount of residual limb is the main factor
deciding the comfort level of the amputee. The main drawback with the active
prosthesis is that they are extremely costly, needs portable power source and creates
lot of noise. The number of amputees is high in the developing countries who cannot
afford the cost and avail the opportunities available in west. Hence, cheaper
prosthetic devices are needed so that the less privileged amputees can walk and lead
a normal life [53]. A passive knee joint with simple design which can be
manufactured using cheaper materials and less costly manufacturing techniques are

the need for the amputees belonging to the developing countries.

2.3 Materials used for Prosthesis

The material selection of knee joint is done by considering the strength and
weight of the material. The necessary trade off is made between the strength and
weight of the prosthesis and decision is taken on the strength to weight ratio so that
amputee need not to walk with too much weight. The knee joint material should be
selected on the basis of the patient’s need and abilities depending on the age and the
size of residual limb [64]. The cost of the prosthesis depends on material which is
selected. There are many amputees who don’t have money to buy advanced
prostheses. So to reduce the cost we shall select material which is low in cost and
has good mechanical properties and less wear. The material shall be biocompatible
and easily available [65]. Different new materials are used like titanium alloys and
carbon fiber. There are certain composites and copolymers which can be moulded
with less technology. Polymer composite materials offers excellent strength to
weight ratio and their development has led to technological advances in the field of
prosthetic devices [14]. We shall choose a material which is not costly so that many
amputees can afford it. So, material selection is very much important in deciding

cost of prosthesis.

2.3.1 Metals

Metals are used for manufacturing components of prosthesis, like knees and
ankles etc. Aluminum is preferred over steel as it is lighter. Steel is conventionally
used for manufacturing smaller prosthetic components. Now-a-days use of titanium

is increasing as it is non-toxic metal and is non-magnetic. It is light and is immune
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to corrosion and thus it is best for prosthetic devices [67]. A variety of metals such
as aluminum, titanium, magnesium, copper and steel etc. are used for prosthetic
devices. Titanium is used in many medical and engineering applications. It has
favorable properties and gives good strength, excellent corrosion resistance, low
density and is light weight [68]. Titanium is generally alloyed with other metals such

as aluminum and vanadium to improve certain properties and enhance its application.

The modulus of elasticity of titanium is similar to that of bone and offers
many advantages when used as implant. Titanium being lightweight, strong,
resistant to corrosion and biocompatible is an ideal choice for the application of

prosthetics.

2.3.2 Plastics

Now-a-days wood, aluminum and leather are replaced by thermoplastics and
advanced composites and this has led to advances in this field [69]. The use of
thermoplastic as a material for structural components in artificial limbs is increasing
as they possess low density, mouldability, corrosion resistant and shock absorbent and
fatigue & wear resistant [70]. The usage of thermoplastic materials such as
polyethylene and polypropylene became more commonly during 1960's in
prosthetics and orthotics. The first important application of thermoplastics in
orthotics is the drop foot brace which is perhaps still the most produced orthopedic
device made of thermoplastic material [71]. The thermoplastics are commonly used
to produce long-leg braces (knee-ankle-foot orthoses) and for the manufacture of
spinal orthoses [72]. Polypropylene found its use in developing below knee
prosthesis due to its light weight and less energy consumption [73, 74]. The sockets
for transfemoral amputees also made of polypropylene material [75]. Since the last
five decades, UHMWPE is extensively used as the most popular artificial
replacement material in clinical applications [76]. “Ultra-high-molecular-weight
polyethylene (UHMWPE)” has been considered as the most suitable material used
in arthroplasty applications [77], especially for the artificial knee and hip implants.
Nylon impregnated with oil is used as the material to manufacture Jaipur knee joint
[41, 82]. The oil filler reduces the friction at the bearing surface in result in longer

wear life than unfilled nylons. Also, the moisture absorption is reduced and
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eliminates the need for lubrication. However, it suffers from structural stability at
elevated temperatures, flammable and exhibits increased wear and friction under
high load conditions [187]. Nylon sheaths and stockings are in use since long. Poly-
ether-ether-ketone (PEEK) is a polymer that is used for a number of fixed and
removable prosthesis in spinal and hip applications and has many potential uses in
dentistry [79-81]. Plastic polymer laminate is used in bonding layers of carbon,
fiberglass and nylon. Thermosets often used in sockets are made from acrylic,

epoxy, and polyester [67].

2.3.3 Carbon fibers

Carbon fibers have good modulus with less density than many other
materials used in prostheses [78]. There are some other good properties of carbon
fibers. It has high stiffness, tensile strength, chemical resistance, temperature
tolerance and low thermal expansion. The elastic modulus of carbon fiber
composites is three times higher than steel, magnesium, titanium and aluminum.
Normally materials which have high elastic modulus are not very ductile but carbon
fiber composites have very high tensile and compressive strengths [65]. Carbon fiber
is now routinely used for prostheses, orthoses, corsets and orthopaedic footwear
[66]. Also, carbon fibers are very strong for amputee with heavy weight. Due to the

high cost, carbon fiber prosthesis usage is limited to developed countries.

2.3.4 Polymer Composite Material

Composites are materials developed when two or more than two chemically
different constituents are added on a macro-scale. The basic material for composite
can be metal, polymer or ceramic. If the base material is polymer, the composite is
known as polymer matrix composite (PMC). The reinforcement materials can be
fibrous or particulate [83]. Polymer composites have gained lot of attention of
researchers in recent years. When fillers are added, we get composites with better
properties. With the addition of fillers mechanical, structural, tribological and other
properties of the composite materials get modified [84, 85]. The UHMHDPE is
susceptible to aseptic loosening due to debris of wear originating from polyethylene
cup and creep deformations. This happens as the glass transition temperature is
lower than the body temperature [86]. The effect of adding fillers like alumina,
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zirconia to UHMHDPE studied by Juan C. Baena et al. [76] and results showed less
stress variations. If 2 to 5% by weight of multiwall carbon nanotubes is added to
bone cements based on acrylics, fatigue performance gets improved and SiO; is
added to PMMA to develop nano-composites in order to optimize properties [87-
89]. PEEK is also improved by adding materials like carbon fibers and elastic
modulus is increased upto 18 GPa [80]. For example; incorporation of carbon fibers
can increase the elastic modulus. To improve the mechanical properties and reduce
cost, particulate filled thermoplastic composites are made. Mechanical strength, heat
deflection and modulus etc. are improved by mixing inorganic mineral fillers in the
plastic resin [90]. These properties are also dependent on the size, shape and filler
distribution in the particulate filled polymer composite. It also depends upon the

adhesion of the filler at the interface surface.

2.3.4.1 Effect of inorganic fillers Al,O3/TiO, on the properties of Polymeric

material

Nylon [91] is used in packaging, automobile, electrical & electronics, textiles
and consumer sectors mostly because of its good mechanical properties. Thus, it
founds applications. The nylon has low HDT, hence dimensionally unstable at
higher temperatures. It also has high water absorption and thus applications are
limited where structural strength is the requirement. Hence, fillers such as titanium
oxide, zirconium oxide, aluminum oxide, silicon carbide etc. are added as reinforcing

agents to improve the stiffness and strength [92-95].

It is well reported that the 3.0 wt% - 4.0 wt.% Al,O3 polyimide nanocomposite
gave the lowest loss of wear volume under high load and it also exhibited lower
friction coefficient [96]. Yongjui Zhao et al. [97] studied the mechanical properties
and thermal conductivity of the Epoxy resin / Al,O3 composite and found that heat
conducting property increases with the increase in the content of Al,O3 and reach to
0.46 W/m.K. at 30% micron Al,Os. When the mass fraction of Al,O3 is 20%, the
mechanical properties of the composite are better, J. Cho et al. [98] found that the
tensile strength of Al,O3; — Vinyl Ester resin can be improved by reducing the
particle size. However, in composite with 3 vol.% nanoparticles the tensile strength

was less compared with addition of microparticles. This may be due to poor
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dispersion of the nanoparticles at higher loading. Praveen Bhimraj et al. [99]
investigated the friction & wear properties of PET filled with alumina nanoparticles
and the results revealed that 2% addition of filler resulted in increasing the wear
resistance by nearly two times with a 10% decrease in average coefficient of friction
over the unfilled polymer. Wear resistance varies independent of crystallinity,
whereas coefficient of friction is affected both by crystallinity and nanoparticles.
The tribological behaviour of poly phenylene sulphide (PPS) composite made with
nanoscale particle of Al,O3; was investigated by Christian J. Schwatz et al. [100] and
found that the lowest wear was obtained for composite with 2 vol.% filler whereas
COF was higher with addition of filler except with 10 vol.% alumina. Flexural
strength also reduced with filler %. Another work concluded that the friction
coefficient of the PA6/ Al,O3; nanocomposites was more than that of monomer
casting PAG6 but less than that of microcomposite and decreased with load. But the
wear rate is lowest for 3% nano Al,O3; content and the microcomposites also

demonstrated lower wear than pure Nylon 6[101].

The use of TiO, nano powder has also increased in past years, because it is
chemically inert and non toxic. It has UV resistant properties and antibacterial from
its photo irradiation effect. Further, it is corrosion resistant, high refractive index and
low cost [102]. Various researchers investigated the effect of adding micro and
nanoparticles of TiO, to Epoxy, Polypropylene, PEEK, Polystyrene, ABS and
Nylon. C. B. Ng et al. [103] found that nanophase TiO; particle fillers at 10% weight
level increase both the modulus and the strain-to-failure of epoxy whereas micron-
size TiO, filler increases the epoxy modulus, but decreases the strain-to-failure.
Farah. T. Mohammed Noori et al. [104] concluded that the wear rate increases with
the load applied and decreases with increasing weight percentage of titanium
dioxide in epoxy matrix having the lowest wear rate at nano 5wt% titanium dioxide
and nano composites of epoxy / TiO, have many advantages over micro composites
in terms of wear and hardness tests. The mechanical and morphological properties of
polypropylene (PP)/ TiO, composites were investigated by Sirirat WWacharawichanant
et al. [105] and the results indicated that the mixing conditions can improve the

distribution of TiO, particles, leading to improved mechanical properties. The
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tribological (friction and wear) behaviour of TiO, filled ABS polymer was
investigated by J. Sudeepan et al. [106] using Taguchi analysis and it is found that
normal load has major contribution on tribological properties followed by filler
content and speed. Kei Sahibata et al. [107] investigated the tribological behaviour
of polyamide66 resin containing rice bran ceramic particles at a wide range of
pressure-velocity values under dry conditions and noted low friction coefficients
independent of pv values whereas for pure PA6G6 it increases at higher pv values.
The fracture behaviour of PA66 filled with various fractions of TiO, (21nm)
nanoparticles was studied using an energy partitioned work of fracture method and
found that the plastic work of composites was decreased with increasing

nanoparticle fractions [108]

2.4 Material Selection Methods

Many a times the material is chosen by trial and error or depending on the
past usage. Generally, when two or more materials are suitable, final selection is
difficult. There will always be some advantages as well as disadvantages of the
available choice of materials [109]. For the selection of material, we require experts
from different fields of study such as material science and engineering, mechanical
engineering, industrial engineering and others. Chiner suggested five steps for
material selection: first is design objectives, second is analysis of the material
properties followed by screening of possible material choices, fourth step is the
evaluation and decision for finding the optimal solution, and finally validation tests
[110]. Farag explained the material selection during the design stage, first is initial
screening, secondly comparing the alternatives and finally selecting the optimal
material [111]. The “multi-criteria decision making (MCDM)” methods can be
divided into two main groups, “multiple objective decision making (MODM)” and
“multiple attribute decision making (MADM)” approaches.

2.4.1 Multiple attribute decision making

The choice of materials is not decided considering a single factor but
evaluated against multiple criteria in most of the applications. The best material is
selected from many materials on the basis of many attributes is known as “multiple

attribute decision making (MADM)” method [112]. The variables can be quantitative
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such as numbers or qualitative such as poor or good etc. and few others can be
described by text and images [113]. “MAUA (Multi-attribute utility analysis)” is
mathematical tool by which we can compare & evaluate alternatives in decision
making [124]. The MAUA can be used for material selection as an operations
research technique by applying subjective probability assessment (SPA) [125].
Sirisalee et al. [126] gave a method which can deal with three objectives in MAUA.

2.4.2 Fuzzy multi-criteria decision-making techniques

The main elements in human thinking are in labels of fuzzy sets and not in
numbers and on this premise the Fuzzy set theory was developed. In material and
process selection the application of fuzzy logic is quite useful as decisions are based
on the preliminary design stages which depend upon uncertain requirements, various
parameters, and relationships [114]. Wang and Chang [116] suggested it for the
selection of tool steel materials and proposed a fuzzy set multiple criteria decision
making approach [117]. The important weights of different criteria and the material
adequacy ratings of various alternatives under different criteria were given in

linguistic terms.

2.4.3 Technique for Order of Preference by Similarity to Ideal Solution

TOPSIS is a multi-criteria decision analysis method, which was originally
developed by Hwang and Yoon[115] in 1981 with further developments by
Yoon[118], and Hwang, Lai and Liu [119]. TOPSIS methodology is based on the
theory that the chosen option should have the least geometric distance from the
positive ideal solution (PIS) and the highest geometric distance from the negative
ideal solution (NIS) [120].

In this technique, a set of alternatives are compared by identifying weights
for each criteria by compensatory aggregation and normalizing scores for each
criteria. The geometric distance between each choice and the ideal choice is then
calculated for finding the best score of each criterion. In multi criteria problems, the
normalization is generally required as the criteria or parameters are often of
inconsistent dimensions [121,122]. TOPSIS is a compensatory method in which

trade-off is made between the available criteria’s. The effect of poor result in one
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criterion is overcome by the good result in other criteria and provides more rational
form of modeling. On the other hand, the non-compensatory methods works on the
basis of hard cut-offs, in which the alternative solutions are included or excluded
[123].

2.4.4 Computer simulation

The application of computer simulation techniques in material selection were
discussed by Goldsberry [127]. The Moldflow software was used to evaluate the
available materials of different costs. Flow analysis is the simulation technique in
which the ability of various materials is compared by computer simulation rather
than by doing the trial and error on the molding machine. Due to the recent advances
in finite element methods, the computer simulation is used for optimizing the design
of composite structures. According to Aceves et al. [128], the computer simulation
is much useful in case where the single objective can be defined and are less useful

where the design objectives are conflicting (e.g. minimum weight and cost).

2.4.5 Material Selection Methods used in Biomedical Engineering

Most of material selection studies in the area of biomedical engineering used
finite element analysis as a tool for the computer simulation [129]. The MCDM-
based techniques have been utilized in the material selection of hip joint prosthesis
[130], and few others used compliant-layer methods for selecting the artificial hip
joint materials [131]. Even though, various MCDM methods have been developed to
solve the material selection problems, still there is a great necessity to use suitable
approaches in agreement with the nature of the problem [132]. In this regard Marjan
Bahraminasab and Ali Jahan [133] used comprehensive VIKOR method to select the
optimum material, and a systematic technique for sensitivity analysis of weights was
introduced to find more reliable results. Taahirah Mangera et al. [134] used
ELECTRE Ill ranking procedure and successfully applied to the material selection
of a light metal alloy for a pediatric prosthetic knee. Golam Kabira and Afruna
Lizub [135] developed a systematic, simple and logical scientific approach to
evaluate the appropriate material for the femoral component for total knee
replacement (TKR) by integrating Fuzzy Analytical Hierarchy Process (FAHP) with
the Preference Ranking Organization Method for Enrichment Evaluations
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(PROMETHEE). This decision-making approach was developed by taking the
advantage of the synergy between FAHP and PROMETHEE multi-criteria decision
making methods wherein their weak and strong points are detected and the ranking
is developed by doing the sensitivity analysis and the final selection for the decision

maker is facilitated.

2.5  Applications of FEM in Prosthesis

The Finite Element Methods (FEM) has been widely used in the biomechanics
to predict stress, strain and deformation in the complicated systems and is identified
as an important tool for analyzing the load transfer in prosthesis [136]. In the finite
element method, the problem structure is divided (mesh) in the smaller domain areas
(finite element) which are connected by nodes, called mesh. For finding the solution
to these finite elements (FEs), loads are applied to the structure boundary of each
node, as well as the boundary conditions are defined and finally the global solution
is arrived by assembling all the elementary solutions. Many specialists consider
FEM as one of the most common numerical methods for the structural analysis.
Regardless of the type and complexity of the problems, FEM is used in different
fields of engineering and science. FEM is increasingly used in medical science and
is quite useful in the field of dentistry and all of its specialties [137]. FEM can be
used for static and dynamic problems as well. Hasan Saad et al. [138] performed
three dimensional Finite Element (FE) modeling of prosthetic lower limb. A
modified three dimensional finite element model of socket was developed in
workbench of ANSYS 14.0 to find out the stress distribution and deformation
pattern under functionally appropriate loading condition during normal gait cycle.
This work tried to improve the deflection of the loading of socket, foot, and pylon
shank. The contact pressures and ligament forces were analyzed by Reggiani et al.
[139] during the passive and stance phase of gait conditions by developing a finite

element model of prosthesis.

