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SUMMARY

The introduction of joint arthroplasty has revolutionized orthopedic surgery. For decades,
clinicians and engineers have worked together to design and realized some durable and efficient
implants able to reproduce the functional goal of biological structures while reducing the adverse
reactions induced by their introduction inside the human body.

However, despite the great reached results, not a single material has been identified as perfect
when performing in vivo and the production of wear debris is still considered one of the main
drawbacks of this kind of implants.

In order to outweigh these issues, modern researches have found in surface coatings the
opportunity to functionally tune the external properties of the implant while maintaining the
original mechanical properties of the substrate material. In particular, one material has revealed to
be particularly promising due to its characteristics: Titanium Nitride.

This work is entirely dedicated to the exploration of the properties of Titanium Nitride (TiN) as
a coating material, with a particular focus on their dependency on the coating process and on the
working conditions.

The performances of this material have been tested and compared to the ones of the uncoated
substrates and the obtained results have been critically analyzed paying the way for further

interesting developments that are presented in the conclusive chapter of this document.
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CHAPTER 1

INTRODUCTION

The introduction of joint arthroplasty has been one of the most important steps in the genesis
of modern orthopedic surgery as it has had a great influence on the increased efficiency and
efficacy of prosthetic implants.

However, almost everything has changed from the total ivory knee prosthesis that has been
implanted by Themistocles Gluck in 1890 in Berlin on the tuberculous knee of a young lady,
known as the first implanted total joint prosthesis (1).

For more than a century, surgeons and engineers have worked hard together in order to design
and realized some durable and efficient implants in order to reproduce the functional goal of
biological structures while reducing the adverse reaction that naturally shows up when
introducing foreign materials in the human body.

Today, as a result of this continuous and extended progress tens of thousands of hip or knee
replacements are successfully implanted every year in the United States and Europe. Accordingly
to recent research, published on The Journal of Bone and Joint Surgery in 2015, the prevalence
of arthroplasty replacements in 2010 was 0.83% for total hip replacements (THA) and 1.52% for
total knee replacements (TKA). Thus, a total of around 7 million Americans having an orthopedic

prosthesis (2).



A similar development is happening in Europe where, according to the National Joint Registry
(NJR), about 160'000 TKA or THA are executed every year in the UK causing the United
kingdom to be the fourth European state in term of THAs performed per 100'000 inhabitants with
194 THAs. Germany, with 296 THAs/100'000 residents, Switzerland, with 287 THAs, and
Belgium, with 240 THAs, lead this special ranking in the old continent (3). Despite great
developments in prosthetic design and an increasing number of annually performed implants, not
a single material has been found that does not require revision when inserted into the human

body.

Table 1 Relationship between cause of failure® and time to failure (time interval to revision)

Time interval to Number of hips Aseptic Infection Instability ~ Component Periprosthetic Pain
revision requiring revision loosening (%) (%) (%) failure (%) fracture (%) (%)
<2 years 79 17.70 24 33 3.80 6.30 15.20
2-5 years 39 46.20 10.30 25.60 0.00 5.10 12.80
5-10 years 49 67.30 14.30 10.30 0.00 2 6.10
>10 years 70 90 5.80 0.00 0.00 2.80 1.40
<5 years 118 27.10 19.60 30.5 2.50 5.90 14.40
=5 years 119 80.70 9.20 4.20 0.00 2.50 3.40
Total 237 51.90 15.60 16.90 2.10 5.50 8

#Cause of failure is given in the table as the percentage of the group

Figure 1: Relationship between cause of failure and time to failure in THA implants — [4].



In particular, as infection and instability can be considered as the main cause of the loss of
primary stability in an implanted device (4-9), accounting for the 57% of the failure events
registered within the first two years from the implant, osteolysis and the subsequent aseptic
loosening are responsible for almost 90% of the revision events after the first two years, as shown
in the table shown in the previous page.

Despite the great developments and the continuous research that has characterized this field,
the creation of wear debris from any part of the prosthesis, which has been identified as the main
process that led to the loss of secondary stability (10), is still considered as unavoidable.

This is the main reason why the elimination or, more realistically, the reduction of “the wear
problem” is considered as one of the most important challenges to solve for modern joint

arthroplasty.

1.1 Motivations

1.1.1 The wear problem

As just introduced in the previous paragraph, aseptic loosening has been demonstrated to be
mainly associated with a chronic process of bone resorption and damage called osteolysis
associated with both osteolytic and inflammatory processes that mainly occur because of the

release of metallic and polymeric particles at the implant site (10).



Osteolysis is the result of both the induced weakness of bone tissue caused by the wear debris
produced by the interaction of the artificial surfaces of the prosthesis that is released in the
implant site and the mechanical instability of the prosthetic components under external forces that
may generate micro-movements in the prosthesis that led to bone damage (3).

In particular, when these foreign bodies’ particles are generated, they tend to accumulate in the
joint synovial fluid and they may eventually be incorporated into the surrounding tissues after the
stimulation of the local inflammatory response.