S. Miharadi et al. [140] evaluated three-dimensional models of above-knee
prosthesis using finite element method software ANSYS to determine whether or
not the design has fulfilled strength criteria and for static loading simulation, vertical
load of 923.4 N representing total body weight of 90 Kg was applied to the
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prosthesis model. In another work M.A. Kumbhalkar et al. [141] studied and
evaluated the loads and stresses acting on knee joint during different motions such
as steady, walking and lifting by applying the calculated loads in the finite element
analysis software ANSYS and compared the same with the implant results. The
distribution of von-mises stresses, contact pressure and total deformation was
studied by Saurabh Samadhiya et al. [142] by assigning it the different combination
of biomaterials for femoral and tibial components with load gradually increasing
from 600N to 5000N for different biomaterials and used ANSY'S 12.0 finite element
analysis software. Ashutosh Nayan Nautiyal et al. [143] has done the modeling and
finite element analysis of knee joint of the complex femoral and tibial structure in
ProE 4.0 and Ansys 15.0 for different loading conditions of standing, walking and
stair climbing at various angles ranging from 0° to 120° for varying person's weights
from 50 to 80 kg. It was noted that the von-mises stress increases continuously with
increasing loads. In another study, ANSYS 11.0 was used to investigate numerical
estimation of contact stresses and the effects of the sagittal radius, flexion angles on

stresses in the joint [144].

2.6 1SO 10328 applications in knee prosthesis

ISO 10328 describes the procedures for static and cyclic strength tests on
lower limb prostheses in which a single force is applied to produce the effect of
compound loadings. The compound loads in the test sample simulate loading which
normally occurs at different instants during the stance phase of walking [145]. C.
Colombo et al. [146] proposed a valid method to adapt the 1SO standard for testing
adult prostheses to children. They found a parameter that can be used as a factor of
proportionality using data related to dummies and both geometrical characteristics
and loads prescribed by the standard are rescaled. For all the performed experimental
tests the results were positive, with expected trends of displacements. To check the
structural integrity of a four-bar link prosthetic knee, Sittikorn Lapapong et al. [19]
showed a process to simulate the static & cyclic strength tests by following the test
protocols of 1SO 10328: 2006. Simulation of the prosthesis was done using finite
element method as the primary computational tool. This is a numerical technique

which is used to model any physical system. Strength of prosthesis was determined
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by the method of explicit nonlinear transient stress analysis and finally the fatigue
life is predicted by finite element model which revealed the stress distributions. In
the cyclic test, the prosthesis is subjected to 3x10° cycles of mechanical endurance
testing to determine its fatigue strength. Tomaso Villa et al. [188] studied the
structural integrity of metal tibial components in terms of fatigue life by means of
experimental tests and FEM simulations. FEM models were used to calculate the
stress patterns on Cr-Co alloy tibial tray based on ISO standards. B.R. Rawal et al.
[189] approached the fatigue phenomena using FEM and estimated the life
expectancy of knee prosthesis for various combinations of materials. The proper
dimensions of a polycentric prosthetic knee were found by Belkys T. Amador et al.
[147] from the structural perspective. Finite element method was used to perform
stress analysis under three load conditions. A compressive load equivalent to 100 kg
weight of a person and two other loads related with 1ISO10328 were applied. For the
most critical load condition, safety factor of less than 1 was predicted in 5 out of the
9 components of prosthesis and suggested a redesign. In the redesign, diameter of
the axes was increased and modifications done in the four links. Suwattanarwong
Phanphet et al. [148] carried out the finite element simulations for the structural tests
on the knee joint prosthesis with an objective to improve the existing design quality
of the knee prosthesis and recommended the optimized knee prosthesis design
meeting all the requirements. Structural tests on the knee prosthesis developed as per

optimized design, confirmed the results predicted by finite element analysis.

2.7  Taguchi Technique of Design Optimization

Genichi Taguchi developed statistical methods to improve the quality of
manufactured goods. It is applied to biotechnology, engineering, marketing and
advertising [148-151]. All professional statisticians have welcomed the improvements
made by the Taguchi methods, especially in development of designs for studying
variation. To design systems that are reliable under uncontrollable conditions were
the main objective [152-154]. This method adjusted the design parameters to the
optimal levels by which the system response is robust; it is insensitive to noise

factors, which otherwise are impossible to control. These techniques are majorly
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used in engineering design [155]. To achieve the result for best product quality and a

robust process this Taguchi method is used [156-158].

S. Kamaruddin et al. [159] also used this method for manufacturing products
in the optimization of injection moulding parameters from the plastic blends. To
determine the process conditions for producing synthetic lightweight aggregate,
How-Ji Chen et al. [160] used this technique with an orthogonal array L16 (45 ).
Design of monolimb was optimized by using Statistical-based method alongwith
computational modeling [161]. So we can conclude that Taguchi method was used
to find the importance of various design factors and recommended an optimized
design of monolimb which is capable of resisting failure in the normal usage and

provide the needed flexibility.

2.8 The Knowledge Gap in Previous Investigations

The literature review on knee joint prosthesis and polymer materials revealed
a number of research gaps. Field study was undertaken by visiting a leading
organisation in India, which is serving more than twenty thousand new amputees
every year, to understand the type of above knee prosthesis being fitted to the
amputees and the procedure adopted for the same. It is observed that the organisation

is fitting above knee prosthesis with Single axis knee joint and four bar knee joint.

The single axis above-knee prosthesis is indigenously designed and
fabricated from locally manufactured high-quality, high-density polyethylene
(HDPE) pipes. Above knee prosthesis based on polycentric concept is designed
using the four-bar linkage geometry. It is made from oil-impregnated nylon. This
design mimics normal human gait by providing stability in stance and easy

movement.

Four bar polycentric knee joint was studied in detail and interaction with the
officials and feedback of the amputees revealed the following:
4 Enlarging of the assembly holes due to wear
» Failure from the fitting portion

» Loosening of the screws
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Not suitable for uneven surfaces- knee buckles
User not able to sit fully squatting
Noise produced by the joint as amputee walked

v v Vv Vv

Poor aesthetics

Based on the literature review and the field study the following research gaps

have been identified from this literature review:

1. The static and dynamic analysis studies of low cost four bar knee joint

prosthesis used in developing countries are lacking in literature.

2. The studies on structural test analysis of the low cost knee joint prosthesis

made of oil impregnated nylon as per 1ISO 10328 are scarcely available.

3. Studies revealed poor fatigue life and enlargement of assembly holes due to

abrasion wear of the knee joint prosthesis made of oil impregnated nylon.
4. Less study was found on the nylon composites applications in prosthetics.

5. Research work to develop cheap nylon composite material having better
tribological properties and enhanced mechanical properties have been
considered as a challenge in the field of materials and any investigation in
this regard would be beneficial for the application in knee joint and other
engineering applications.

6. Literature based on addition of microparticulates of alumina and titanium

dioxide to Nylon66 are less reported.

7. Studies on material selection based on mechanical and tribolological

properties for knee joint application are lacking.

8. The research work involving development of new material, static and fatigue
life analysis using FEM as per I1SO 10328 and design optimization of knee
prosthesis is not available.
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2.9  Proposed objectives of the research work

The objectives of this research work are outlined as follows:

1. To develop new grades of materials to improve fatigue life and wear of knee
joint prosthesis.

2. Static analysis of the low cost four bar knee joint prosthesis used in
developing countries.

3. Design modifications for overcoming the failure problems and to reduce

weight.

To achieve the above objectives, following activities were accomplished:

1. Mechanical characterization of Oilon (Nylon6 oil filled) material which is
presently being used for knee joint prosthesis.

2. Development of composites of Nylon66 material by adding different weight
percentage of titanium dioxide.

3. Development of composites of Nylon66 material by adding different weight
percentage of aluminium dioxide.

4. Mechanical characterization of Nylon66 and newly developed composites of
Nylon66 with titanium dioxide and aluminium dioxide.

5. Tribological study for wear rate & coefficient of friction of Oilon, Nylon66
and composites of Nylon66 with titanium dioxide and aluminium dioxide.

6. Optimal material selection by implementing Multiple Criteria Decision
Analysis method using TOPSIS technique on the basis of the obtained
experimental results.

7. Generation of experimental data for stress vs. number of cycles to failure for

Oilon and Nylon 66 — 2 wt.% Al,O3 composite on fatigue testing machine.

8. Finite element analysis of existing design for static and cyclic loads as per
1ISO 10328:2006 using ANSY'S software.
9. Design modifications to reduce the stresses, total deformation and weight

reduction. Developing the optimized design using orthogonal array as per
Taguchi design of experiment technique.
10. Fatigue life prediction of the optimized design as per ISO 10328:2006

standard.
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This chapter has described:

> An exhaustive literature review of research works on knee joint prosthesis,
its types, problems and material used etc.

> The literature review of various aspects of filler and particulate reinforced
polymer composites of nylon material investigated by various researchers.

> The literature review of application of FEM and 1SO 10328 to solve the
problems of knee joint prosthesis.

> The knowledge gap in previous investigations.

> The objectives of the present thesis work.

The next chapter exhibits the materials for the fabrication of composites and
methods used for the processing and testing of the composites, the mechanical and
tribological characterization. Material selection procedure and the procedure for
FEM as per ISO 10328, fatigue testing and design optimisation is briefed.






CHAPTER 3

MATERIALS AND METHODOLOGY







CHAPTER 3
MATERIALS AND METHODOLOGY

This chapter briefly illustrates the properties and specifications of the
materials selected for investigation, methodology to develop composites for the
research work and injection moulding of test specimens. Methodology adopted for
the mechanical characterisation and tribological studies of developed composites are
covered in detail. Material selection by multi criteria design analysis technique,
TOPSIS is also discussed. Further, the chapter includes the methodology of finite
element analysis and the requirements of ISO 10328: 2006 standard in detail.

3.1 Materials Selection, Properties and Specifications

The research work to explore the development of polymer composite material
for better properties in terms of mechanical characterization and tribological
properties is planned on the basis of research gaps presented and discussed in the
Chapter 2. For the above purpose, following materials are chosen for development
as listed in Table 3.1

Table 3.1: Materials used for preparing Nylon 66 based composites

Sr. Type of .
No. | ingredient Name of element Grade Supplier
M/s E.l1. DuPont
1. Resin Nylon66 Zytel 101L NC 010 India Pvt. Ltd.,
Gurgaon
Aluminum oxide M/s Merck
. . . active neutral Specialties Pvt.
2. Filler Aluminum Oxide Activity I-11 Ltd.. Mumbai,
(mesh size 40) India.
M/s Merck
. T L Titanium(IV) oxide | Specialties Pvt.
3. Filler Titanium Dioxide (mesh size 45) Ltd.. Mumbai.
India.
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3.1.1 Nylon66

Nylon66 is basically a polyamide made by polycondensation of
hexamethylenediamine and adipic acid and contains each repeating unit consisting
of 12 carbon atoms in each. Nylon 66 consists of a repeating unit with crystalline
density of 1.24 g/lcm®and molecular weight of 226.32 g/mol. Nylon66 is a semi-
crystalline polymeric material and is one of the most widely used material in
engineering applications such as packaging and consumer applications, automobiles,
textiles, electrical and electronics, because of their excellent properties such as
strength, toughness, flexibility and abrasion resistance [162]. It has excellent
corrosion resistance, good wear & abrasion resistance and favourable self lubricating
property. Nylon66 is also known for its moldability, low coefficient of friction, low
creep and resistance to solvents and oils. Nylon is used extensively in the field of
prostheses applications such as nylon stockings, prosthetic sheaths, bushings and
suction valves etc. [131].

Chemical composition and general specification of Nylon66 material are
shown in Figure 3.1 and Table 3.2, respectively.
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Figure 3.1: Chemical composition of Nylon 66

Table 3.2: General specifications of the Nylon 66

Properties Value
Heat Deflection Temperature under load 0.45 MPa 200°C
Impact Strength (1zod) notched at 23°C 5.5 kJ/m?
Tensile Strength 82 MPa
Tensile Modulus 3100 MPa
Density 1140 kg/m®




Materials and Methodology 31

e —— e R

3.1.2  Aluminium Oxide (Al,O3)

An aluminium oxide microparticle, also known as alumina microparticle or
micro alumina, exhibits the properties of improving electrical conductivity, ductility
and toughness, hardness and strength etc. compared to virgin material. The
application of micro alumina is increasing day by day. In periodic table, Aluminium
is placed at Period 3 of Block P, while oxygen is placed at Period 2 of the Block P.

Alumina particles are spherical and appear as white powder.

Some of the properties of Al,O3 particles are given in the following Table 3.3

Table 3.3: Properties of Al,O3 particles

Properties Metric
Colour White
Specific Gravity 4 (Water =1)
Molar mass 101.96 g/mol
Melting point 2072°C

The major applications of alumina includes formation of electrical circuit
base-boards, transparent ceramics, moderate pressure sodium lamps, cosmetic
fillers, single crystal, sapphire, cutting tools, packaging materials, high-strength
aluminium oxide ceramic, winding axle, crucible with high purity, furnace tubes,
glass components, polishing materials, metal parts, semiconductor materials and
grinding belts, wear-resistant polymer support, better water-proof materials, catalyst
and catalyst-carrier, analytical reagents, special glass, fluorescent materials, vapour
deposition materials, composite materials etc. In the liquid form, alumina particles
are used for the applications like refractory parts, to improve ceramics density and
softness, fracture-toughness, thermal fatigue-resistance, creep and wear resistance of
plastic parts. [163-165]

3.1.3 Titanium Dioxide (TiO,)

TiO; is generally available in the form of micro or nano crystals having a
high surface area. Titanium belongs to Period-4 of Block-D, while oxygen belongs
to Period-2 of Block-P, of the periodic table.
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Some of the properties of TiO; particles are given in the following Table 3.4

Table 3.4: Properties of TiO, particles

Properties Metric
Colour White
Density 4.20 g/cc
Molar mass 79.87 g/mol
Melting point 1,855° C

TiO, shows good photo catalytic properties, so it can be used in antibacterial
and antiseptic compositions for degrading organic-germs and contaminants. It can
also be useful for forming Ultra violet resistant material, formation of self-cleaning
ceramics, glass, printing ink, coating, etc. It is also used for improving the opacity of
paper in the paper industry. [166-168]

3.2  Procedure for Preparation of Composites based on Nylon66

In the present work, the preparation of composites based on Nylon66 with
aluminum oxide and Nylon66 with titanium dioxide was done by mixing of
weighted percentage of the filler micro particulate to the granules of Nylon 66
polymer and subsequently compounding the mixture using twin screw extruder of
40 L/D and screw rpm 40 (M/s Lab Tech Engineers Company Ltd., Thailand,
Model: TARCT).

Figure 3.2: Twin screw extruder
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Feeding zone to metering zone temperature profile was kept at 237°C,
254°C, 256°C & 259°C. Also, the barrel was maintained at temperature profiles of
255°C, 263°C, 266°C, 268°C, 270°C, 272°C and 274°C from hooper to the die.

Eight types of polymer composite granules of cylindrical shape having average
size of diameter 1.5mm were prepared by adding 2%, 4%, 6% and 8% weight micro
particulate of Al,Ozand TiO; respectively to the Nylon 66 material.

Figure 3.4 Polymer composite granules of Nylon66 and TiO,
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3.3  Preparation of test specimens by injection moulding technique
For doing the mechanical characterisation of the developed composites as
per relevant ASTM standards, test specimens need to be prepared. In this case the
test specimens were prepared by injection moulding technique by the following
procedure:
1. The developed composite granules were fed into hopper of injection
moulding of 80 ton capacity from M/S JIT, Philippines.
2. Test specimen moulds were used for preparing the specimens for testing
various properties like 1zod impact, tensile strength, HDT, compression and
flexural strength respectively.

3. The specimens were moulded with the processing temperatures set at 220°C,
268°C and 269°C.
4. Injection moulding machine is shown in Figure 3.5 and test specimen moulds

in Figure 3.6. The process parameters are exhibited in Table 3.5.
5. The silicon-spray is used as a releasing agent, to assist easy removal of the

specimens from the mould.

Figure 3.5 Injection Moulding Machine
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Table 3.5: Process parameters for Injection Moulding

Parameters Values

Melt Temperature 270°C +15°C
Mould Temperature 80°C £ 10°C
Injection Pressure 90 + 10 Bar
Packing Pressure 80 Bar

Shot size 40 mm

J ] = }: Jll
(@) Mould for tensile test specimen (b) Mould for flexural test specimen

Figure 3.6: Mould for preparing specimens

Figure 3.7: Test specimens prepared by Injection Moulding
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3.3.1 Test Specimens

The test specimens for tensile properties were molded as per ASTM D-638,
for flexural properties as per ASTM D 790, for compressive strength as per ASTM
D 695, for heat deflection temperature as per ASTM D 648 and for 1zod impact as
per ASTM D 256. The shape and size of the specimens are as follows:
. Tensile — Dumbbell Shape — 165 x 12.67 x 3.2 mm®
. Flexural — Strip Shape — 127 x 12.7 x 3.2 mm®
. Compressive Strength — Rectangular Shape — 25 x 12.7 x 12.7 mm?®
. Heat Deflection Temperature - Strip Shape — 127 x 12.7 x 3.2 mm®
. Izod Impact — Strip Shape — 63.5 x 12.7 x 3.2 mm?

3.4 Mechanical Characterisation
Mechanical properties of the plastic materials are investigated in accordance
to ASTM standards and procedure which are described below:

3.4.1 Density
By using the density apparatus from Mettler Toledo, Switzerland, the density
of the samples was found by following the standard test method ASTM D 792.

Figure 3.8: Density Test Apparatus
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3.4.2 Tensile Strength and Modulus

The mechanical properties such as tensile strength, elongation at break and
modulus were determined by using the universal testing machine (AG-IS, Shimadzu,
Japan) as per standard test method of ASTM D 638. The test was carried out at the
speed of 50 mm/minute. The average values of three specimens of each composition

were reported.