As shown in the image that has been reported on the following page, when entering the human
tissues, the most important cell type that is activated by the wear debris are the macrophages, that
may respond in two different ways, both contributing to the periprosthetic resorption of bone
tissue. First of all, they contribute to the activation of the inflammatory cascade that ends with
osteoclast recruitment and activation(11), but recent studies (12) have also demonstrated that
wear products also inhibit the protective effect of antiosteoclastogenic cytokines like interferon-
gamma, increasing differentiation of macrophages into osteoclasts.

In particular, when the inflammatory process starts osteoclast precursor cells (OCP)
differentiate into functional osteoclasts that are responsible for the bone resorption process. This
activation is mediated by a wide range of different factors such as chemokines or pro-
inflammatory cytokines that are released by macrophages and other cells that are responsible for

the positive (+) or negative (-) modulation of the process.
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Figure 2: Cellular and molecular pathways of the osteoclast genesis and influence of wear debris
particles in bone resorption process — [11].



Moreover, adherent endotoxin on the wear debris particles have been revealed to be the cause
of the activation of interleukin-6 (IL-6), interleukin-/8 (IL-1f) and tumor necrosis factor a
(TNF-a) that contributes to making the activation of osteoclast even more effective (12).

Osteoblasts, fibroblasts and lymphocytes are also involved in the adverse reaction, but they
have a minor relevance with respect to macrophages.

If this cascade of events may be considered characteristic of the interaction between biological
tissues and any type of wear debris, it is also true that polymer particles and metal ones do not
induce the exact same processes when released in the human body. In fact, while Ultra High
Molecular Weight Polyethylene (UHMWPE) particles tend to remain close to the implant site,
metal ions are more subjected to migration and they tend to accumulate into target organs such as
liver, kidneys, heart and even brain causing even more severe problems (13,14).

In addition, the release of these types of materials has been demonstrated to be the main cause
of metallosis episodes, associated to the formation of pseudotumors in the tissues that surround
the implant site, metal allergies, that will be the main focus of next section, and a contributory
cause of osteolysis itself (13,14).

To sum up, the pathogenic mechanisms of implant-associated osteolysis include a wide variety
of different mechanisms initiated by the release of wear debris in the living tissues, that manifest

themselves in the recruitment of a wide array of cells type as macrophages, fibroblast,



neutrophils, giant cells, but also osteoblast cells that are the main responsible for the processes of

bone resorption.
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Figure 3: Schematic of the adverse reaction caused by the release of metal ions - [13].

Thus, in order to reduce the risk to induce aseptic loosening one of the most simple solution is
to reduce the number of released particles. However, wear products may be produced in a variety

of different ways including debris particles from all the main materials of the implant, like



polyethylene, ceramic and metal, but also from the bone cement itself and their bio-reactivity has
been demonstrated to depends mainly on two elements: particle characteristics, such as size,
concentration in the tissues and composition, and patient biological characteristics (3).

Anyhow, even if any particle may increase the adverse cellular reaction induced by the
production of wear debris, cytological examination demonstrated that more than 70% of the
overall amount of wear debris produced by a Metal-on-polyethylene prosthesis is constituted of
polyethylene particles (3).

All these elements explained the long series of changes that have characterized the history of
joint arthroplasty and in particular of the materials used to design the different prostheses and
why biotribology will be the main field directly involved in the future development of this sector.

From Metal-on-metal prosthesis, quite diffuse in the ‘70s and then disappeared till today
because of metallosis issue and potential carcinogenic effects caused by the release of metal ions,
to Ceramic-on-ceramic prosthesis, with their low friction coefficient, low debris production and
inert behavior, but also their high costs and risk of early damage, and Metal-on-polyethylene
ones, characterized by a good cost-efficiency ratio, a predictable lifespan, but also a lot more
polymeric debris, joint arthroplasty has been always oriented toward the identification of
innovative solutions to limit the occurrence of this problem, while maintaining optimal

mechanical characteristics for the prosthesis itself (1,15).



Looking at the future, the most interesting solution may be represented by the coating
materials that may enhance the surface properties of the material, that are one of the most
important factor that influence the wear production of an orthopedic implant, while maintaining
the mechanical properties of the substrate material, that has great relevance in the determination

of the ability of the prosthesis itself to substitute the function of the lost biological structure.

1.1.2 Metal allergy

As just introduced in the previous section, one of the main problems associated with the
release of metal ions inside the human body is metal hypersensitivity, caused by the adverse
immune reaction of metal particles.

In fact, when coupled with particular proteins, these particles may act as antigens for
circulating lymphocytes activating an immediate humoral response (7,16). The specific processes
involved in the genesis of this hypersensibility to metal ions are still under analysis and a detailed
description of this phenomenon has still to be defined.

However, despite its rare occurrence, <1% of total joint replacements (TJAs) (17), this event
may be the cause of chronic debilitating pain and swelling in the implant site that may deeply
affect the final result of the operation causing severe impairments in the daily life of the patient.