Figure 3.9: Universal Testing Machine (UTM)

3.4.3 lzod Impact Strength

“lIzod Impact Strength can be defined as the kinetic energy required,
beginning the fracture and continuing the fracture until the specimen is broken”. To
prevent the deformation of test specimen during the impact test, the specimens for
Izod are prepared with notch. The size of specimen is 63.5x10x3 mm® and notch
angle of 45+1°. The test specimen is mounted in a fixture with the notched side
facing the striking edge of the swinging pendulum. The pendulum is released with
the help of lever and allowed to strike through the specimen. The impact strength is
measured by using Tinius Olsen Impact tester (model Impact -104) according to
ASTM D256.
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Figure 3.10: Pendulum Impact Tester

3.4.4 Flexural Strength and Modulus

“Flexural strength is a material property, which can be defined as stress in a
material just before it yields in a flexure test. Using a three-point flexural test
method, the transverse bending test is most frequently employed, in which a
specimen having rectangular cross-section is bent until yielding. The flexural
strength corresponds to the highest stress experienced within the material at its

moment of failure”.

In this study, three-point flexural test of specimen of size 127x12.7x3.2
mm?3are performed with the help of Universal Testing Machine (Shimadzu, Japan)
according to ASTM D790.

3.4.5 Compressive Strength

“Compressive strength of a material is the force per unit area it can withstand
during compression. The stress at which the permanent deformation occurs
corresponds to compressive yield strength whereas ultimate compressive strength is
the stress required to rupture a specimen. For most of the polymer materials that do
not rupture, the compressive strength can be reported at a specific deformation such

as 1%, 5% or 10% of the test sample’s original height”. In this study, compressive
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strength of specimens with sizes 12.5x12.5x25.5 mm® were prepared according to
the ASTM D 695 standard. The tests for compressive strength were performed on

Universal Testing Machine (UTM) of Shimadzu make.

3.4.6 Heat Deflection Temperature (HDT)

Heat deflection temperature was measured by using heat deflection temperature
test apparatus (Gotech, Taiwan, model no. HV-2000A). “In this test, a rectangular
bar is tested in the edgewise position as a simple beam with the load applied at its
centre to give maximum fiber stresses of 1.82 MPa. The specimen is immersed
under the load in a heat transfer medium provided with a means of raising the
temperature at 2 + 0.2 °C/min. The temperature of the medium is measured when the
test bar has deflected 0.25 mm”.

Figure 3.11: Heat Deflection Temperature Test Apparatus

3.4.7 Rockwell Hardness

“A Rockwell hardness number is a number derived from the net increase in
depth impression as the load on an indenter is increased from a fixed minor load to a
major load and then returned to a minor load”. Rockwell hardness number is directly
relates to the hardness of a plastic material caused due to indentation, higher the

reading, harder the material. The Rockwell hardness test was performed using
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hardness tester (Arun Industries, model no. AI-RAS) in accordance to the ASTM D
785 standard.

Figure 3.12: Rockwell Hardness Tester

Hardness of three specimens of each composition is taken. The mean-value

of five indentations on each specimen is determined.

3.5  Study of Tribological Properties

The Pin on Disc Friction & Wear Test Rig is mainly used for determining the
tribological characteristics of wide range of polymeric materials under various
conditions of normal loads & temperatures, dry or lubricated conditions under
different environmental conditions. In a pin-on-disc wear tester, apinis loaded
against a flat rotating disc specimen such that a circular wear path is generated by
the machine. The machine can be used to evaluate wear and friction properties of

materials under pure sliding conditions.

The pin-on-disc type wear and friction monitoring test rig of M/s Magnum
make conforming to ASTM G 99 standard was used for conducting the sliding wear
test. The disc was made of EN31 hardened steel having a track radius of 50 mm and
variable speed of 480, 670, 860, 1050 and 1240 rpm. The test specimen of size



Materials and Methodology 41
|

12.7x12.7x 25.4 mm?® was held stationary in the fixture and the disc is rotated while
a normal load is applied through a lever mechanism. The sliding wear tests were
performed at temperature of 24°C under different normal loading of 50N, 60N, 70N,
80N, 90N and 100N keeping the sliding velocity of 6.5m/sec and sliding distance of
2000 m. Also, the tests were conducted at variable sliding velocities of 2.5, 3.5, 4.5,
5.5 and 6.5 m/s at constant normal load of 100 N and sliding distance of 2000 m. In
another combination the tests were performed for different sliding distances of 500,
1000, 1500 and 2000 m at sliding velocity of 6.5 m/s and normal load of 100N.

Figure 3.13: Pin-on-disc type wear and friction monitoring test rig

The material volume loss from the test specimen during the wear test is
measured using precision electronic weighing balance having an accuracy of 0.001
gm. Also, the coefficient of friction is calculated from the experimental results.

3.6 Scanning Electron Microscopy

SEM is employed to characterize the composite morphology and reinforcement
dispersion and analyze the failure mechanism in the fractured surface of polymer
composites. Scanning Electron Microscope (SEM) has focused beams of electrons
to gain information and is most widely used for morphological study of materials.
The high-resolution, 3-D images formed by SEM, give invaluable insight to

morphological and topographical compositional information and are used
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extensively in research applications. The worn out surfaces of the composite
specimens after the sliding wear test were subjected to Scanning Electron
Microscopy [SEM] examination to understand the wear mechanism and SEM 450

model, Zeiss make (Figure 3.14) was used for SEM images of samples.

Figure 3.14: Scanning Electron Microscope

3.7 Material Selection by Multi Criteria Design Analysis
There are many techniques available to select the optimal material, when

more than one choice of material is available or multiple objectives to be fulfilled. In

our case we have chosen “TOPSIS (Technique for Order Preference by Similarity to

Ideal Solution)” technique which is based on “Multi Criteria Design Analysis

(MCDA)” and has wide applicability and is used for solving the ranking problems

due to its simple and easy approach. Following steps are undertaken to arrive at the

solution:

l. The criteria defining the performance and alternatives of the problem are
identified and a decision matrix is created. The decision matrix having an
order of M x N is prepared; where the number of alternative is M and the
number of performance defining criterion are N.
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1. In order to make all the values of the decision matrix comparable, the
decision matrix is normalized. The normalized matrix R= [ ], and the
normalized value calculated as

1. On the basis of weighted normalized ratings, the positive ideal solution (PIS)
and the negative ideal solution (NIS) are determined as given below:
A=, ) and A =(r 1, .. W) (3.2)

where,

r; " ={(maxir;), if j is a benefit criteria/ (min; r;;).if j is a cost criteria} and
r;” ={(min;r;;), if j is a benefit criteria/ (maxiri;), if j is a cost criteria}
forj=1,2,3,....N

IV.  The geometric distances between each of the choices and the positive ideal
solution and the negative ideal solution are calculated as shown:

o= S -ny D= S -r)2 e (3.3)
) and J

fori=1,2,...M

V. Finally, the overall preference or closeness index (CI) of the alternatives is
calculated. All the alternatives are then rated according to the value of their
closeness index. The closeness index (CI) of the alternatives is calculated as:
“Closeness Index = Di/ (Di'+Dy )" fori=1.2,..M ... (3.4

The experimental values of various mechanical and tribological properties
are used for the construction of the decision matrix which is used for finding the
optimal selection of the material using TOPSIS analysis.

3.8 Fatigue Testing

A method for determining the behavior of materials under fluctuating loads
is known as fatigue testing. An alternating load with a specified mean load are
applied to the test specimen and the number of loading cycles required to produce
the fatigue failure (fatigue life) is recorded. A fatigue test helps to determine the
material’s ability to withstand cyclic loading conditions. In design, a material is
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selected to meet or exceed service loads that are anticipated in fatigue testing
applications. The fatigue testing as per ASTM D7791 is performed for Oilon and the
composite material selected by the Multi Criteria Design Analysis (MCDA)
procedure as described in 3.7. The sinusoidal loading as shown in Figure 3.15 is
used for doing the fatigue testing on INSTRON make, Model 8874, 25 kN fatigue
tester. The experimental results obtained are used to generate S-N curves.

Y 4
| [} Y
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¥ .
[
X
s
Key
x time For cyclic range of test force
Y test force Fea cyclic amplitude of test force
Femae  Maximum test force Femean Mean test force
F, minimum test force

cmin

Figure 3.15 Load cycle for fatigue testing

Fatigue Machine

Mode of Operation : Axial & Torsion
Operation Condition: —150°C to +600°C
Maximum Capacity : 25 kN

Figure 3.16: Fatigue testing machine
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3.9 1SO 10328:2006

Prosthetic knee is one of the most important components of the above knee
prosthesis which assists the amputee to regain mobility and improve the quality of
life of an above-knee amputee. The safety is one of the most important design
considerations in addition to the stability, comfort, appearance, and ease of use of
the prosthesis[19].“The International Organization for Standardization (ISO) has
developed a standard called 1SO 10328:2006 Prosthetics - Structural Testing of
Lower-Limb Prostheses - Requirements and Test Methods to outline a procedure to
physically conduct the static and cyclic strength tests of the prosthetic devices to
ensure the safety of the prosthesis”[145].

The test protocol of 1ISO 10328:2006 is invariably followed in this research
work and is used to conduct static and fatigue stress analysis of the low cost knee joint

of above knee prosthesis, used in developing country, by finite element method.

3.9.1 1SO 10328 Coordinate System

“1SO 10328 specifies that each test configuration shall be defined by a three
dimensional, rectangular coordinate system which shows the directions of the axes
for testing prostheses and has been included below as Figure 3.17. The coordinate
system is defined in relation to prosthesis when the device is standing on the ground
in an upright position. From the origin, o corresponds to the positive x axis, while u
is the positive y-axis, and f is the positive z-axis. The o-u-f coordinate system will
be used throughout this study regarding the orientation of force loads, force
locations, and points for investigation on the above knee prosthesis”.

o [
- 0
G // ‘
F f
Key
1 riaht r forward
2 left o oubtward
(8] origin 7 upward

Figure 3.17: 1SO 10328 coordinate system
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3.9.2

and per
1.

The an

Reference Planes- 1ISO 10328 Coordinate System

“The reference planes that are used in the modelling lie parallel to each other
pendicular to the u —axis. Various reference planes are described as follows:
Top reference plane: The top reference plane, T, is located at a distance
u = ut from the origin. It contains the top load application point P-.

Knee reference plane: The knee reference plane, K, is located at a distance

u = uk from the origin. It contains the knee load reference point Pk and the
effective knee-joint centre.

Ankle reference plane: The ankle reference plane, A, is located at a distance
u = ua from the origin. It contains the ankle load reference point P, and the
effective ankle-joint centre.

Bottom reference plane: The bottom reference plane, B, is located at a distance

u = ug from the origin. It contains the bottom load application point Pg.”

The reference planes as described in 1SO 10328 are shown in Figure 3.18.

alysis test set-up is prepared by developing CAD model by using these

reference planes.

Key

1 right leg 5  knee reference plang, K P, top load application point

2 left leg (5] ankle reference plane, A Py knee load reference point

3  fop reference plane, T T bottom reference plane, B P, ankle load reference point

4 load line Pg bottom load application point

Figure 3.18: Reference planes- ISO 10328 coordinate system
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3.9.3 Test Loading Condition

“According to the 1SO 10328 standard, a single test force is applied through
a specific line of load application which produces axial compression, shear forces,
bending moments and/or torque as single components of loading or compound
loadings. However, depending upon test conditions and load levels, the magnitude
and direction of the test force are varied”. Two different test loading conditions,
condition I- Heel loading and condition 11- Forefoot loading are defined for various
test loading levels P3, P4 and P5 suitable for weight of person 60 kg, 80 kg & 100
kg respectively. The value of offset at various reference planes is taken from the 1ISO
standard. The application of a specific test configuration for loading condition Il

forefoot loading for a left sided sample is shown in Figure 3.19

ey
left foot
load line
effective knees-joint centre
effective knee-joint centrefine
effective ankle-joint centre
effective ankle-joint centreline
P, kneeload reference point

Bt by = m

o th

P, ankle load reference point
Py bottom load application point
P, top load application point

Figure 3.19: Test loading condition for forefoot loading to a left-sided sample
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3.9.4 Test Set-up

For the purpose of applying the load as per the load offset values prescribed
in the 1SO 10328 standard, the CAD model of the knee joint prosthesis is developed
by adding load application levers and the total length of the assembly for test set-up
IS maintained to 650 mm by adding end attachments, and non-prosthetic extension
pieces. The load application lever and end attachments material is chosen as that of
stainless steel whose mechanical properties are readily available from the literature.

Also, the strength of steel is much higher than the polymeric composites under study.

3.10 Finite Element Method

Finite Element Method is a most popular numerical analysis technique for
obtaining approximate solutions to a wide variety of engineering problems. This
method is based on dividing a complex shape into the finite elements, applying the
loading conditions at each node, solving the equilibrium equations for each element,
and then applying the element’s results to obtain the global solution to the original
problem. The success of the method will depend on various factors such as mesh
shape, mesh size and the analysis types. Many types of software are available in the
market for FEM/FEA and ANSY'S 16.0 is used for this research work.

The following step by step process is used for doing the finite element

analysis and the procedure consists of three essential stages:

1. Pre-processing: This involves the preparation of the model data. The pre-
processor is a program, in which the geometric model of a component is
developed by the engineers. This model is used for meshing of the model and
finite elements may be generated. Required inputs to the pre-processor
include;

a. Geometric parameters: eg. Type of elements, nodal coordinates,
variation of mesh density, etc.

b. Loading characteristics: eg. Magnitudes, positions and directions of
point loads, pressures; thermal loads, centrifugal loads, frequency and
dependent forces, etc.

C. Boundary conditions: eg. Positions and directions of nodal fixities,

rotational axes and frictional resistances, etc.
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d. Material properties: eg. Young’s Modulus, Poisson ratio, density,
coefficient of friction, coefficient of expansion, etc. as per the type of
analysis.

2. Analyzing the model: After the preparation of the model data, the analysis is
executed to get the result.

3. Post-processing: With the post-processor program, the results of the model
are analysed. The output of the analyzed results from the post-processor may

be either in the form of data or graphical display.

Geometric | | Loading Boundary | | MMaterial
modelling characteristics| | condiions | | properties

— —

Pre-processing

Analysis

Pre-processor diagrom

Figure 3.20: Pre- processing step of FEA

Analysis

Printed nodal Printed stress| |Graphic Stress | |Element | | ppimated
cdhsplacement values deflection | [ contour | [contour display
display graphics| |variation
display

Post-processor diagram

Figure 3.21: Post- processing step of FEA
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3.10.1 Geometric Modelling

Cre03.0 CAD modeling software was used to develop three dimensional
solid models of the individual components and assembly of knee joint of above knee
prosthesis. Creo3.0 is a Parametric, reliable, easy to use, 3d modeling tool that
accelerate the product design process as like other CAD software. It utilizes a
constant feature-based approach and is a Para solid-based solid creator, to form
models and assemblies. Cre03.0 creates products more efficiently & cost effectively,
without sacrificing innovation or quality and offers the most scalable range of 3D
CAD product development packages & tools. Its variety of specific features,
capabilities, & tools help to imagine, design, & create better above knee prosthesis by

modifying the design from the parametric data of existing knee joint.

3.10.2 Factors for Finite Element Analysis
The finite element analysis of above knee prosthesis is done by deciding the
input for the following factors:
Type of analysis.
The material type.
Mesh size and type of meshing
The element shape and type.
The number of nodes.
The degrees of freedom at each node.
The external loads.

The boundary conditions.

© © N o gk~ w DN RF

Interpretation of the results.

3.10.2.1 Type of Analysis

Structural analysis is probably the most common application of the finite
element method. Various types of structural analyses are possible with the ANSYS
software such as static, modal, harmonic and fatigue etc. Prosthesis is subjected to a
series of load actions while performing varying daily activities like standing,
walking, running, stair climbing, squatting, kneeling etc. In our study we have
followed the protocol of 1SO 10328:2006 standard and it specifies static and cyclic

strength tests. The static tests relate to the worst loads generated in any activity
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while the cyclic tests relate to normal walking activities where loads occur regularly
with each step. The following type of analysis is performed to ascertain the safety of

the above knee prosthesis:

1. Analysis for proof strength under static load representing an occasional
severe event, which can be sustained by the prosthetic device/structure and

still allow it to function as intended.

2. Analysis for ultimate strength under static load representing a gross single
event, which can be sustained by the prosthetic device/structure but which

could render it thereafter unusable.

3. Analysis for fatigue strength under cyclic load which can be sustained by the

prosthetic device/structure for a given number of cycles.

3.10.2.2 Material Properties

The mechanical properties of the material of the intended product for
analysis are assigned to the CAD model. The value of properties is either chosen or
assigned from the Materials Library available in the Toolbox or it can be added to
the library. Essential properties like density, yield strength, Poison’s ratio etc. are

added to the library for the materials under study.

3.10.2.3 Loading for FEA

As the above knee prosthesis is widely utilized by people of developing
countries, making it appropriate to test for the highest realistic loading condition, the
loading values associated with the level P5 have been applied to the models to be
analysed. The test loading level P5 corresponds to the amputees of body mass
100 kg. According to 1ISO 10328 7.2.3 Note 1, field experience has shown that there
is a need for lower limb prostheses which can sustain the loads more than the
loading level P5 for the structural testing of such prostheses, test loading level P6
suitable for 120 kg amputee weight has been developed. As per ISO 10328 standard
loading level P3 and P4 corresponds to the amputees of body weight 60 kg and 80
kg respectively.
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3.10.2.4 Mesh Generation

Meshing is defined as the process of dividing the whole component into
number of elements so that whenever the load is applied on the component it
distributes the load uniformly called as meshing. Meshing is nothing but
discretization of continuous body into finite number of elements which refers to
the generation of nodal coordinates and elements. Meshing reduces the degree of

freedom from infinite to finite.

The selection of mesh depends on:
1. Geometry shape and size
2. Type of analysis

3. Computational time

The geometry can be categorized as 1D, 2D, or 3D based on the dominant

dimensions and then the type of mesh element is selected accordingly.

1D Element - Line
Used for geometries having one of the dimensions that is very large in

comparison to the other two.

2D Element - Quad, Tria
Used when two of the dimensions are very large in comparison to third one.

3D Element - Tetra, Hex, Prism, Pyramid
Used when all three dimensions are comparable. These four elements can

be used, in various combinations, to mesh any 3D solid model.

Tetra Hex Prism Pyramid

Figure 3.22: 3D mesh element
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Mesh convergence test is carried out to decide upon the mesh size. As the
mesh size is reduced, the number of element increases which in turn increases the
computational time. The stress level is calculated for different mesh sizes and the
mesh size is chosen when there are no further significant changes in the value of

stresses.

Mesh generation is of two types in CAD/CAM software.

1. Manual meshing: In manual mesh generation the analyst discretizes the
simplified geometry of the object to be studied that is the geometric model of
the object, into nodes and elements. Nodes are defined by specifying their
coordinates, while element connectivity defines the elements. Manual
meshing is inefficient; error prone, meshing data can grow rapidly and
become confusing for complex objects especially for three-dimensional ones.

2. Automatic meshing: It refers to the automatic creation and numbering of
nodes and elements based on a minimal amount of user supplied data.
Automatic mesh generation reduces errors, and saves a great deal of user

time, therefore reducing the FEA cost.

3.10.2.5 Boundary Conditions and Type of Interface

All models require boundary conditions for doing the finite element
analysis. Proper boundary conditions can save modelling and solution time and
result in more accurate analyses. The boundary conditions to be applied depend on
the type of analysis to be performed. Boundary conditions are often called "loads" or
"supports”. They constrain or act upon the model by exerting forces or rotations or
by fixing the model in such a way that it cannot deform. The data on loading can be
input by using one of the following options.
. Constant — Supported.
. Tabular (Time Varying) — Supported.
. Tabular (Spatially Varying) - Not Supported for Explicit Dynamics.
. Function (Time Varying) - Not Supported for Explicit Dynamics.
. Function (Spatially Varying) - Not Supported for Explicit Dynamics.
. Free — Supported.
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It is necessary to define the type of interface between various components of
an assembly. The type of interface will depend on the analysis to be performed and
shall be chosen from the following options:

Bonded, No separation, Frictionless, Rough and Frictional.

3.10.2.6 Interpretation of Results

The type of result is selected from the solution palette for the CAD model
under study. The nodal solution and von Mises stress was selected; total deformation
with stress magnitude was generated and recorded. Equivalent stress (also called von
Mises stress) is generally used in design work because it allows any arbitrary three-
dimensional stress state to be represented as a single positive stress value.
Equivalent stress is part of the maximum equivalent stress failure theory used to
predict yielding in a ductile material. The von Mises stress is calculated and

compared with the yield stress of the material.

3.11 Design Improvement of the Knee Joint Prosthesis

The finite element analysis results of the existing design are analyzed and
design improvements carried out by modifying the geometry of the individual
components with an objective to reduce the stresses, total deformation, weight
reduction and overcome failure. Improvements in the design of knee joint prosthesis
have been carried out by Taguchi method for design optimization and L9 orthogonal
array is used to develop new designs. The new designs of the knee joint prosthesis
were studied by the finite element analysis and the optimized knee prosthesis design
meeting all the requirements was recommended. The optimized design of the knee
prosthesis is also subjected to the fatigue analysis by ANSYS to verify the

performance compliance for cyclic strength testing as per ISO 10328.

3.11.1 Taguchi Method for Optimization

Optimization technique based on robust parameter design was developed by
Dr. Genichi Taguchi. This is an engineering method for process or product design
that focuses on minimizing variation and/or sensitivity to noise. Taguchi technique
provides an efficient and powerful method for designing the products that operate

consistently and optimally over a variety of conditions. In robust parameter design,
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the main objective is to find the factor settings which minimize response variation,
while adjusting or keeping the process on target. Engineering knowledge is used to
guide the selection of factors and responses. A product designed with this goal will
deliver more consistent performance regardless of the environment in which it is
used. In Taguchi method, the orthogonal arrays are used to reduce the number of
experimentations and thus the cost involved. Taguchi designs are balanced, and no
factor is weighted more or less in an experiment and allows factors to be analyzed

independently of each other.

The parameters for design improvement of knee joint prosthesis shall be
identified based on the FEA results. Depending on the number of parameters and
their levels, suitable orthogonal array is selected and the optimized design meeting
the performance requirements of 1SO 10328 is selected.
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CHAPTER 4
MECHANICAL CHARACTERISATION AND TRIBOLOGY
STUDY OF POLYMER MATERIAL AND COMPOSITES

The experimental work is done as per the methods and procedures described
in Chapter 3 and the results of mechanical and tribological properties of oil
impregnated nylon material (Oilon), Nylon66 and composites of Nylon66 material
are enumerated. The interpretation of results and comparison for various
compositions is elaborated in detail. The SEM results of worn out surface of the
specimens is also depicted. The optimal material selection by TOPSIS technique is

also covered in detail.

4.1 Mechanical Characterisation
4.1.1 Mechanical Properties of Oil impregnated Nylon material (Oilon)

In order to understand the suitability of Oilon material, the mechanical
properties of this material are investigated as per ASTM standards and procedure

and the results obtained are as under:

Table 4.1: Mechanical properties of Oilon material

S. No. |Name of Test Units Test Methods Value
01. |Density gm/cc ASTM D 792 1.14
02. |Tensile Strength MPa ASTM D 638 63
03. |Elongation % ASTM D 638 35
04. |Tensile Modulus MPa ASTM D 638 1143
05. |lzod Impact (Notched) kd/m? ASTM D256 59
06. |Flexural Strength MPa ASTM D 790 82
07. |Flexural Modulus MPa ASTM D 790 2600
08. |Compressive strength N/mm? | ASTM D 695 90
09. |Heat Deflection Temperature OC ASTM D 648 57
10. |Rockwell Hardness HRc ASTM D 785 86
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4.1.2 Mechanical Properties of Nylon 66 and Nylon 66-Alumina composites

The experimental results obtained for the mechanical properties of the Al,O3
- Nylon 66 composite material determined as per ASTM standard are given in the
Table 4.2.

Table 4.2: Mechanical properties of Al,Osfilled Nylon66 composite material

S ) Nylon 66 with Al,O3

' Name of Test Units | Test Methods

No 0% | 2% | 4% | 6% | 8%
01. | Density gm/cc | ASTM D 792 | 1.14 | 1.15 | 1.16 | 1.17 | 1.18
03. | Tensile Strength MPa | ASTM D 638 | 75.0 | 76.0 | 77.0 | 79.0 | 73.0
04. | Elongation % |ASTMDG638| 23 | 791|738 | 7.04 | 6.7
05. | Tensile Modulus MPa | ASTM D 638 | 1200 | 1388 | 1408 | 1439 | 1313
06, | 120d Impact KJ/im? | ASTM D256 | 5.10 | 5.24 | 5.96 | 6.02 | 5.88

(Notched)

07. | Flexural Strength MPa | ASTM D 790 | 111 | 116 | 118 | 119 | 115

08. | Flexural Modulus MPa | ASTM D 790 | 3000 | 3296 | 3311 | 3518 | 3423

Compressive

09. N/mm?| ASTMD®695| 76 | 84 | 86 | 88 | 86
strength

10, | Heat Deflection °%C | ASTM D648 | 66.2 | 66.8 | 68.0 | 69.4 | 71.9
Temperature

11. | Rockwell Hardness | HRc | ASTM D 785 | 97 100 | 102 | 104 | 105

The variation in mechanical properties such as tensile strength, tensile
modulus, flexural strength and modulus, impact strength, compressive strength, heat
deflection temperature (HDT) and Rockwell hardness of different weight % Al,O3

filled Nylon66 composites is described below:

4.1.2.1 Tensile Strength of Al,Os filled Nylon 66 composites

From the Figure 4.1, it can be noted that the tensile strength increases but

only marginally with the increase in filler content upto 6 wt.% and therafter it
reduces drastically. At 8 wt.% Al,Os3, the tensile strength becomes less than that of
pure Nylon 66. The improvement in tensile strength can be attributed to the high
strength, homogenous distribution and good interfacial adhesion of the filler in the
composite. The reduction in strength may be due to the conglomeration of filler
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particles at higher loading resulting in stress concentration leading to failure. The
tensile strength of all the four composites is more than that of Oilon material
(63MPa). Kali Dass et al. [169] also reported the increase in tensile strength of
Al,O3 —Epoxy composite from 5 to 10 wt.% and decrease at a filler content of 15
wt.%. whereas another study [170] reported the increase in tensile strength of nano
composite of Al,03 -monomer casting nylon upto 3wt.% but decrease in tensile
strength with increase in particle size from nano to micro. Zhanhu Guo et al. [171]
also observed the increase in tensile strength by 60% for 3 wt.% nano alumina vinyl
ester composite. Thus the increase in tensile strength is in line with the findings of
most of other researchers.
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Figure 4.1: Tensile strength of Al,O3- Nylon66 composites

4.1.2.2 Tensile Modulus of Al,Osfilled Nylon66 composites

The addition of any mineral filler to the polymer results in reduction in
elongation and the increase in tensile strength, thus resulting in increase in tensile
modulus. In this case from Figure 4.2 it can be noted that the value of tensile
modulus first increases exponentially by 17% on addition of 2 wt.% micro alumina
particles to Nylon 66, then it gradually increases upto 6 wt.% and thereafter it

reduces at higher filler loading as reduction in tensile strength is noted.
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Figure 4.2: Tensile modulus of Al,O3- Nylon66 composites

4.1.2.3 Flexural Strength and Modulus of Al,O3filled Nylon66 composites

The flexural strength and modulus of Al,O3 - Nylon66 composites at various
filler loadings are shown in Figures 4.3 & 4.4 respectively. It is noted that the
flexural strength and modulus increases with the addition of micro alumina from 111
MPa at 0 % Al,O3 to 119 MPa at 6 wt % Al,O3 whereas flexural strength increased
from 3000 MPa to 3516 MPa. Further, addition of micro alumina resulted in
decrease in its values. The flexural strength of composites is more than that of Oilon
material. The reported results are in agreement with the findings of other researches
such as Abdollah Omrani et al. [172] who observed the increase in flexural
properties at low loadings of upto 2% nano alumina to epoxy and when the level of
loading was over 2%, the flexural modulus is decreased. It is believed that the
aggregation of filler particles at higher concentration is responsible for the low value
of flexural modulus. On similar lines Kali Dass et al. [169] reported the increase in
flexural strength upto 10 wt.% micro alumina epoxy composite and reduction
thereafter. Another study by Mahapatra et al. [173] also noticed that addition of 10
wt.% alumina to polyester resin improves the flexural strength but further addition

causes reduction in strength.
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Figure 4.3: Flexural strength of Al,O3- Nylon66 composites
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4.1.2.4 Impact Strength of Al,Os filled Nylon66 composites
From the results of Figure 4.5 it is noted that the impact strength increases by

about 18% upto 6 wt.% addition of the micro alumina particles to Nylon 66. The
value increased more with the initial addition of 4% alumina and is marginally
increased with further addition of filler upto 6 wt.% and the impact strength reduces
at higher loading of alumina may be due to poor dispersion. S. S. Mahapatra &
Amar Patnaik [173] reported that impact strength of unfilled glass fibre- polyester
composite increases by about 10-15% with incorporation of alumina particles and
also observed that impact strength marginally increases when wt% of fillers is

increased from 10 to 20 %.
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Figure 4.5: 1zod impact strength of Al,O3- Nylon66 composites

4.1.2.5 Effect of Compressive Strength on Al,O; filled Nylon66 composites

Figure 4.6 shows that the addition of micro alumina particles to Nylon66

resulted in increase of the compressive strength and the value increases from 76
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N/mm? at 0% loading to 88 N/ mm? at 6 wt. % of alumina and it reduces on further
addition of filler and at 8 wt. % alumina it reaches to 86 N/ mm? but still it is more
than the value of plain Nylon66. The reduction in value of compressive strength at
higher loading may be due to uneven distribution of filler particles in polymer
matrix. Kali Dass et al. [169] also reported that the compressive strength of the m-
cresol novalac epoxy composites increases with an increase in the filler content from

5 to 15 wt%.

8

&
]

\
/

\

Compressive strength (MPa)

82 -

80 -

78 -

76 - [ |
T T T T T T T T T
0 2 4 6 8

Concentation of ALO, (wt.%)

Figure 4.6: Compressive strength of Al,O3- Nylon66 composites

4.1.2.6 Heat Deflection Temperature (HDT) of Al,Osfilled Nylon66 composites
The Heat Deflection Temperature (HDT) of the composite is reported in

Figure 4.7 and from that we note the increase in its value with the addition of
alumina and it reaches to 71.9°C at 8 wt.% from the value of 66.2 °C for pure Nylon
66. The addition of inorganic fillers to Nylon normally results in increasing the Heat

deflection temperature and thus enhancing its applications at elevated temperatures.
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Figure 4.7: Heat Deflection Temperature (HDT) of Al,Os filled
Nylon66 composites

4.1.2.7 Rockwell Hardness of Al,O3filled Nylon66 composites

Figure 4.8 shows the hardness variation with filler content for alumina filled
Nylon 66 composites. It reveals that hardness increases with increment in alumina
filler content in Nylon 66 matrix. This increase in hardness may be attributed to
stiffer and more brittle nature of Al,O3 than the Nylon 66 material. According to
investigation of Kumar et al., the alumina filler compacts the composite matrix and
reinforcement arrangement, which results in improved packing and resistance to

indentation [174-175].
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Figure 4.8: Rockwell Hardness of Al,O3filled Nylon66 composites

4.1.3 Mechanical properties of TiO, filled Nylon66 composites
The experimental value of the mechanical properties of the TiO, — Nylon66

composite material determined as per ASTM standard is given in the Table 4.3

Table 4.3: Mechanical properties of TiO, — Nylon 66 composite material

S. ] Nylon 66 with TiO,
Name of Test Units | Test Methods

No. 0% | 2% | 4% | 6% | 8%
01. |Density gm/cc | ASTM D792 |1.141.15(1.17|1.18|1.19
02. |Tensile Strength MPa | ASTM D 638 | 75.0 | 76.0| 78.0 | 82.0 | 78.0
03. |Elongation % |ASTMD638| 23 | 23 | 22 | 22 | 7
04. |Tensile Modulus MPa | ASTM D 638 |1200|1261|1326|1489|1458
05. |Izod Impact (Notched) KJ/m?| ASTM D256 |5.10 |5.15|5.48 | 5.96 | 5.44
06. |Flexural Strength MPa | ASTM D 790 | 111 | 114 | 116 | 119 | 115
07. |Flexural Modulus MPa | ASTM D 790 | 3000 |3045|3206 (3436|3021
08. [Compressive Strength  |N/mm?| ASTM D695 | 76 | 82 | 84 | 85 | 83
09. ?gr‘;tp[gf;t'ﬁf;'on °C | ASTM D648 | 66.2|67.1|68.3| 69 |71.6
10. [Rockwell Hardness HRc | ASTM D785 | 97 | 98 | 101 | 104 | 102
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The variation in mechanical properties such as tensile strength, tensile
modulus, flexural strength and modulus, impact strength, compressive strength, heat
deflection temperature (HDT) and Rockwell hardness of different weight % TiO;

filled Nylon66 composites is described below:

4.1.3.1 Tensile Strength of TiO, filled Nylon66 composites

From the Figure 4.9 we can see that the value of tensile strength increases
almost linearly up to 4 wt % and it further increases gradually up to 6 wt %, before
the value reduces at 8 wt % TiO,. The tensile strength of Nylon66- TiO, composites
is more than that of Oilon material. Bao jun found that the loading of TiO, was
effective for improving the tensile strength of PA66 and inferred that nanosize TiO;
as the reinforcing agent might effectively increase the load carrying capacity of
PA66 nanocomposites [176]. The addition of TiO;, to polystyrene also results in
increase in the tensile strength linearly up to 15 wt.% and all the compositions

showed a tensile strength higher than the virgin polymer [177].

The effect of differing particle sizes on the tensile strength was examined by
various researchers and it is observed that PEEK reinforced with 15nm particles of
TiO, improved the tensile strength starting from 86 MPa for neat PEEK up to 115
MPa at a filler content of 8.4 vol.%, whereas 300 nm particles decreased the tensile
strength [178]. Thus, the increase in tensile strength is in line with the findings of
other researchers [176-178].
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Figure 4.9: Tensile strength of TiO; filled Nylon66 composites

4.1.3.2 Tensile Modulus of TiO; filled Nylon66 composites

Tensile modulus is the ratio of the tensile stress to strain in the linear region
of the stress- strain diagram and is known to increase on addition of any mineral
filler to the polymer. Tensile modulus is increased by 23% on addition of 6 wt %
micro TiO, to Nylon 66 and the increase in modulus happens due to the good
reinforcement provided by the inorganic filler to the polymer matrix (Figure 4.10).
Similarly, increase in the modulus was also reported by Jing-Lei-Yang et al. for
PA66-21nm and 300nm TiO, composites [179]. The result of another research
showed that PEEK filled with 15nm particles of TiO, exhibit higher modulus than
the one filled with large 300nm particles. The nanocomposite filled with 8.4vol.% of
15nm particles is 39% enhanced in comparison to the neat PEEK matrix, whereas
the compound owing 8.9vol.% of 300nm particles improves only about 30% [178].
The TiO, — Polystyrene composites also showed an increase in the tensile modulus

up to 15wt. % of the filler and thereafter the value goes down [177].