This may even lead to the failure of the implant, forcing the clinician to revise the implant itself.
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Thus, when designing a prosthetic implant it is important also to consider the overall amount
of metal ions that are released in the tissues by the bearing surfaces and it may be necessary to
find some ways to reduce this quantity.

One of the possible solutions may be to use a coating material that will work like a "shield"
preventing metal ions from the substrate to be released in the implant site reducing their potential
adverse effects. This is particularly true when talking about CoCr substrates that have been

demonstrated to be much more subjected to allergic reactions with respect to Ti alloys (14).

1.3 A possible solution: surface coating

As introduced, modern researches in joint arthroplasty, and in particular for THA and TKA,
mainly focus on how surface properties of metallic materials may be tuned in order to guarantee
optimal performances of the prosthesis, while reducing the wide range of adverse effects that
derive from the insertion of an external material into a biological environment.

In order to pursue this challenge, one type of process has gained more and more importance:
surface coating. The application of coating material on the surface of a bulk structure, called
substrate, essentially consists of the application, toward a wide variety of different techniques, of
a small layer of protective material on the zone of the substrate that is subjected to harsh or

corrosive environment (18).
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In particular, this process has the great advantage of preserving the mechanical properties (e.g.
yield modulus, fatigue resistance, bending and creep properties), thermal properties (e.g. thermal
expansion and conductivity to transfer heat flux), dynamic load behavior and all the other
parameters for which the bulk substrate material has been chosen for when designing the
prosthesis while mixing them with upgraded properties in term of corrosion resistance, functional
surface properties (e.g. wettability, hardness and coefficient of friction) and also wear resistance
in the zone where the coating layer is applied.

Recent studies have a particularly focus on a particular type of coating material: the Titanium
Nitride (TiN). This bright gold ceramic material is characterized by a series of particularly
interesting properties, detailed in the following chapter, that contribute to theoretically make it

one of the best candidates for this kind of process.

1.4 Project Aim

This project has been entirely dedicated to the exploration and the study of the properties of
Titanium Nitride with the final aim to investigate the real effectiveness of TiN coating of a
metallic surface in reducing the production of wear debris.

In particular, this experiment has been mainly focused on the role of the deposition technique
and substrate characteristics in the determination of the final wear resistance properties of the

analyzed materials.
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To do that, the wear behavior of differently processed TiN coated discs on different substrates,
CoCr and Ti6Al4V, have been tested and the results have been compared to reference
characteristics obtained for uncoated CoCr and Ti6AIl4V discs in the same tests. All the tests have
been executed using a defined set of parameters that simulate the condition that the material may
experience when implanted into biological living tissue.

To conclude the work, possible further developments and main defects of the used approach

have been highlighted.

15 Thesis Structure

If Chapter 1 has been mainly dedicated to the introduction of the problems and the possible
solutions of them, Chapter 2 will be entirely dedicated to the description of the main
characteristics of Titanium nitride and the literature state of the art about this material.

Chapter 3 will contain a brief overview of the main experimental materials used during the
test.

Chapter 4 shows the main procedure, or methods, that have been used to perform the analysis.
All the procedures have been described in detail in order to allow anyone to replicate these
analyses.

Chapter 5 contains a collection of the most interesting results that have been obtained from the

performed tests. Only the main results have been reported here, while a bigger collection of data,
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containing also some raw information, may be found in the appendices that are contained in
Chapter 7.

Chapter 6 will conclude the thesis with a summary of the main outcomes of this work, but also
a definition of the main limits of this work and some purposes for further developments of the

analysis.



CHAPTER 2

STATE OF THE ART

This chapter has been entirely dedicated to the definition of what is known about Titanium nitride
(TiN). Hereunder, the main characteristics of the material will be defined concluding the analysis
with a brief review of the literature citation of the use of TiN for the coating of orthopedic

implants.

2.1 Introduction

Titanium Nitride (TiN) is an extremely hard ceramic material with reduced density
(5.22g/cm®) and a high melting point (2930°C) that has been used as a coating for mechanical,
aerospace and even medical tool steels since the second half of the sixties (19). This success is
mainly due to its properties that are strongly dependent on its chemical structure that has been
revealed to be quite similar to the one of sodium chloride.

However, it has been in 1972 only when Steinemenan firstly patented the use of titanium
implants or titanium derivate for the treatment of biological bone tissue (20). Steinemenan was
also the first person to project about the possibility to use a surface layer of coating material to

prevent surface corrosion and abrasion in joint arthroplasty implants.

14
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After that moment, a lot of researchers, surgeons and engineers have followed Steinemenan
idea and due to its peculiar properties, TiN has been always considered as one of the best types of

material to pursue this aim.