Mechanical Characterisation and Tribology study of Polymer Material and Composites 67

1500 ~

1450 ~

Tensile Modulus (MPa)
] ] ~
= 4 =

1250 /

1200 ~ n

0 2 4 6 8 10
Concentration of TiO, (wt. %)

Figure 4.10: Tensile modulus of TiO, filled Nylon66 composites

4.1.3.3 Flexural Strength and Modulus of TiO; filled Nylon66 composites
Flexural properties of TiO,- Nylon 66 composites at various filler loadings

are shown in Figures 4.11 & 4.12 respectively. It is found that the flexural strength
and modulus increases with the increase in TiO, up to 6 wt. % however the increase
IS not as much as in tensile properties. Flexural strength increased from 111 MPa at
0 % TiO; to 119 MPa at 6 wt. % TiO, whereas flexural strength increased from
3000 MPa to 3436 MPa. The effect of adding TiO; to polystyrene also reported an
increase both in flexural strength and modulus up to 15 wt.% followed by a decrease
at higher loading [177]. Another research reported the increase in flexural properties
for Nylon 6-flyash microcomposites and observed that flexural strength attained
maxima at lower filler concentration when smaller particle size flyash was used as
compared to larger particle size flyash [180]. Generally the incorporation of mineral
filler enhances the flexural properties as the interaction between filler and matrix
makes the composite more stable and the values reduces at higher loading due to

agglomeration of filler particles.
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Figure 4.11: Flexural strength of TiO, filled Nylon66 composites
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Figure 4.12: Flexural modulus of TiO, filled Nylon66 composites
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4.1.3.4 Impact Strength of TiO, filled Nylon66 composites

An earlier study stated that filler can either decrease or increase the impact
strength compared to the unfilled polymer [181]. The addition of flyash to Nylon 6
reported the reduction in impact strength [180] whereas Kaolin, talc mix resulted in
increase and decrease at different proportion [182]. Study of PEEK -TiO,
nanocomposites showed that the 15nm particles create high improvement in
toughness, whereas the 300nm particles with increasing filler content cause a slight
decrease in comparison to neat PEEK [178]. Impact strength showed a decrease with
increase in filler in case of titanium dioxide filled polystyrene microcomposite as
impact strength depends on the brittleness of the polymer matrix. The presence of
coupling agent helps in better interfacial bonding between the matrix and the filler

and improves the impact strength [177].

From Figure 4.13, we can note that addition of micro TiO, to Nylon66
resulted in substantial improvement in 1zod Impact Strength by 17% at 6 wt.%. TiO,
and reduces on further addition of filler as due to poor dispersion bigger
agglomerates or particles lead to a reduction in impact energy and earlier failure

because of stress induction.
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Figure 4.13: 1zod impact strength of TiO, filled Nylon66 composites
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4.1.3.5 Compressive Strength of TiO,filled Nylon66 composites

From Figure 4.14, it can be seen that the addition of micro TiO; to Nylon 66
resulted in increase of the compressive strength and the value increases from 76
N/mm? at Owt. % loading to 85 N/ mm? at 6 wt. % of TiO, and it reduces to 83 N/
mm? at 8 wt. % but still it is more than the value of plain Nylon 66. V. L. Raja et al.
studied the effect of adding silica fume to Nylon 66 and noticed the improvement in
the compressive strength [183]. The results are in agreement with earlier studies that
inorganic fillers and short fibres are used to increase the compressive strength of the

polymer matrix system [184, 185].
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Figure 4.14: Compressive strength of TiO; filled Nylon66 composites

4.1.3.6 Heat Deflection Temperature (HDT) of TiO;filled Nylon66 composites
HDT is the temperature at which a beam of polymer deflects by a given
amount under a specified load [181]. The addition of mineral fillers resulted in
increase in HDT and from Figure 4.15 it is observed that with the increase in TiO,
wt.% the HDT increases. Nylon 66 being semi crystalline, the crystalline regions

help transfer stress to the filler under load. The test results of Nylon 66 — silica fume
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composites confirmed the improvement in HDT properties [183]. Since the
inorganic fillers are quite stable at elevated temperatures compared to polymers,

their addition helps in enhancing the heat deflection properties of the composite.
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Figure 4.15: Heat Deflection Temperature of TiO, filled Nylon66 composites

4.1.3.7 Rockwell Hardness of TiO; filled Nylon66 composites

The Rockwell hardness variation for TiO, filled Nylon 66 composites are
shown in Figure 4.16.1t reveals that hardness increases with increase in TiO; filler
content upto 6 wt.% in Nylon 66 matrix. This increase in hardness may be because
of a more compact/rigid structure at the material’s surface, which creates greater
resistance to indentation resulting in the hardness of the composites showing higher
values. At higher filler loading the hardness may not be increasing due to

conglomeration and poor dispersion of the microparticulates.
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Figure 4.16: Rockwell hardness of TiO, filled Nylon66 composites

4.2  Tribological Properties

The wear rate and coefficient of friction of oil impregnated Nylon 66 (Oilon)
material, Nylon 66 and composites of Nylon 66 with alumina and titanium dioxide
are determined from the experiments conducted with pin on disc apparatus as per the

procedure explained in Chapter 3.

4.2.1 Tribological Properties of oil impregnated Nylon 66 (Oilon) material
The experiment results for wear rate and coefficient of friction for oil

impregnated Nylon 66 (Oilon) material are given in Table 4.4
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Table 4.4: Tribological properties of oil impregnated Nylon 66 (Oilon) material

Load(N) Wear Rate(mm?®) Coefficient of
Friction
50 11.404 0.11
60 23.684 0.26
Sliding velocity: 70 36.842 0.38
6.5m/s, Sliding
Distance: 2000 m 80 51.754 0.51
90 86.842 0.76
100 278.947 0.91
Sliding Velocity

(m/s)
2.5 16.667 0.38
3.5 34.21 0.51

Load: 100 N, Sliding
Distance: 2000m 4.5 64.035 0.59
5.5 139.474 0.67
6.5 285.965 0.86
Sliding
Distance(m)

500 18.421 0.4
Load :100N, Sliding 1000 75.439 0.63
Velocity : 6.5m/s 1500 171.93 0.79
2000 281.579 0.94

4.2.2 Tribological Properties of Al,Osfilled Nylon66 composites
4.2.2.1 Wear Rate of Al,O; filled Nylon66 composites

The wear rate is calculated by measuring the wear volume in mm? for the
experiments conducted for various wt.% micro alumina - Nylon 66 composites as a
function of load, sliding velocity and sliding distance and the results are plotted in

Figures 4.17-4.19 respectively. It is observed that the wear rate increases with the
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increase in the applied normal load, sliding velocity and sliding distance for various
wt.% composites with the increase in filler loading. However, the wear rate values
were less than that of pure Nylon 66 for the micro composite of 4 wt.% alumina
from Figure 4.17 and 6 wt.% alumina from Figures 4.18 & 4.19. The lowest wear
rate is observed in case of 2 wt.% composite and the wear rate is linear upto load
90N, sliding velocity 6.5 m/s and distance 1500m and thereafter with increased
slope. The decrease in the wear rate at lower filler loading can be attributed to the
dispersion of micro alumina in the form of a single particle in the matrix and could
give full advantage to the combination properties of the composite. The increase in
wear rate at higher loading is because the micro Al,O; tended to produce stress
concentration due to its larger and harder particles where some particles were prone

to disengage from the matrix due to poor adhesive strength [92].
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Figure 4.17: Relationship between wear rate and load on Al,O3 filled Nylon66
composites (Sliding Velocity: 6.5m/s, Sliding Distance: 2000 m)
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Figure 4.18: Relationship between wear rate and sliding velocity on Al,Os filled
Nylon66 composites (Load: 100 N, Sliding Distance: 2000 m)
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Figure 4.19: Relationship between wear rate and sliding distance on Al,Og3 filled
Nylon66 composites (Load: 100N, Sliding Velocity: 2000m)
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4.2.2.2 Coefficient of Friction of Al,O3filled Nylon66 composites
The effect on coefficient of friction of Nylon 66-Al,O3 composites with

respect to load, sliding velocity and distance is shown in Figures 4.20-4.22. It is
noted that the addition of small quantity of alumina reduces the coefficient of
friction and lowest COF is for 2 wt.% Al,O3-Nylon 66 composite. The coefficient of
friction of 2 wt.% Al,O3-Nylon 66 lies from 0.1 to 0.5 under various combinations
of load, sliding velocity and sliding distance. COF increases with the percentage
increase of alumina from 2 wt.% to 8 wt.% but remains less than that of pure Nylon
66. Friction coefficient increases linearly with varying load upto 80N and thereafter
increases with increased slope. The sliding velocity also causes the friction
coefficient to increase linearly for all ranges of sliding velocity from 2.5 m/s to 6.5
m/s and the friction coefficient increases linearly upto 1000m sliding distance and

then with increased slope.

Cai et al. [96] investigated that the nanocomposites with mass fractions of
Al,O3 below 4 wt.% give slightly decreased friction coefficients at both low and
high sliding speeds compared to the bare Polyimide and inferred that the sliding
surface temperature of PI/Al,O3; increased with sliding speed resulting in micro
melting of the surface and the formation of a transfer film of the nanocomposite on
the counterpart steel surface resulting in reduced friction. With the increase in wt.%
of Al,Os the transfer film gets damaged due to abrasion action of the agglomerated
particulates in the wear debris thus increasing the friction. A study of micro and
nanocomposite of PA6/AI,O3 at a velocity of 0.42 m/s for 1 hour under loads of 50
N to 250 N showed that friction coefficient reduced with increasing load and the
friction coefficient of PA6/Al,O3; nanocomposite was slightly greater than that of the

monomer casting PA6 and that of micron Al,O3 was the highest [92].
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Figure 4.20: Relationship between coefficient of friction and load on Al,Os filled

Nylon66 composites (Sliding velocity: 6.5m/s, Sliding Distance: 2000 m)
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Figure 4.21: Relationship between coefficient of friction and sliding velocity on
of Al,Osfilled Nylon66 composites (Load: 100 N, Sliding Distance: 2000 m)
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Figure 4.22: Relationship between coefficient of friction and sliding distance on
Al,Osfilled Nylon66 composites (Load: 100N, Sliding Velocity: 2000m)

4.2.3 Tribological Properties of TiO; filled Nylon66 composites
4.2.3.1 Wear Rate of TiO; filled Nylon66 composites

Figures 4.23-4.25 display the wear rate of neat Nylon 66 and Nylon 66-TiO;
composite as a function of load, sliding velocity and sliding distance respectively
and it is observed that the wear rate increases with the increase in their values. It is
noticed that the wear rate of 2, 4 & 6 wt. % TiO,-Nylon 66 composites is less than

the wear rate of pure Nylon 66, whereas the wear rate of 8 wt.% composite is more.

The lowest wear rate is observed in case of 2 wt. % composite and it is
approximately one third of the wear rate of the pure Nylon 66. The wear rate of 2
and 4 wt. % composite is linear for all combinations of load, sliding velocity and
distance. Further, it can be seen that the wear rate for 0, 6 and 8 wt. % is linear up to
load 80N, sliding velocity 4.5 m/s and distance 1000 m and thereafter increases
gradually. The increase in wear rate is due to the increase in the value of coefficient

of friction due to the dislodged debris between contact surfaces. The contact surface
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temperature increases resulting in the reduction of mechanical cohesion and eroding

of the constituents.

Similar finding was reported by Bao jun [176] that Nano TiO, at 1vol.% was
effective for improving the tribological properties of PA66 and noticed the increase
in wear rate with increased load for TiO,/PA66 composite and the wear rate of pure
PAG66 increased quickly. Another study concluded that the nano TiO, effectively
reduces the wear rate of Nylon 66- TiO, composite especially under high pv

conditions [186].
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Figure 4.23: Relationship between wear and load on TiO; filled Nylon66
composites (Sliding velocity: 6.5m/s, Sliding Distance: 2000m)
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4.2.3.2 Coefficient of Friction of TiO;filled Nylon66 composites

Figures 4.26-4.28 show the coefficient of friction of Nylon 66 and Nylon 66-
TiO, composites with respect to load, sliding velocity and distance. The friction
coefficient decreases initially with the addition of TiO, and is lowest with 2 wt.%
and increases gradually and becomes more than that of pure Nylon 66 beyond 6
wt.% filler loading. Increase in friction coefficient is noted with the increasing load,
sliding velocity and sliding distance. From the results it is noted that sliding velocity
is the maximum contributor to the increase in coefficient of friction. Earlier study
also showed that the coefficient of friction of neat PA66 apparently increases during
the initial wear stage probably due to the increase of contact area and contact
temperature due to frictional heating [186]. Bao Jun studied the friction coefficients
of monomer PA66 and TiO,/PA66 composite as a function of load and noted that
the friction coefficient of the materials was reduced with load in the test. The
friction coefficient of 1vol% TiO,/PA66 composite was the lowest and the friction
coefficient of the pure PA66 was the highest [176].

| —=— 0wt% TiO,
0907 o2 wt% TiO,
1—4—4 wt% TiO,
0754 —v— 6 wt.% TiO,
1—+—8wt% TiO,
0.60 4 —»— Qilon

0.45

0.30

Coefficient of Friction (u)

0.15

0.00 T T T T T T T T T

Load (N)

Figure 4.26: Relationship between coefficient of friction and load on TiO; filled

Nylon66 composites (Sliding Velocity: 6.5m/s, Sliding Distance: 2000 m)



Mechanical Characterisation and Tribology study of Polymer Material and Composites 82

e —— e R

| —=— 0 wt% TiO,

0904 —e—2wt%TiO,
- { —*— 4 wt% TiO,
:0_75 1 — v 6 wt% TIOZ
g | < 8wt%TiO,
2 ~»  Oilon
L 060 -
'S
]
c
2 045
o
E
o
8 030 |

0.15

T T T T T T T T T T T T
2 3 4 5 6 7
Sliding Velocity (m/s)

Figure 4.27: Relationship between coefficient of friction and sliding velocity on

TiO;, filled Nylon66 composites (Load: 100N, Sliding Distance: 2000 m)
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Figure 4.28: Relationship between coefficient of friction and sliding distance on

TiO;, filled Nylon66 composites (Load: 100N, Sliding Velocity: 6.5m/s)
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4.3  Scanning Electron Microscopy
4.3.1 SEM of Oilon and Al,O3filled Nylon 66 composites

The worn out surfaces of the composite specimens after the sliding wear test
were subjected to Scanning Electron Microscopy [SEM] examination to understand
the wear mechanism. The micrographs for Oilon and various compositions are
shown in Figures 4.29 [a] to [f] from which it can be seen that wear grooves run
parallel to the sliding direction and were present at all stages of the test. From figure
4.29[b], it is noted that for plain Nylon 66, deep wear grooves are observed which
can be attributed to frictional heat generated due to the increase in coefficient of
friction with increasing load and sliding velocity. Figure 4.29[c] shows that at 2
wt.% loading of alumina the wear is reduced as the state of dispersion was good and
a suitable adhesion between alumina particles and the polymer matrix has been
attained at low level of loading [172]. Figure 4.29[d] - 4.29[f] reveal that as the
wt.% of alumina increases the wear and groove depth also increases. More scuffing,
ploughing and plastic deformation marks appear on the worn surfaces at higher
loading which indicates that higher mass fraction of Al,O3 experienced more severe
plastic deformation and weakening of the molecular chain interaction which is
related to the poorer wear resistance [96] as it can be observed from figure 4.22-4.24
that with increase in wt.% of Al,O3 the wear rate increases. Zhao et al. [92] also
concluded that there was ploughing ditch on the worn surface and significant
abrasive wear and because the friction force was larger, the worn surface showed
micro cracking which was perpendicular to the sliding direction caused by the
friction force and heat. Increase in wear at higher wt. % results in increase in friction

coefficient.
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Figure 4.29[a]: Oilon (Oil impregnated Nylon)
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Figure 4.29[b]: Unfilled Nylon 66
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100 pm EHT =10.00kV  Signal A = SE1 Date :26 Mov 2016 usIC.
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Figure 4.29[c]: Nylon 66+2wt.% Al,O3
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Figure 4.29[d]: Nylon 66+4wt.% Al,O3
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Figure 4.29 [e]: Nylon 66+6wt.% Al,O3
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Figure 4.29[f]: Nylon 66+8wt.% Al,O3
Figure 4.29: Microstructure of Oilon and Al,Os filled Nylon 66 composites
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4.3.2 SEM of TiO;filled Nylon66 composites
The composite specimens are subjected to Scanning Electron Microscopy

examination after the sliding wear test to understand the morphology of worn out
surfaces. The representative micrographs are shown in Figures 4.30 [a] to [d]. It is
noted that at lower loading, dispersion of filler in Nylon 66 matrix is good and
agglomeration starts for filler e 6% and this accounts for decrease in mechanical
properties. The worn surfaces mainly composed of longitudinal grooves whose
width increases with the increase in filler content resulting in higher coefficient of
friction. The wear is caused by micro- cutting and micro ploughing during the

sliding action between the surfaces. Due to increase in the contact temperature

during sliding, the Nylon 66 matrix softens resulting in increase in wear due to
peeling off [186].

100 pm EHT = 10.00 kV Signal A = SE1 Date :15 Oct 2016 u.s.LC.
— = : A a-on- Univ. of Rajasthan
WD =17.0mm Mag 100KX Time :16:20:31 Jaipur - 302004 o I

Figure 4.30 [a]: Nylon 66+2wt. % TiO,
(Load: 100 N, Sliding Velocity: 6.5m/s, Sliding Distance: 2000m)
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Figure 4.30[b]: Nylon 66+4wt. % TiO
(Load: 100 N, Sliding Velocity: 6.5m/s, Sliding Distance: 2000m)

EHT =10.00 kv Signal A = SE1

: 016 Us.l.Cc.
|—| = Mag= 1.00K X H FrETE Univ. of Rajasthan |
WD =16.5 mm ag Time :16:31:19 Jaipuir - 302004 o

Figure 4.30[c]: Nylon 66+6wt. % TiO;
(Load: 100 N, Sliding Velocity: 6.5m/s, Sliding Distance: 2000m)
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Figure 4.30[d]: Nylon 66+8wt. % TiO;
(Load: 100 N, Sliding Velocity: 6.5m/s, Sliding Distance: 2000m)

Figure 4.30: SEM images of worn surfaces of TiO; filled Nylon66 composites

44 Material Selection by TOPSIS, Multi Criteria Design Analysis Technique

The decision matrix as shown in Table 4.5 is prepared by taking the
experimental results of mechanical properties from Table 4.1-4.3.The values of wear
and coefficient of friction are taken from Table 4.4 and Figures 4.17-4.28 for  the
experimental conditions of load 100N, sliding velocity 6.5 m/s and sliding distance
2000m. All the properties are given equal weightage.

In the next step the normalized decision matrix is prepared and the result is
given in Table 4.6. The values are calculated as per the formula 3.1

Positive Ideal Solution and Negative Ideal Solution are calculated by the
formulae 3.2. Example density, wear and coefficient of frictions are considered as
cost factors whereas tensile strength, flexural strength, impact strength etc. are taken

as benefit factors. The results of PIS and NIS are shown in Table 4.7.
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The notations used in the tables are as below:

O-N . Oil Impregnated Nylon

N-66 : Nylon 66

NA-2 : Nylon 66 + 2% Al,0O;

NA-4 : Nylon 66 + 4% Al,O;

NA-6 : Nylon 66 + 6% Al,O3

NA-8 - Nylon 66 + 8% Al,O3

NT-2 . Nylon 66 + 2% TiO,

NT-4 . Nylon 66 + 4% TiO,

NT-6 > Nylon 66 + 6% TiO,

NT-8 - Nylon 66 + 8% TiO,

TS . Tensile Strength

™ . Tensile Modulus

I . Elongation

FS . Flexural Strength

FM . Flexural Modulus

CS :  Compressive Strength

HDT . Heat Deflection Temperature
RH . Rockwell Hardness

WL : Wear at Load 100 N

WSV : Wear at Sliding Velocity 6.5 m/s
WSD : Wear at Sliding Distance 2000 m
COFL . Coefficient of Friction at Load 100 N
COFSV . Coefficient of Friction at Sliding Velocity 6.5 m/s

COFSD . Coefficient of Friction at Sliding Distance 2000 m
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Table 4.5: Experimental data of mechanical and wear properties of various materials (Decision Matrix)

Samples | Density | TS | TM 1 FS | FM | CS | HDT | RH WL WSV WSD | COFL | COFSV | COFSD
O-N 1.14 63 | 1143 | 59 | 82 | 2600 | 90 S7 86 | 278.947 | 285.965 | 281.579 | 0.91 0.86 0.94
N-66 1.14 75 11200 | 5.1 | 111 | 3000 | 76 | 66.2 | 97 | 310.526 | 305.263 | 314.035 | 0.86 0.88 0.82
NA-2 1.15 76 | 1388 | 5.24 | 116 | 3296 | 84 | 66.8 | 100 | 113.913 | 104.348 | 135.652 | 0.52 0.61 0.57
NA-4 1.16 77 | 1408 | 5.96 | 118 | 3311 | 86 68 | 102 | 145.690 | 121.552 | 147.414 | 0.67 0.66 0.61
NA-6 1.17 79 | 1439 | 6.02 | 119 | 3518 | 88 | 69.4 | 104 | 315.385 | 311.111 | 321.368 | 0.78 0.72 0.67
NA-8 1.18 73 | 1313 | 5.88 | 115 | 3423 | 86 | 71.9 | 105 | 509.322 | 476.271 | 509.322 | 0.83 0.79 0.84
NT-2 1.15 76 | 1261 | 5.15 | 114 | 3045 | 82 | 67.1 | 98 | 97.391 | 92.174 | 101.739 | 0.61 0.72 0.69
NT-4 1.17 78 | 1326 | 5.48 | 116 | 3206 | 84 | 68.3 | 101 | 127.350 | 103.419 | 278.814 | 0.84 0.78 0.64
NT-6 1.18 82 | 1489 | 5.96 | 119 | 3436 | 85 69 | 104 | 287.288 | 268.644 | 114.530 | 0.73 0.84 0.79
NT-8 1.19 78 | 1458 | 5.46 | 115 | 3021 | 83 | 71.6 | 102 | 452.101 | 435.294 | 443.697 | 0.93 0.91 0.96
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Table 4.6 Normalized decision matrix

Samples | Density | TS ™ 1 FS FM CS | HDT | RH WL | WSV | WSD | COFL | COFSV | COFSD
O-N 0.3099 |0.2626|0.26840.3316|0.2295|0.2572|0.3369|0.2665|0.2719|0.2974 |0.3187|0.3004 | 0.3697 | 0.3475 | 0.3890
N-66 0.3099 |0.3127|0.28170.2867|0.3107(0.2968 |0.2845|0.3095|0.3066 | 0.3310|0.3402|0.3350| 0.3494 | 0.3556 | 0.3394
NA-2 0.3127 |0.3168|0.32590.2945|0.3247(0.3261|0.3144|0.3123|0.3161|0.1214 |0.1163|0.1447| 0.2112 | 0.2465 | 0.2359
NA-4 0.3154 |0.3210|0.33060.3350|0.3303(0.3276|0.3219|0.3179|0.3224|0.1553 |0.1355|0.1573| 0.2722 | 0.2667 | 0.2524
NA-6 0.3181 |0.3293|0.33790.3384|0.3331|0.3481|0.3294 |0.3244|0.3288|0.3362 | 0.3467|0.3428| 0.3169 | 0.2909 | 0.2773
NA-8 | 0.3208 |0.3043|0.3083(0.3305(0.3219|0.3387(0.3219|0.3361|0.3319|0.5430|0.5308 |0.5433 | 0.3372 | 0.3192 | 0.3476
NT-2 | 0.3127 |0.3168|0.2961|0.2895|0.31910.3013|0.3070|0.3137|0.3098 |0.1038|0.1027|0.1085| 0.2478 | 0.2909 | 0.2856
NT-4 0.3181 |0.3252|0.3113/0.3080|0.3247(0.3172|0.3144|0.3193|0.3193|0.1358 |0.1153|0.2974| 0.3412 | 0.3152 | 0.2649
NT-6 | 0.3208 |0.3419|0.3496|0.3350|0.3331|0.33990.3182|0.3226 |0.3288|0.3063|0.2994 | 0.1222| 0.2965 | 0.3394 | 0.3269
NT-8 | 0.3235 |0.3252|0.3423|0.3069|0.32190.29890.3107 |0.3347|0.3224 | 0.4820|0.4851|0.4733| 0.3778 | 0.3677 | 0.3973

Table 4.7: Positive Ideal Solution (PIS) and Negative Ideal Solution (NIS)
R* | 0.3099 | 0.3419 | 0.3496 | 0.3384 | 0.3331 | 0.3481 | 0.3369 | 0.3361 | 0.3319 | 0.1038 | 0.1027 | 0.1085 | 0.2112 | 0.2465 | 0.2359
R | 0.3235 | 0.2626 | 0.2684 | 0.2867 | 0.2295 | 0.2572 | 0.2845 | 0.2665 | 0.2719 | 0.5430 | 0.5308 | 0.5433 | 0.3778 | 0.3677 | 0.3973
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Finally, the euclidian distances between each of the alternatives and the
positive ideal solution and the negative ideal solution are calculated as per formula
3.3 and the closeness index is calculated by the formula 3.4. The various materials
are then ranked as per the result of closeness index. Higher the closeness index

better is the rank of the material. The results are tabulated in Table 4.8.

Table 4.8: Closeness index and ranking of the alternatives

D+ D- C.l. RANK
O-N 0.469054 0.412085 0.4677 7
N-66 0.465131 0.378185 0.4485 8
NA-2 0.08244 0.775915 0.904 1
NA-4 0.111369 0.727547 0.8672 2
NA-6 0.428765 0.424743 0.4976 6
NA-8 0.776201 0.191702 0.1981 10
NT-2 0.126271 0.78636 0.8616 3
NT-4 0.253011 0.667388 0.7251 4
NT-6 0.323715 0.582736 0.6429 5
NT-8 0.703984 0.196637 0.2183 9

From the results it is deduced that the composite of Nylon66 with 2 wt. % of
aluminum oxide ranked first in the closeness index and it is recommended to chose
this material due to its better mechanical and tribological properties for the

application of knee joint for above knee prosthesis.



CHAPTER 5

FINITE ELEMENT ANALYSIS OF
KNEE JOINT PROSTHESIS







CHAPTER 5
FINITE ELEMENT ANALYSIS OF KNEE JOINT PROSTHESIS

This chapter covers the finite element analysis of knee joint prosthesis. The
test procedure of SO 10328:2006 as explained in Chapter 3 is used to conduct
static proof and ultimate stress analysis of the above knee prosthesis, used in
developing country, by finite element method. The finite element analysis is
performed with the material properties of oil impregnated nylon and the newly

developed composite of Nylon66 prepared by adding 2 wt. % of aluminium oxide.

5.1  Three Dimensional CAD Model of Knee Prosthesis

The knee prosthesis individual components are measured with the help of
measuring instruments - digital vernier calliper and three dimensional coordinate
measuring machine of Electronica make (Model-Ruby CNC 564). Creo3.0 CAD
modelling software is used to develop three dimensional solid model of the
individual components and assembly of the knee prosthesis.

The knee prosthesis is a four bar linkage mechanism made of Oilon material
(Nylon 6 impregnated with oil) which consists of upper block, lower block, middle
link and two side links assembled with steel screws & hinges. The total weight of
the knee joint components is 372 grams. The individual components are shown in
Figure 5.1 and assembly is shown in Figure 5.2

1. Upper Block 2. Side Link — 2 Nos.
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3. Middle Link 4. Lower Block

Figure 5.1: Components of knee prosthesis

1. Upper Block

<+— 2. Sijde Link

3. Middle Link

4. Lower Block

Figure 5.2 Assembly of knee prosthesis

5.2  Finite Element Analysis

ANSYS 16.0 software is used for the static and cyclic stress analysis of the
knee joint prosthesis. For performing the analysis for the principal structural tests,
the CAD model of the knee joint prosthesis is developed by adding end attachments,
load application levers and non-prosthetic extension pieces. The total length of the
assembly for test set-up is maintained to 650 mm as per the requirement of the I1SO
10328 standard. The CAD model of the analysis set-up is shown in Figure 5.3
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Load Lever

End Attachment

Knee Joint

End Attachment

Load Lever
Figure 5.3: CAD model of knee prosthesis with end attachments and load lever

5.2.1 Loading Conditions and Load Line

According to the ISO 10328 standard, a single test force is applied through a
specific line of load application and depending upon test conditions and load levels,
the magnitude and direction of the test force are varied. As the knee prosthesis is
widely utilized by people of developing countries, the loading values associated with
level P5, corresponding to the amputee of 100kg weight, have been applied to the
models to be analysed. For the complete structure analysis, both the test conditions,
representing the peak loads exerting on the prosthesis at the beginning and end of
the stance phase of walking, hereafter called condition I- Heel loading and condition
I1- Forefoot loading, respectively are done. Load conditions corresponding to the
selected test load level P5 used for various simulations during this study are as per
Table 5.1.
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Table 5.1: Load conditions

Test loading level P5
Type of test | Test load Unit
Heel loading Forefoot loading
Proof test force N 2240 2013
Static test
Ultimate test force N 3360 3019
Min. test force N 50
. Max. test force N 1330 1200
Cyclic test
Prescribed number NOS. 3x 10°
of cycles

The test load for P5 level for various finite element analyses as per Table 5.1
is applied along the load line passing through the reference planes as per the offset
values given in Table 5.2 in accordance to the 1SO 10328 standard.

Table 5.2 Loading offset values

Offset in mm
Reference plane D|rect|o_n Test loading level P5
and location
Loading Condition I | Loading Condition 11

fr 82 55
Top

or -79 -40

fx 52 72
Knee

Ok -50 -35

fs -48 129
Bottom

OB 45 -19

The CAD model for the analysis set-up showing the load vector for loading
condition | & 1l is depicted in Figure 5.4
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Usref=0 eior=4

(a) Test loading condition I- Heel (b) Test loading condition I1- Fore foot
loading loading

Figure 5.4: CAD model of analysis set-up showing the load vector
5.2.2 Material Properties
For performing the finite element analysis, the material properties are taken

from Table 3.2 & 3.3 and are assigned to the CAD model as per Table 5.3. The
CAD model from Creo 3.0 is imported to ANSYS software.

Table 5.3: Material Properties

Material Density | Yield Strength | Poisson’s

(kg/m?) (MPa) Ratio
Oilon (Nylon 6 impregnated with Oil) 1.14 63 0.39
Composite of Nylon 66 with 2 wt.% Al,O3 | 1.15 76 0.33
Steel 7850 300 0.30
5.2.3 Meshing

For the purpose of doing the finite element analysis, the solid model is

divided into smaller elements called finite elements. The accuracy of any finite
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element simulation depends to a large extent on the shape and size of the finite
element. Smaller the size of the element, it needs more computational time and also
the stress concentrations can lead to stress singularities where the maximum stress
increases without limit as the element size is reduced.

Mesh convergence test was conducted before completing the meshing and
stress level on assembly was tested for different size of elements as shown in Table
5.4 and Figure 5.5.

Table 5.4: Mesh convergence test

Element Size No. of Elements No. of Nodes von Mises stress
(mm) (MPa)
6.0 16678 31923 135.83
5.8 17194 32980 134.14
5.6 17548 33748 141.75
5.4 19171 37172 144.58
5.2 19865 39662 146.56
5.0 22834 45342 146.24
4.8 23448 46380 146.09
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Figure 5.5 Mesh convergence test
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The meshing of 3D CAD model of knee joint prosthesis was generated
using Auto mode. In meshing with Auto mode, the element shape is selected
automatically using computer algorithm. Automatic meshing refers to the
automatic creation and numbering of nodes and elements based on a minimal
amount of user supplied data. The Automatic mesh generation reduces errors, and

saves a great deal of user time, therefore reducing the FEA cost.

The size of the mesh element equal to 5.0 mm is created by applying patch
conformation method in Manual meshing mode. For the refinement of mesh,
Advance size function and Curvature size function are used. The meshed model
with tetrahedral mesh element of 5.00 mm containing 22834 elements with 45342

nodes is generated as shown in Figure 5.6

ﬂ:ﬁ
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Figure 5.6: Meshed knee prosthesis CAD model

Tetrahedral elements are best suitable for 3 D complex geometries and can
be used with adaptive mesh refinement. Also, less computational time is needed

with this mesh element.

5.2.4 Defining Interfaces
In ANSYS 16.0 various types of interfaces are available and in this study

Bonded type contact is considered at the assembly points. This is the default


http://www.comsol.com/multiphysics/mesh-refinement
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configuration and applies to all contact regions (surfaces, solids, lines, faces, edges).
If contact regions are bonded, then no sliding or separation between faces or edges is
allowed. This type of contact allows for a linear solution since the contact length/

area will not change during the application of the load.

5.2.5 Boundary Conditions

The constant force as per the values mentioned in Table 5.1 is applied along
the load line as per the load offset values mentioned in Table 5.2 from the top while
keeping the bottom fixed.

5.3  Finite Element Analysis Results

Once the necessary prerequisite steps of assigning the material properties,
meshing, defining interfaces and boundary condition is completed, the static
structural analysis for proof and ultimate strength is performed, for both the loading
conditions i.e. heel loading and forefoot loading as per the loads prescribed by ISO
10328 standard for P5 loading Table 5.1. The post processing of the ANSYS

analysis results is taken in the form of von Mises stresses and the total deformation.

5.3.1 Static test for proof strength
5.3.1.1 Static test for proof strength; Loading condition I; Oilon material

Load of 2240 N is applied for conducting the above analysis with the
material properties of Oilon material assigned to the CAD model. The results of von
Mises stresses and total deformation on individual components and the assembly are

given in Table 5.5 and Figure 5.7 & 5.8 respectively.