2.2 Titanium Nitride as coating material

As said, TiN is a gold ceramic layer that may be effectively applied on the joint surface of the
metallic prosthesis using different processing techniques because it can guarantee the following
interesting properties (21-24):

e Increased hardness (2400-2600 Hv): As all the ceramic materials, this material has
shown a great surface hardness, about four times greater than the one of CoCr (650
Hv) that makes it being the perfect candidate to constitute a bearing surface.

e Inert and stable material: Because of its ceramic soul, TiN does not react with most
materials. Moreover, it is oxidation resistant and it is resistant to thermal-induced
changes at in-vivo conditions.

e Biocompatible: TiN coating has been approved by the FDA as a coating material for
arthroplasty implants because it does not react with blood, bones and other biological
tissues making it a perfect choice for medical applications.

e Low friction coefficient (COF): It depends on the other surface of interaction, but it is

extremely low (0.6 for steel alloys)
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e Low surface roughness: Its surface roughness is really low and the evaluated
arithmetic roughness can easily reach values smaller than 0.05um.

e Enhanced wettability characteristics: They contribute to improve the interaction with
the synovial fluid helping to lubricate the joint.

e Resistance to third body wear: TiN is also resistant to third body wear that is caused by
polymeric or cement particles that may remain blocked in the joint site causing
damages on the bearing surfaces. Its high resistance to scratches may prevent this event
to cause big damages.

e Metal allergy risk minimization: The presence of TiN coating may help to minimize
the risk of metal allergy. In fact, the presence of this ceramic layer may help to reduce
the number of metal ions that are released in the implant site.

e Reduced bacterial adhesion: TiN smooth surface makes it less simple for the
microorganisms to attach on the surface. Moreover, TiN may also be doped with other
materials, such as Ag particles, to dramatically decrease the occurrence of this
phenomenon.

e Adhesion: When properly deposited on adequately treated and polished substrates, this
material may guarantee high adhesion properties (25).

All these properties, and in particular its low friction coefficient, high wear resistance and

chemical inactivity make TiN one of the most interesting materials that may be used as a coating.



17

However, all these properties are highly dependent on the way the TiN layer is deposited on
the surface and so, the processing technique followed to perform the coating has strong relevance

in the determination of the effectiveness of the material itself.

2.3 Titanium Nitride in medical literature

As introduced in the previous paragraphs, Titanium Nitride (TiN) properties make this
material to be a good candidate to be used as coating material for implantable devices, at least on
the theoretical point of view.

However, even if preclinical studies have demonstrated the biocompatibility and tribological
properties of this ceramic surface, literature about the application of this material to implant
surfaces is much more contradictory and some of the obtained results have been revealed to be
different from the expected ones.

This literature analysis is particularly significant in this work as it allows to have a larger
understanding of the real properties of this material and the variability of its behavior depending
on the imposed boundary conditions and the characteristics the test is focusing on. As known, all
these aspects have a strong influence on the final working condition of the material and may have
a strong impact on the final obtained results.

A comparison between the experimental results and the clinical outcomes will be introduced
in the next two sections in order to identify which are the elements that may weigh the most in

the determination of the material results
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2.3.1 Preclinical studies

Preclinical studies have been really important for the assessment of some of the properties of
the material.

High resistance to corrosion (26) has been proven, but also biocompatibility has been assessed
using different cells type ( human bone marrow stem cells and osteoblasts, human fibroblasts,
human fetal osteoblasts ) and studying their behavior in term of proliferation and differentiation
on TiN-coated materials (27). Moreover, in vivo studies has been done also on dogs, rats and
rabbits, where TiN coated materials have demonstrated their affinity with the biological
environment showing similar or better properties with respect to the uncoated substrates (27,28).

In addition, also the bacterial adhesion on the material has been assessed showing a reduced
adhesion and proliferation of bacteria on this kind of coating with respect to the control substrate
material (29).

To conclude the preclinical studies, great relevance may be attributed to wear behavior:
experimental researches have shown contradictory results about this property and a strong
dependency of performances on the coated material. In particular, when applied to the Ti6Al4V
substrate it has been registered improved scratch resistance, reduced amount of abrasive particles
formed and also a reduction of the polyethylene debris produced in a Metal-on-polyethylene pin

on disc test (27).
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However, some cases of adhesion failure of the coating have been identified with the TiN
particularly prone to pitting and delamination when articulating against a polymeric pin, but also
when TiN has been used as coating of a CoCrMo substrate, showing a fourfold increased wear
rate in respect to the control (27).

Anyway, all these properties have revealed to be strongly dependent on substrate
characteristics, and in particular, on its Young modulus, on the coating techniques, that determine
the adhesion of the TiN coating on the substrate, and on the testing fluid that has been used as the

presence of protein has been demonstrated to reduce the wear rate.

2.3.1 Clinical results

The same variability seen for the preclinical tests has been common also to the clinical
analysis. If reduced bacterial adhesion has been verified also in clinical practice (25), the same
positive results have not been obtained by the analysis of TiN coated total knee implants, here no
major changes in the clinical outcome has been identified in respect to the control (30), but also
of the in-vivo wear properties of TiN coated femoral that has shown an increased fragility in
respect to third body wear when implanted (31).

Also in these cases, the boundary conditions have been demonstrated to have an incredibly

important role in the determination of the final performances of the prosthesis. In particular, one
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element has been identified as the most important aspect in the definition of the properties of the
TiN: the coating process.

Third bodywear, cohesive failure and delamination process have been led back to the
techniques that are used to deposit this thin layer.

Thus, in order to optimize the performance of the TiN coating, it will be necessary to optimize
and standardize the technique that is used to deposit it. In the following chapters, different
coating techniques will be studied and tested to verify which condition may help this material to

perform at its best.



CHAPTER 3

MATERIALS

The materials used during the experiment will be presented first and, after these ones, the
chapter will focus on the description of the procedure that has been performed to characterize and

analyze the differences in the behavior of the samples.

3.1 CoCr coated/uncoated discs

Pin on disc (POD) tests have been conducted on CoCr discs, both coated and uncoated. The
coated ones have a TiN layer on the surface, applied with different techniques. Ag-doped TiN
coating has been used for one set of discs.

Information about the coating processes will not be provided as they are protected by an
industrial secret.

All the discs have been cleaned before the coating procedure, polished after the coating
application to eliminate eventual defect ( this procedure has not been followed for Tech #1 disc)
and cleaned again before starting the test.

All the samples have been labeled with a progressive code in order to keep them tracked
during the entire experiment. On the next page, a brief summary of the provided sample has been

reported.

21
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TABLE I: CoCr DISC SUPPLY FROM FACTORY

Disc type Number of samples Code
Uncoated CoCr 4 #1, #2, #3, #4
TiN coating, tech #1 4 #5, #6, #7, #8
TiN coating, tech #2 4 #9, #10, #11,#12
TiN coating, tech #3 4 #13, #14, #15, #16
Ag-doped TiN coating 4 #17,#18,#19, #20

In addition, three more CoCr discs from the laboratory were introduced in order to have a
second reference value for the final discussion of results. These additional discs have been
labeled with codes #21, #22, #23.

A complete characterization of the 2-Dimensional and 3-Dimensional geometry of the discs

has been defined and shown on the following page.



2D geometry of the discs:

»AIRAERE " - height =12.62mm

D= diameter=+3.50mm

Figure 4: Disc 2D geometry of frontal and top plane.

3D geometry of the discs:

Figure 5: Discs 3D geometry.

23
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Picture of the different discs type:

Figure 6: Different discs type. From left to right it is possible to see Uncoated CoCr disc, TiN
coating, tech #1 disc, TiN coating, tech #2, TiN coating, tech #3 disc, Ag-doped TiN coating
disc, Uncoated CoCr disc from the LAB.

Figure 7: Details of final surface polishing.
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3.2 Ti6AIl4V coated/uncoated discs

Pin on disc (POD) tests have been conducted also on Ti6Al4V discs, both coated and
uncoated. The coated ones have a TiN layer on the surface, applied with different techniques. Ag-
doped TiN coating has been used as a coating material for one set of discs.

Information about the coating processes will not be provided as they are protected by an
industrial secret. The coating techniques and the procedure that has been followed to process the
disc have been equal to the ones explained in the previous section.

All the samples have been labeled with a progressive code in order to keep them tracked
during the entire experiment.

Here is a summary of the samples provided by the factory:

TABLE II: Ti6AlI4V DISC SUPPLY FROM FACTORY

Disc type Number of samples Code
Uncoated Ti6Al4V 4 #24, #25, #26, #27
TiN coating, tech #1 4 #28, #29, #30, #31
TiN coating, tech #2 4 #32, #33, #34,#35
TiN coating, tech #3 4 #36, #37, #38, #39
Ag-doped TiN coating 4 #40, #41, #42, #43
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2D geometry of the disc:

5 # -— h = height =12.62mm

D= diameter=+3.50mm

Figure 8: Discs 2D geometry of frontal plane and top plane.

3D geometry of the disc:

Figure 9, Discs 3D geometry.
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Picture of the different discs type:

Figure 10, Different discs type. From left to right it is possible to see Uncoated Ti6Al4V disc,
TiN coating, tech #1 disc, TiN coating, tech #2, TiN coating, tech #3 disc and Ag-doped TiN

coating disc.

Figure 11: Details of final surface polishing.



28

3.3 UHMWPE Pins

Pin on disc (POD) test requires polymeric pins in order to test the wear production of different
materials. In this test, it has been used 61 cylindrical UHMWPE identical pins, all labeled and
separately packaged.

Pins are made of GUR1050 UHMWPE and they have been treated with 305 kGy radiation in
order to induce crosslinking in the material. Pins have been stored at -80°C before using them.
This operation prevents them from the oxidation process.

Hereunder, it has been reported the bi-dimensional and tridimensional geometry of the pins.

2D geometry of the pins:

h = height =19.89mm
D=
diameter=10.50mm

Figure 12: Pins 2D geometry of frontal plane and top plane.



3D geometry of the pins:

Figure 13, Pins 3D geometry.

29
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34  AMTI® Ortho-POD

All the pin-on-disc tests have been performed on the Ortho-POD device by AMTI® shown

below. Before starting the experiment, we have completed a full calibration of the Ortho-POD.