Table 5.5: Result for Static test (proof strength); loading condition I; Oilon

material

Upper Lower Side Middle Knee

Result Block | Block Link Link | Prosthesis

VVon Mises stress (MPa) 70.85 40.80 54.52 51.97 70.85

Total deformation (mm) 7.52 2.09 3.01 2.16 7.52
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Figure 5.7: von Mises stress for Static test (proof strength); loading condition I;

Oilon material
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Figure 5.8 Total deformation for Static test (proof strength); loading condition

I; Oilon material
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From the finite element analysis results it is noted that the von Mises stresses
are less than the yield strength of Oilon material of 63MPa for lower block, side link
and middle link whereas maximum von Mises stresses in upper block is 70.852
MPa. Maximum stress concentration is noted in the assembly holes and sharp
corners of the upper block. The total deformation is also more than the maximum
permissible value of 5 mm. It can be construed that the upper block does not meet
the criteria of 1SO 10328 standard.

5.3.1.2 Static test for proof strength; Loading condition I1; Oilon material

Load of 2013 N is applied for conducting the above analysis with the
material properties of Oilon material assigned to the CAD model. The results of von
Mises stresses and total deformation on individual components and the assembly are

given in Table 5.6 and Figure 5.9 & 5.10 respectively.

Table 5.6: Result for static test (proof strength); loading condition I1; Oilon

material
Upper Lower |.. . Middle Knee
Result Block Block Side Link Link Prosthesis
Von Mises stress (MPa) 97.20 59.28 67.77 71.36 97.20
Total deformation (mm) 13.33 5.43 6.57 5.15 13.33

The results of finite element analysis shows that the von Mises stresses are
less than the yield strength of Oilon material of 63MPa for lower block and more for
upper block, side link and middle link. Maximum von Mises stresses are observed in
upper block i.e. 97.204 MPa. Maximum stress concentration is noted in the assembly
holes and sharp corners of the upper block. The total deformation is also on the
higher side than the maximum permissible value of 5 mm and the assembly does not
meet the criteria of 1SO 10328 standard.

From Table 5.5 & 5.6, it is noted that, in load condition Il forefoot loading
(2013N), the stresses observed are more compared to the loading condition |

(2240N) for static test (proof strength) for Oilon material.
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Figure: 5.9 von Mises stress for Static test (proof strength); loading condition

I1; Oilon material
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I1; Oilon material
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5.3.1.3 Static test for proof strength; Loading condition I; Nylon 66 with 2 wt.%
Al,O3 composite
The composite of Nylon66 with 2 wt.% of Al,O3; which is selected by the
multi objective design criteria is analysed for its suitability and its mechanical
properties are assigned to the CAD model of knee joint prosthesis in the ANSYS
software. Load of 2240 N is applied for conducting the above analysis and the
results of von Mises stresses and total deformation on individual components and

the assembly are given in Table 5.7 and Figure 5.11 & 5.12 respectively.

Table 5.7 Result for Static test (proof strength); loading condition I; Nylon 66
with 2 wt.% Al,O3; composite

Result Upper Lower Side Middle Knee
Block Block Link Link Prosthesis

Von Mises stress (MPa) 71.29 42.31 52.64 51.52 71.29

Total deformation (mm) 7.40 1.91 2.78 1.20 7.40

The von Mises stress values observed in all the four components of the knee
prosthesis are less than that of the yield strength of the developed composite of
Nylon 66 with 2 wt.% Al,O3. Thus it meets the requirement of yield strength
criterion; however the total deformation of upper block is more than the prescribed

value of 5mm as per ISO 10328 standard.
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Figure 5.11: von Mises stress for Static test (proof strength); loading condition
I; Nylon 66 with 2 wt. % Al,O3; composite
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condition I; Nylon 66 with 2 wt.% Al,O3; composite
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5.3.1.4 Static test for proof strength; Loading condition Il; Nylon 66 with 2
wt.% Al,O3 composite
Knee joint prosthesis with composite of Nylon66 with 2 wt.% Al,O3 is
subjected to finite element analysis at a load of 2013N. The results of von Mises
stresses and total deformation on individual components and the assembly are given

in Table 5.8 and Figure 5.13 & 5.14 respectively.

Table 5.8: Result for Static test (proof strength); loading condition I1;
Nylon 66 with 2 wt.% Al,O3; composite

Result Upper Lower Side Middle Knee
Block Block Link Link Prosthesis

Von Mises stress (MPa) 97.72 58.66 65.39 69.49 97.72

Total deformation (mm) | 12.57 5.09 6.18 4.83 12.57

From the finite element results, it is noted that the maximum von Mises
stress of 97.722 MPa is in the upper block and which is more than the yield strength
of the composite of Nylon 66 with 2 wt. % Al,Os. Also, the stresses are more severe
in loading condition II. Further, the total deformation is more than the standard

limits.
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Figure 5.13: von Mises stress for Static test (proof strength); loading condition
I1; Nylon 66 with 2 wt.% Al,O3; composite
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condition I1; Nylon 66 with 2 wt.% Al,O3 composite
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5.3.2 Static test for ultimate strength

5.3.2.1 Static test for ultimate strength; Loading condition I; Oilon material
Load of 3360 N is applied for conducting the above analysis with the

material properties of Oilon material assigned to the CAD model. The results of von

Mises stresses and total deformation on individual components and the assembly are

given in Table 5.9 and Figure 5.15 & 5.16 respectively.

Table 5.9: Result for Static test (ultimate strength); loading condition I; Oilon

material

Upper Lower Side Middle Knee
Block Block Link Link Prosthesis

Von Mises stress (MPa) 106.28 64.20 81.78 77.95 106.28

Total deformation (mm) 11.29 3.14 4.50 3.24 11.29

From the results depicted in Table 5.9, it is observed that in all the
components of the knee prosthesis, the von Mises stresses are more than the yield
strength of Oilon material and thus does not fulfill the performance criteria. Also,
the deformation in upper block, side link and middle link is more than the maximum

allowable value of 5 mm as per 1SO standard.
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5.3.2.2. Static test for ultimate strength; Loading condition I1; Oilon material

The finite element analysis is performed under loading condition II; forefoot

loading at 3019 N load with the material properties of Oilon material and the results
are shown in Table 5.10, Figure 5.17 & 5.18.

Table 5.10: Result for Static test (ultimate strength); loading condition I1;

Oilon material

Upper Lower Side Middle Knee

Block Block Link Link Prosthesis
Von Mises stress (MPa) 145.78 88.90 101.64 107.02 145.78
Total deformation (mm) 19.99 8.14 9.86 7.72 19.99

From the results, it is observed that all the components of the knee prosthesis

experiences von Mises stresses more than the yield strength of Oilon material and

the stresses are much higher compared to the loading condition Il. Further, the

deformation is also much more than the maximum allowable value of 5 mm as per

1SO standard.
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Figure 5.17: von Mises stress for Static test (ultimate strength); loading
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condition I1; Oilon material
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5.3.2.3 Static test for ultimate strength; Loading condition I; Nylon 66 with 2
wt. % Al,O3; composite
To understand the areas of stress concentration and likely points of failure,
the finite element analysis is performed at load of 3360 N for heel loading by
assigning the mechanical properties of Nylon 66 with 2 wt. % Al,O3; composite. The

result obtained by FEA is given in Table 5.11, Figures 5.19 & 5.20.

Table 5.11 Result for Static test (ultimate strength); loading condition I; Nylon
66 with 2 wt.% Al,O3; composite

Upper Lower Side Middle Knee
Block Block Link Link Prosthesis

Von Mises stress (MPa) | 106.93 63.47 78.96 77.28 106.93

Total deformation (mm) 10.56 2.86 4.18 2.99 10.56

The von Mises stress is 106.93 MPa in upper block which is much more than
the yield strength of 75 MPa pertaining to Nylon 66 with 2 wt.% Al,O3 composite.
The stresses in side link and middle link are marginally higher than the yield
strength of 75 MPa. The von Mises stresses is 63.467 MPa in the lower block.
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Figure 5.19: von Mises stress for Static test (ultimate strength); loading
condition I; Nylon 66 with 2 wt.%AIl,03 composite
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Figure 5.20: Total deformation for Static test (ultimate strength); loading
condition I; Nylon 66 with 2 wt. % Al,Oscomposite
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5.3.2.4 Static test for ultimate strength; Loading condition I1; Nylon 66 with 2
wt. % Al,O3; composite
The load of 3019 N is applied for doing the finite element analysis of static
test for ultimate strength for the forefoot loading. The analysis is performed for
Nylon 66 with 2 wt.% Al,O3 composite to understand the stress distributions. The
results of the analysis are given in Table 5.12 and the Figures 5.21 & 5.22 shows the
von Mises stresses & total deformation.

Table 5.12: Result for Static test (ultimate strength); loading condition I1;
Nylon 66 with 2 wt.% Al,O3; composite

Upper Lower Side Middle Knee
Block Block Link Link Prosthesis

Von Mises stress (MPa) | 146.56 87.97 98.07 104.22 146.56

Total deformation (mm) 18.84 7.36 9.26 7.25 18.84

It is observed that the von Mises stresses and total deformation for all the
individual components is more than the permissible values and the knee prosthesis
does not meet the requirements of 1SO 10328 standard. From the results of heel
loading and forefoot loading, it is concluded that the loading condition 11 generates
more stresses in static test for ultimate strength. The results of FEA at various
loading conditions for both the materials is summarized in Table 5.13

Table 5.13: von Mises stress and total deformation

Static test at Proof test force Static test at ultimate test force
Load Condition | | Load Condition Load Condition | | Load Condition Il
2240 N 112013 N 3360 N 3019 N
Oilon | Nylon66 | Oilon | Nylon66 | Oilon | Nylon66 | Oilon | Nylon66
with 2 with 2 with 2 with 2
wt.% wt.% wt.% wt.%
A|203 A|203 A|203 A|203

Von Mises Stress (MPa)

70.85 71.29 97.20 97.72 106.28 | 106.93 | 145.78 | 146.56

Total Deformation (mm)

7.52 7.40 13.33 12.57 11.29 10.56 19.99 18.84
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Figure 5.21: von Mises stresses for Static test (ultimate strength); loading
condition I1; Nylon 66 with 2 wt.% Al,O3; composite
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CHAPTER 6
DESIGN MODIFICATIONS OF KNEE JOINT
PROSTHESISAND FINITE ELEMENT ANALYSIS

This chapter covers various designs developed for the knee joint prosthesis by
modifying the geometry of the individual components with an objective to reduce the
stresses, total deformation, weight reduction and overcome failure. The study of finite
element analysis for static proof and ultimate strength of new designs as per the
requirements of ISO 10328 standard is summarized. The fatigue testing of oil
impregnated nylon and composite of Nylon66 with 2 wt.% of Al,O3 and S-N curve is
explained. The fatigue life assessment of initial and new optimized design is also

discussed.

6.1  Design of Knee Joint Prosthesis - Four Bar Mechanism
The knee joint prosthesis as shown in Figure 6.1 works on the principle of

four bar mechanism.

Figure 6.1: Knee Joint Prosthesis - Four-Bar Mechanism Design
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The four bar links are shown as the connecting lines between the individual
joints of the assembly. The socket component attaches to the upper block and pylon

to the lower block.

This knee prosthesis was designed as a non-Grashof four bar linkage with the
sum of its smallest and largest links being greater than the sum of the remaining two
links.

Lmax + Lmine La*+ Lo (6.1)

where Lmax is the longest link, Lyn is the shortest link, Lyand Ly, are the remaining
two links. In such a mechanism, the two side links are limited in rotational range of
motion due to the geometries of the links combined with the frame and the coupler.
This prosthesis is capable of having knee rotation from 0° to 158° where 0° refers to

the fully extended knee prosthesis position.

The functioning of the prosthesis is controlled by Link 3 which gets its
movement by hip moment through socket fitted to the residual limb. The instantaneous
centre of rotation for Link 2 changes depending upon the configuration of four bar
linkages. The centre of rotation of Link 2 is found by extending the line of Link 1
and Link 3 to their point of intersection. This centre of rotation (CoR) will define the

axis about which links are rotating and is critical for the stability of knee [52].

The knee stability is dependent on the position of CoR relative to the load
line for the ground reaction forces. The load line changes relative to the position of
prosthetic foot i.e. forefoot or heel loading. When CoR is anterior to the knee and
load line causes buckling and is unstable. For the stability, CoR shall be posterior to
the knee, close to the knee joint. Stability of the knee prosthesis during various
phases of gait is achieved by the translation of CoR with respect to load line. The
voluntary control four bar knee is designed to give amputee ability to control knee
stability at both heel contact, push-off and complete control over a limited range of
knee flexion [11].
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Figure 6.2: Knee stability diagram of voluntary control 4 bar mechanism

6.2  Design modifications of knee joint prosthesis

From the finite element analysis results given in Chapter 5, it is concluded
that the present design with existing material (oil impregnated nylon) does not meet
the performance criteria of 1SO 10328 standard. The newly developed composite of

Nylon66 with 2 wt. % of Al,O5 also does not fulfill all the needed requirements.

Design modification is proposed by the process of reverse engineering. The
stress plots of existing design are studied for understanding the areas of failure. The
stress pattern of different components reveals that maximum stresses are observed in
the upper block and least in the lower block of the knee prosthesis. From the FEA
plot of stresses of individual components, it is noted that the stress concentration is
at the sharp corners and assembly holes. Design modifications are proposed by
removing sharp corners, doing filleting, modifying the shape for smooth transition
of stresses and stress distribution to meet the performance criteria and the objectives

of this research work.
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From the above inputs, it is proposed to do the design modifications by
considering the below mentioned factors:

A- Modification in upper block

The geometry of the upper block is modified by providing the fillet and
changing the shape of the profile. By the above changes, the weight of upper block
will increase which shall help in reducing the stresses. It is proposed to do the
analysis by considering three designs of upper block having different levels of
weight. The drawing of upper block of existing design and the proposed

modifications is shown in Figure 6.3.

B- Modification in lower block

In this case, the geometry is modified and fillet provided. The proposed
changes are likely to reduce the weight and three designs of different weights are
studied. The drawing of lower block of existing design and the proposed
modifications is shown in Figure 6.4.

C- Making through hole in lower block

With an objective to redistribute the stresses and reduce weight, it is
proposed to make through hole of different diameter in the lower block. Three
conditions are studied i.e. without hole, hole of diameter 10mm and hole of diameter

14mm.

The three levels of the design factors A, B and C are tabulated as shown in
Table 6.1

Table 6.1: Design factors and levels

Factor Unit Level 1 Level 2 Level 3
A Kg 0.148 0.150 0.152
B Kg 0.130 0.128 0.126
C Mm 0 10 14
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Figure 6.3: Existing and modified design of Upper Block
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6.2.1 Taguchi technique

From the above proposed modifications, we understand that there are total
27(3%) design possibilities and it will be very much time consuming and costly to do
finite element analysis for all. Hence orthogonal array L9 is chosen as per Taguchi

technique. The nine numbers of designs are prepared in accordance to the Table 6.2

Table 6.2: Orthogonal array L9

Design Sr. No. A B C
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

The nine designs prepared by the combination of various factors and levels

as per orthogonal array L9 Table 6.2 are shown in Figure 6.5.
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Figure 6.5: Modified design of knee prosthesis
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6.3  Finite element analysis of modified designs

It is noted from the FEA results in Chapter 5 that the maximum stresses are
occurring at static ultimate strength; loading condition 1l — forefoot loading,
therefore the new designs are subjected to the finite element analysis, initially only
for this condition. All the nine designs as shown in Figure 6.5 were analysed by
ANSYS 16.0 software at 3019 N as per test load condition Il for the Nylon 66 — 2
wt.% Al,O3 composite and the results for von Mises stresses and deformation are
tabulated in Table 6.3.

Table 6.3: FEA results of modified design iterations

Ultimate test force static load condition 11 3019 N; Nylon 6 — 2 wt.% Al,O3
composite

Von Mises stresses (MPa) Total
Desian No _ deformation
9 ) Upper Lower Mlddle Side Link of knee joint

Block Block Link (mm)

Initial 146.56 87.97 104.22 98.07 18.84

1 75.40 66.80 59.59 40.70 14.49

2 77.54 72.09 43.07 28.77 9.62

3 75.66 61.58 63.95 26.89 6.35

4 68.71 61.51 50.58 24.74 6.33

5 68.70 62.70 49.09 24.28 7.15

6 76.26 55.30 48.39 24.67 9.17

7 69.00 68.37 48.74 25.97 9.26

8 67.06 63.04 40.09 25.29 8.95

9 66.40 60.78 34.40 37.15 4.11

From the results of Table 6.3, it is noted that the Design number 9 meets the
performance criteria for static ultimate strength for the load condition 1I- forefoot
loading and the other eight designs are not fulfilling the criteria. The design number
9 is subjected to complete structural testing analysis for static proof and ultimate
strength both for loading condition I & 11 for further analysis.
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Figure 6.6: Von Mises stresses (MPa) for modified designs at ultimate test force

static load condition 11 (3019 N); Nylon 6 — 2 wt. % Al,O3; composite
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Figure 6.7: Total deformation of knee joint (mm) of modified designs at

ultimate test force static load condition 11 (3019 N); Nylon 6 — 2 wt.% Al,O3

composite
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6.3.1 Static test for proof strength; Loading condition I; Nylon 66 with 2 wt.%
Al,O3 composite
Load of 2240 N is applied for conducting the above analysis with the material
properties of Nylon66 with 2 wt. % of Al,Oscomposite assigned to the CAD model.
The results of total deformation and von Mises stresses on individual components and
the assembly are given in Table 6.4 and Figure 6.8 & 6.9 respectively.