Figure 14: AMTI Ortho-POD device
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Description (32)

The AMTI Ortho-POD is a multidirectional pin-on-disc (POD) machine that is able to
replicate all the different motion types that are essential to replicate with the best accuracy the in
vivo wear of Ultra High Molecular Weight Polyethylene (UHMWPE) joint implants. This
machine is capable of simulating both unidirectional and bidirectional movement, allowing it to
reproduce in an easy way the cross-shear motions that may be experienced by a real prosthesis
when implanted into an in vivo environment. All the six pin holders provided by the machine
have three degrees of freedom that may be controlled separately and all the machine’s motions,
loads and programs are fully tunable via the included software. Custom wear programs and pin
path may be defined in order to simulate specific behaviors of the prosthesis.

All the six testing stations of the Ortho-POD are temperature-controlled in order to simulate
the condition that might be experienced by the material into a biological environment. Even the

load of each pin-on-disc station is fully programmable up to 445N.
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35 Zv0o® Newview 6300 3D optical surface profiler

In order to perform a full characterization of the discs, a measure of the surface roughness has

been performed. Zygo Newview 6300 has been used to achieve these results.

Figure 15: Zygo Newview 6300

Description (33)

The Zygo optical Profiler has been designed for the characterization of the surface

characteristics of materials. It is able to collect information about surface roughness, surface



33

profile, intensity maps and other topographical information in a non-destructive, contactless and
quick way. In addition, it is a precise tool that may guarantee surface measurements in the order
of nanometers to micrometers. A software, called MetroPro® has been used to obtain and process

all the data.

3.6 HORIBA® L abRAM HR Evolution, Raman spectrometer

In order to perform a complete characterization of the discs before and after the wear test, it
has also been performed Raman spectroscopy on the surface of all the samples. HORIBA

LabRAM HR Evolution has been used to complete this analysis.

.

LabrRAM Hr .

e

HORIBA

Figure 16: HORIBA LabRAM HR Evolution — [34]
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Description (34)

The LabRAM HR Evolution Raman microscope has been projected to perform Raman
spectroscopy for micro and macro samples.

This instrument has several interesting properties that make it the ideal candidate to perform
this type of measurement. First of all, it is compatible with a wide range of laser wavelengths
(200-2100nm) allowing a full characterization of the analyzed material. Secondly it is controlled
by the “LabSpec 6” software that may be used to control measurement settings, data collection
and data elaboration constituting a complete, easy to use and direct tool to perform the tests. In
conclusion, it also has the DuoScan™ fast Raman function that may be helpful to capture high
precision, ultra-quick Raman maps performing a collection of a high number of data over the

defined area in an incredibly low amount of time.


https://www.horiba.com/en_en/test-pages/migration/water-quality/support/brochures/
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3.7 LABCONCO XPert® Weigh

All the weight evaluation has been performed using LABCONCO XPert weigh as it

guarantees the 0.01mg sensibility needed for this type of experiment.

Figure 17: LABCONCO XPert weigh

Description (35)

XPert Weigh Boxes has been designed to meet the request of pharmaceutical research,

nanotechnology, biochemistry, but it is daily used in many applications around different
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researching themes. It has been furnished with inlet and outlet HEPA filters that guarantee a
resistant leak-tight physical barrier to protect the operator. Humidity and temperature are
controlled inside the weighing chamber. In addition, an anti-static ionizer fan and a balance
vibration isolator have been introduced in order to guarantee the higher performance possible

during the weighting procedure. The scale has a sensibility of 0.01mg.

3.8 ZEISS Stemi 2000-C

In order to evaluate possible alteration in the surface of pins and/or metal discs, it has been
collected qualitative data about changes in morphology. This process has been completed using

the following ZEISS 2000-C stereomicroscope coupled with a camera.

Figure 18: ZEISS 2000-C stereomicroscope



37

Description (36)

Stemi 2000 stereomicroscope from ZEISS is able to guarantee sharp, free of distortions
images. This instrument allows to have big spaces for illumination and sample manipulation, and
interchangeable optics ensure functional applications at varying distances. In particular, in this
application it has been used 0.4x and neutral lenses with single illumination from above, or

coupled lateral illumination sources.



CHAPTER 4

METHODS

4.1 Discs characterization

4.1.1 Evaluation of disc surface roughness

All the roughness evaluations for the surface characterization of the pins have been realized using
the Zygo® Newview 6300. In order to complete this aim the following steps have been

performed:

Zygo® setup

1. In order to stabilize the machine, the Nitrogen source that supplies the stabilized table, has
been opened following standard procedures.

2. A 20x lens has been mounted on the Zygo to perform the measurements.

3. “MetroPro” app has been launched on the computer and “Micro2.app” has been chosen to

perform the analysis.

38
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20X Mirau
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Figure 19: Micro2.app interface®.

1.0n the left, it is possible to see all the main commands of this software. In the central part of the screen all the most relevant data are
shown. In the top-left corner it is possible to see a surface profile heat map, on its right a 3D oblique plot of the surface profile. On the
bottom-left corner a linear surface profile is visualized whereas on its right an intensity map of the surface is shown. In addition, the central
numbers give you the Pick-Valley maximum distance (PV), the root-mean square error (rms), the arithmetic roughness (Ra), the x-length of
the sample (Size X) and the y-length of the sample (Size Y).
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4. In “Micro2.app” the following settings have been applied in order to perform the

measurements.

Camera M

Subtract

Min Mo

Min Are:

Numk

FDA Noi

n Controls

n Length: 40 um bi

n Length: 500

Jormal

Figure 20: Zygo Measurement settings.
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Roughness measurement

The next step of the analysis has been to perform the actual surface roughness measurement.
In order to quantify the surface roughness of the samples, five measurements have been taken and

the average and the standard deviation have been calculated.

1. Discs have been placed on the Zygo plate with the number on their back on the left-hand side.
2. A mask has been applied to them in order to perform the roughness measurements always in
the same points. Five measurements are performed on the five points defined by the mask.

Points number 1, 2, 3, 4 are on the wearing path, whereas number 5 is in an unworn part.

©
© O ©°
Lol

Front

Figure 21: Roughness measurement mask.
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Locate the Zygo over point number one and try to focus the image. Use the F5 button to
adjust the light.

As you see interference fringes and you are able to position them parallel to the bottom
border of the screen.

You can adjust the interference fringes orientation using the two big screws located in the
bottom part of the Zygo.

Hit “Measurement” to perform the measurement.

Take care that "Points" value is above 30700 which means you have a good signal and the
sample is focused.

To save the data, press “Save Data”.

Write the Ra measurement for the surface roughness.

10. To save the images click on the Zygo logo on the top-left corner of them and save them as

tiff files.

11. Repeat the operations from 1 to 7 for all the five points.

12. Repeat the operation from 1 to 8 for all the six discs.

This operation has been performed before and after each round in order to detect and

characterize any kind of change in the surface characteristics. At the end of each round an overall

number of 10 measurements for each disc, 5 pre-test measurements and 5 post-test
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measurements, have been performed. By comparing the average value of the surface roughness

before and after the test a quantitative description of the surface changes has been obtained.

4.1.2 Raman spectroscopy of disc surface

In order to evaluate eventual changes in the surface characteristics of the discs a Raman
spectroscopy has been performed for a selected set of 7 discs coming from the first round of each
test.

In particular, for the selected set of discs the following operations have been repeated twice,
one time before the POD test and the second time after the end of the POD test. This process has

been followed in order to have comparable results for each disc.

Raman spectroscopy

After the calibration phase that is necessary to correctly set the position of the mirrors, the

evaluation of the Raman spectroscopy has been performed following the steps below:

1. Place the Xylene sample in the reference box. This will be helpful to get some references
about the position of the peaks of the Raman shift as the ones of the xylene are just defined
and evident.

2. Fix the Disc on glass support that will be hosted under the lenses.

3. Launch the desktop app called “LabSpec 6”.All the processes will be done thanks to this app.
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4. Click on the camera icon located on the top right corner in the software main page to enter the

focusing mode.

1 LabSpec 6 - HORBA Scentfic

LaserOf | 50% [xt00 s |4 |4 on (1680 8] 3007 =0 | [oma i

aaaaa R o0 o) | 7350m_Eae

Figure 22: “LabSpec6” software interface. In the image the location of the focusing button, in

the upper bar, has been highlighted with a red circle.

5. Use a 5x lens to focus on the sample.

6. As you get the focus on the sample change the lens to 50x and get the focus again.
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7. Now, it is possible to define the settings of the measurement. For the performed

measurements, the following settings have been used:

ParticleFinder

Analysis

Browser Acquisition Info

A Parameters

Maintenance
Display Methods
Processing

Acq | Custom History

Readout mode
DeNoise

ICS correction
Dark correction

Inst. Process

Detector temp...

Instrument
Detector
Objective
Grating
ND Filter
Laser
Hole
Range
Collection
StageXy
StageZ

X (um)

Y (um)

Z (um)

Full time(mm:...

Show

"A Data range

Size

>

&9

-75.22

LabRAM HR Evol
Synapse QXTRA
x100_VIS

1800 (450-850nm)

532nm_Edge
150.001
Visible
Microscope
75x50mm Scan+
Z motor
-44810.2
17745.7
763.9
v

&) Name Value

Step From To

S 2100 [ 047528 00404 | 119992 |
|

ParticleFinder

Analysis

Browser Acquisition Info

A Parameters

Custom

Acg. time (s)
Accumulations
Range (cm™)
Windows
Auto scanning
Autofocus
Macrospot
Spot size (um)
AutoExposure
Spike filter
Delay time (s)
Binning
Readout mode
DeNoise
ICS correction
Dark correction
Inst. Process
Detector temp...
Instrument
Detector
Objective
Show

A Data nge

Size

Maintenance
Display Methods
Processing

History

-
| 2

2

200..1200

Square
15x0.6

Multiple accum.