Table 6.4: Result for Static test (proof strength); loading condition I; Nylon 66
with 2 wt.% Al,O3; composite

Result Upper Lower Side Middle Knee

Block Block Link Link Prosthesis
von Mises stress (MPa) 39.97 23.17 10.00 14.11 39.97
Total deformation (mm) 1.15

The Von Mises stress values observed in all the four components of the knee
prosthesis are less than that of the yield strength of the developed composite of
Nylon 66 with 2 wt. % Al,O3 Thus it meets the requirement of yield strength
criterion and the total deformation of the assembly is also less than the prescribed
value of 5mm as per ISO 10328 standard.

39974 Max 0.55646 Max

. 35.538 042838
31102 — 030029
26,0060 —{ 017221
22,23 —{ 0.044134
17,793 — -0.083%6
13.357 — -0.21203
89212 -0.34011

I A,4851 -0.46319
004896 Min -0.59627 Min

von Mises Total deformation

Figure 6.8: von Mises & Total deformation for Static test (proof strength);
loading condition I; Nylon 66 with 2 wt. % Al,O3; composite
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Figure 6.9: Von Mises stress for Static test (proof strength); loading condition
I; Nylon 66 with 2 wt.% Al,O3; composite
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6.3.2 Static test for proof strength; Loading condition Il; Nylon 66 with 2
wt.% Al,O3 composite
Knee prosthesis design number 9 is subjected to finite element analysis at a
load of 2013N. The results of total deformation and von Mises stresses on individual
components and the assembly are given in Table 6.5 and Figure 6.10 & 6.11
respectively.

Table 6.5: Result for Static test (proof strength); loading condition 11; Nylon 66
with 2 wt. % Al,O3; composite

Result Upper Lower Side Middle Knee

Block Block Link Link Prosthesis
Von Mises stress (MPa) | 50.73 40.36 23.90 21.72 50.73
Total deformation (mm) 2.652

From the finite element results, it is noted that the maximum von Mises
stress in this condition are more than that of loading condition-I. The von Mises
stresses are less than the yield strength of the composite of Nylon 66 with 2 wt.%
Al;O5 and satisfies the performance criteria. Further, the total deformation is less
than the permissible limits.

. 725 Max 1.3317 Max

45,104 1.0371
| 3943 | 0.74243
— 33.86¢ {04478
— 2824 L | 015318
— 2262 B R ELEE
o e || _0.43606

;1?:;8 -0.73068
I 0.13607 Mi 10223

-1.3199 Min
von Mises Total deformation

Figure 6.10: von Mises & Total deformation for Static test (proof strength);
loading condition 11; Nylon 66 with 2 wt. % Al,O3; composite
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Figure 6.11: Von Mises stress for Static test (proof strength); loading condition
I1; Nylon 66 with 2 wt.% Al,O3; composite
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6.3.3 Static test for ultimate strength; Loading condition I; Nylon 66 with 2
wt. % Al,O3 composite
The finite element analysis is performed at load of 3360 N for heel loading
by assigning the mechanical properties of Nylon 66 with 2 wt. % Al,O3; composite.
The result obtained by FEA are given in Table 6.6 and Figures 6.12 & 6.13

Table 6.6: Result for Static test (ultimate strength); loading condition I; Nylon
66 with 2 wt. % Al,O3; composite

Upper Lower Side Middle Knee

Block Block Link Link Prosthesis
Von Mises stress (MPa) 60.00 36.44 16.04 23.05 60.00
Total deformation (mm) 1.82

The maximum von Mises stress is 60 MPa in upper block which is less than
the yield strength of 75 MPa pertaining to Nylon 66 with 2 wt.% Al,O; composite.
The total deformation is also less than the allowable limit of 5 mm. Thus this new

design is meeting the performance criteria of this loading condition.

087380 Max

50.906 Max
. £2 246 0.67128
— 4665 | ozcos
T | 0063847
] 33.3% | 013867
miaE | -0.34118
| 20,005 -0.54360
13.445 -0, 7462
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von Mises Total deformation

Figure 6.12: von Mises & Total deformation for Static test (ultimate strength);
loading condition I; Nylon 66 with 2 wt.% Al,O3; composite
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Figure 6.13: Von Mises stress for Static test (ultimate strength); loading
condition I; Nylon 66 with 2 wt.% Al,O3; composite
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6.3.4 Static test for ultimate strength; Loading condition I1; Nylon 66 with 2
wt.% Al,O3; composite
The load of 3019 N is applied for doing the finite element analysis of static
test for ultimate strength for the forefoot loading. The results of the analysis are

given in Table 6.7 and the Figures 6.14 & 6.15 shows the total deformation & von
Mises stresses.

Table 6.7: Result for Static test (ultimate strength); loading condition I1;
Nylon 66 with 2 wt.% Al,O3; composite

Upper Lower Side Middle Knee

Block Block Link Link Prosthesis
Von Mises stress (MPa) | 66.40 60.78 37.15 34.40 66.40
Total deformation (mm) 411

It is observed that the von Mises stresses and total deformation for all the
individual components are less than the permissible values and the knee prosthesis
design meets the requirements of 1ISO 10328 standard. From the results of heel
loading and forefoot loading, it is concluded that the loading condition 11 generates
more stresses in static test for ultimate strength.

M 66.403 Max 2.0021 Max
50,45 1,545
|| 51.608 || 10870
— 4433 L 0.63073
— 36.973 | 017362
|| 20,615 | o
— fiﬂa || 074082
I 75424 11507
0.18487 Min 16343
2112 Min

Figure 6.14: Total deformation for Static test (ultimate strength); loading
condition I1; Nylon 66 with 2 wt.% Al,O3; composite
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Figure 6.15: Von Mises stresses for Static test (ultimate strength); loading
condition I1; Nylon 66 with 2 wt. %Al,03 composite
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6.3.5 Contact Stresses

Contact stress causes deformation and the contact area may change
depending on the magnitude of the contact stress. Thus, it is very important to
calculate the actual stress at the point of contact, the so-called contact stress. The
finite element analysis was also carried out to find out the contact stresses in all the
assembly holes, both for the initial design and the optimized design. The
nomenclature used for various holes of the knee joint is shown in Figure 6.16. The
analysis were carried out at static ultimate test force of 3019 N for loading condition
I and the results are tabulated in Table 6.8 and Figure 6.17.

LHS Joint Upper Hole RHS Joint Upper Hole

Middle Joint Upper Hole

RHS Joint Lower Hole

LHS Jomt Lower Hole

Middle Joint Lower Hole

Figure 6.16: Knee joint holes nomenclature for contact stresses

Table 6.8: Contact stresses in assembly holes of knee joint

Initial Design Optimized Design
Assembly Holes
Contact Stresses (MPa)

LHS Joint Upper Hole 90.62 18.68
LHS Joint Lower Hole 63.31 15.27
RHS Joint Upper Hole 79.82 28.92
RHS Joint Lower Hole 46.30 24.96
Middle Joint Upper Hole 78.42 19.14
Middle Joint Lower Hole 103.48 27.50
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Assembly Initial Design | Optimized Design
Holes Contact Stresses (MPa

LHS Joint
Upper
Hole

LHS Joint
Lower
Hole

RHS Joint
Upper
Hole

RHS Joint
Lower
Hole

Middle
Joint
Upper
Hole

Middle
Joint
Lower
Hole

Figure 6.17: Contact stresses in the assembly holes of initial and optimized design
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The finite element results revealed substantial reduction in the contact
stresses in the optimized design. Thus, wear in the assembly holes will get reduced
drastically enhancing the performance and the life of the knee prosthesis.

The optimized knee joint design as shown in Figure 6.18 & 6.19 is selected
for further fatigue strength analysis by undertaking the cyclic test as per 1ISO 10328.

& &

Upper Block Lower Block

&

Side Link- 2 nos.

Middle Link
Figure 6.18: Optimized knee joint components

Decrease i Chamfer

Shape change to reduce
stress concentration

.. ; -
Hole to redisribute stresses Shape modified

Figure 6.19: Optimized Knee Joint Prosthesis Model
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6.4  Fatigue Testing

The failure of a mechanical component due to repeated loading which can
occur at stress levels well below the tensile strength of a material is referred as
fatigue. Fatigue testing as per ASTM D7791 was performed for Oilon and Nylon 66
— 2 wt. % AIl,O3 composite. Tests were performed on Fatigue Tester Machine of
Model 8874; INSTRON make of 25kN capacity. The test specimens were prepared
as per ASTM D638 and test carried by applying sinusoidal loading with 5 Hz
frequency. The tests were performed at four stress levels and from the experimental
results S-N curves were drawn for Oilon and Nylon 66 — 2 wt. % Al,O3; composite as
shown in Figure 6.20

60

- . A

40 R S

30 .-._‘...‘.---‘ -‘."-__l.---- A

20 ‘B a

Average Stress (MPa)

10

100 1000 10000 100000 1000000 10000000
No. of Cycles to break
m Oilon 4 Nylon 66-Al,0, with 2 wt. % composite

Figure 6.20: Experimental data of stress vs. number of cycles to failure
for Oilon and Nylon 66 — 2 wt. % Al,O3; composite

6.5  Fatigue Life Assessment

The aim of the fatigue analysis is to characterize the capability of a material
to survive the number of cyclic loading a product may experience during its lifetime
before failure. As each cyclic test requires at least 35 days based on the loading
frequency of 1 Hz, the cyclic strength tests were performed using FEM to save the

development time and cost [19].
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In ANSYS Fatigue module, the fatigue life assessment can be done by the
methods based on Stress Life / Strain Life. Stress Life fatigue analysis is based on S-
N curves (Stress — Cycle curves) and is suggested for applications where the product
is subjected to relatively high numbers of cycles and therefore addresses High Cycle
Fatigue (HCF), greater than 10° cycles. The Strain Life fatigue analysis is used for
low cycle fatigue, when the numbers of cycles are less than 10°.

The fatigue analysis based on Stress Life is done. The material parameters -
Alternating Stress and Mean Stress obtained by fatigue testing experimentation are
used for the simulation. Sinusoidal load as shown in Figure 3.15 and as per Table
5.1 of constant amplitude and proportional loading is applied for the analysis and
simulation performed for fatigue life of 3x 10° cycles. The results as shown in
Figure 6.21, indicates that the fatigue life of initial design is 1.93x 10° cycles and
does not meet the criteria of ISO 10328 standard. From Figure 6.22, it is revealed
that the optimized design may be able to exceed the specified number of 3x 10°

cycles and hence fulfills the requirements of 1ISO 10328 standard.

2ef Max
I 2.8572eh
2T212eh

— 2.2917ef
— 2. 4683e6
— 2.350%e6
— 2.2389e6
— 2.1324ef

. 2.0309e6
1.9342eb6 Min

Fig 6.21: Fatigue life of initial design of above knee prosthesis



Design Modifications of Knee Joint Prosthesis and Finite Element Analysis 149

Jeb Max
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Fig 6.22: Fatigue life of optimized knee prosthesis

Thus the modified design number 9 meets all the performance requirements
of the I1ISO 10328 standard requirements and meets the research objectives. The
optimized design of the above knee prosthesis meets the static and cyclic strength
criteria and the weight of optimized above knee prosthesis is reduced to 356 grams

compared to the existing design of 372 grams.
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CHAPTER 7
SUMMARY, CONCLUSIONS AND SCOPE FOR FUTURE
WORK

This chapter contains the summary of the work done along with objectives
and analysis of experimental results. The conclusions based on the research work are
presented systematically in this chapter followed by the scope for future work in this
field.

7.1  Background to the research work

The work in this thesis is initiated with an objective to develop new material
with better mechanical and tribological properties for knee prosthesis and select the
optimal material using TOPSIS technique. To perform finite element analysis on the
initial design of knee prosthesis as per 1ISO 10328 standard and to develop optimized
design for knee prosthesis meeting its performance criteria including fatigue life

assessment.

To develop new material, reinforcement of micro sized filler of aluminium
oxide and titanium dioxide is made to Nylon66 material and following eight types of
composites were developed:

1. Composites of Nylon66 by adding 2 wt.%, 4 wt.%, 6 wt.% and 8 wt.% of
microparticulates of aluminium oxide.
2. Composites of Nylon66 by adding 2 wt.%, 4 wt.%, 6 wt.% and 8 wt.% of

microparticulates of titanium dioxide.

The above eight types of Nylon66 composites were prepared under identical
processing conditions and were studied for the following properties alongwith
Nylon66 and oil impregnated nylon. The experimental results were used to select the
optimal material:

. Mechanical and thermo-mechanical properties (Chapter 4)
. Tribological properties (Chapter 4)
. Morphological properties (Chapter 4)
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The finite element analysis of the initial design of knee prosthesis is
performed with the material properties of oil impregnated Nylon and composite of
Nylon66 with 2 wt. % of aluminium oxide. (Chapter 5)

The knee prosthesis design is modified and nine designs were prepared by
using orthogonal array L9 and the optimized design selected. (Chapter 6)

7.2 Conclusions of the research work
Following salient conclusions are drawn based on the experimental studies

and research work during the course of this thesis.

Composites of Nylon66 and aluminum oxide

1. The results show that wear rate reduces with addition of alumina microparticles
to Nylon66 and lowest wear is exhibited by 2 wt.% Al,Os-Nylon 66
composite. The lowest friction coefficient is also observed for 2 wt.% Al,Os-
Nylon 66 composite and the value increases with increasing load, sliding

velocity and sliding distance.

2. The coefficient of friction of 2 wt.% AlI203-Nylon 66 lies between 0.1 to 0.5
under various combinations of load, sliding velocity and sliding distance.
COF increases with the percentage increase of alumina from 2 wt.% to 8

wt.% but remains less than that of pure Nylon 66 and oilon material.

3. The mechanical properties such as tensile strength, tensile modulus, flexural
strength, flexural modulus, compressive strength and impact strength
increases with the increase in wt.% of micro alumina upto 6 wt.% and

thereafter reduces.

4, The heat deflection temperature of the microcomposite increased with

increasing wt.% of alumina.

5. Thus the study concluded that the addition of micro alumina particles to
Nylon 66 resulted in improving the mechanical and tribological properties

more effectively at lower filler loading.
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Composites of Nylon66 and titanium dioxide

6. Addition of titanium dioxide has positive effect on the mechanical properties
such as tensile strength, tensile modulus, flexural strength, flexural modulus,
compressive strength and impact strength increases with the increase in wt.%
of titanium dioxide up to 6 wt.% and thereafter reduces.

7. The heat deflection temperature increases almost linearly with the addition of
titanium dioxide.

8. The tribological properties, sliding wear and COF were systematically
studied on pin- on-disk equipment under different sliding condition of load,
velocity and distance. It is found that addition of micro TiO; to Nylon66
reduces the wear and COF up to 6 wt.% and beyond that the values increases
and become more than that of plain Nylon66 and oil impregnated nylon.

0. The lowest wear and COF were observed at 2 wt% loading of TiO, and with
the increase in filler, wear and COF keep on increasing. Higher filler content
increases the COF due to more particles coming in contact and thus resulting
in increase of wear.

10. The worn surfaces were examined by SEM and studies indicated that at
lower loading TiO; is well dispersed in Nylon 66 but at higher wt.% TiO;
agglomerates resulting in higher COF and wear.

11.  The best results for mechanical properties are observed at 6 wt.% and for
tribological properties at 2 wt.%. Thus suitable composite can be selected

based on the end application.

Selection of Material

12, The results of Closeness Index obtained by the application of TOPSIS
reveals that the composite of Nylon66 with 2 wt.% of aluminum oxide ranks
first followed by Nylon66 with 4 wt.% of aluminum oxide and Nylon66 with
2 wt.% of titanium dioxide thereafter.

13. The composites of Nylon66 with 8 wt.% of aluminum oxide and Nylon66
with 8 wt.% of titanium dioxide ranks lower than that of plain Nylon66 and

oil impregnated nylon and thus not recommended.
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14, The composite of Nylon66 with 2 wt.% of aluminum oxide which ranked
first in Closeness Index is chosen as the optimal material for knee joint

prosthesis.

Finite Element Analysis

15.  The finite element analysis results reveal that the stresses are more severe in
forefoot loading in comparison to heel loading both for static proof and static
ultimate strength loading as per 1SO 10328.

16.  The finite element analysis performed for the static test at loading level P5
suitable for person of 100 kg weight and test loading conditions | & I
reveals that the design is not complying the requirements of ISO 10328
standard as the von Mises stresses are more than the yield strength of the
Oilon and composite of Nylon 66 filled with 2 wt. % of aluminum oxide
material.

17.  The modified design number 9 meets the static structural requirements of the
ISO 10328 standard as the maximum von Mises stresses are less than that of
Nylon66 with 2 wt.% aluminum oxide and the total deformation is also less
than 5mm.

18.  The fatigue life assessment of the modified design predicts the fatigue life of
more than 3x10° cycles and meets the performance criteria of 1SO 10328
whereas, the initial design predicts the fatigue life of 1.93 x 10° cycles which
is less than the requirement.

19. FEA results shows that the optimized design of the knee joint prosthesis
meets the structural strength criteria for static and cyclic loading for P5 level
as per 1SO 10328 standard.

20.  The weight of optimized knee joint prosthesis is reduced to 356 grams from
the initial design of 372 grams thus reducing the weight by 4.3%.

7.3 Scope for future work
Because of time limit, the research work accomplished in this project is still
in initial stage. Following aspects could not be addressed in this thesis work and

hence may be taken up in the future work.
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1. The studies are mainly focused on development of new composite material
with Nylon66 as the matrix; however the scope with other engineering
materials may be explored in future.

2. The present studies can be extended in future by conducting the dynamic
analysis and field testing of the new proposed design.

3. Design optimization of the initial design can be extended further by
modifying the side and middle links to further reduce the weight.
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