-75.22

LabRAM HR Evol
Synapse QXTRA
x100_VIS

& Name Value

<

Step From To

2104 0.47528 | 200.404 | 1199.92

1060.82 || 2928.33

Figure 23: Settings interface of “LabSpec6” software interface?.

2 These values are the ones used for the measurements and are directly derivate from a series of several tries. Energy, time of measurement

and wavelength have been set to reduce the risk to burn the sample while getting the best results possible from the measurement.
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8. Now, it is possible to start the measurement.

9. Hit the measurement button, located right close to the camera one to start the measurement.

1 LabSpec 6 - HORBA Scentfic /7~ \ - B X

Figure 24: “LabSpec6” software interface. In the image the location of the capture button, on

the left of the upper bar, has been highlighted with a red circle.

10. The measurement will take about 20 minutes to be completed.
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11. As it is finished save two files, one with .16s extension will contain all the info about the
parameters used in the evaluation. The second one with the .txt extension will contain only
the raw data that will be used for further studies.

12. Repeat these operations for all the discs.

When working on the “after” discs these operations have been repeated twice on every single
disc. One data set has been taken from the wearing region and another one has been taken from
the unworn one.

All the data have been subsequently processed using Origin® 2019 software. Data intensity has
been normalized and Raman spectroscopy curves have been compared. The shifts have been

calculated using Excel.

4.1.3 Post-POD test evaluation of discs surface

After the end of the test, some shots of the disc surface have been collected using ZEISS 2000-
C stereomicroscope. In particular it has been taken shots of the worn zone with both 0.4x and
neutral lens and also some shot of the undamaged zone using both 0.4x and neutral lens, too.

In order to acquire different images, light sources have been moved to find the configuration
that gives the most interesting and meaningful overview of the differences between undamaged

and damaged areas.
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This procedure has been repeated for each disc for each round in order to detect macro pieces

of evidence of wear on the disc surface and, eventually, material embedded on the worn surface.

4.2 Pin-on-Disc (POD) test

421 Introduction

In order to evaluate the overall amount of wear produced by the interaction of the metal
surface with the UHMWPE counterpart, the Pin-on-Disc (POD) test is the best way to simulate
what happens in a biological environment. The Pin-on-Disk setting essentially consists of a
cylindrical UHMWPE pin which is attached to a stiff metallic arm that is loaded down onto the
test sample, the disc being tested, with a precisely known force. As shown below pin and sample
have relative movement that is useful to simulate what happens in real application of the material,
like in a hip prosthesis. The elastic arm holding the pin ensures a stable contact point and a
controlled position along the wearing track characterizing pin movements on the sample. The
kinetic friction coefficient might be determined by evaluating the deflection of the arm, or by the
direct evaluation of the change in torque, measured by a sensor positioned in the upper part of the
Ortho-POD device. Wear rates for the pin is, then, calculated from the weight of material
removed during the test and its relationship with the duration of the wearing test is taken into
account. In order to try to fully replicate the condition a material could experience in vivo, a
protein solution has been added to the wearing chamber and the temperature has been kept at

37°C.


https://www.sciencedirect.com/topics/engineering/friction-coefficient
https://www.sciencedirect.com/topics/materials-science/torque
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4.2.2  Test preparation

In order to get all the materials ready for the test, it has been performed a preparation session
in which the Ortho-POD machine has been calibrated and both pins and discs have been prepared

for further steps.

4.2.2.1 AMTI® Ortho-POD calibration

Before starting the POD test the AMTI® Ortho-POD machine has been disassembled and the
force sensor has been calibrated. This process is essential as it allows having the machine ready
for the new starting round.

The Ortho-POD calibration reports the temperature, force, angular displacements of the pin
and disk motion, and vertical displacement of the pin.

The specifications of each function of the machine relate to what the user can expect from a
thermally stable, recently balanced Ortho-POD device. A summary of the specifications is down
reported. Calibration values used for the pin on disc machine have been reported on the following
page: (*) values are purely representative, whereas the other values have been determined using
the "PODCal” function on the given software.

In order to perform the calibration, instructions given by the factory have been followed.



TABLE I1I: CALIBRATION VALUES FOR POD.

CHANNEL  SENSITIVITY UNITS OFFSET UNCERTAINTY
POST1 FX .0453* N/bits Auto zero +/-1N
POST1FY .0456* N/bits Auto zero +/-1 N
POST1 FzZ .4835* N/bits Auto zero +/-4 N
POST2 FX .0471* N/bits Auto zero +/-1 N
POST2 FY .0478* N/bits Auto zero +/-1 N
POST2 FZ A4861* N/bits Auto zero +/-4 N
POST3 FX .0473* N/bits Auto zero +/-1N
POST3 FY .0468* N/bits Auto zero +/-1N
POST3 FZ .4838* N/bits Auto zero +/-4 N

PIN FB .0879 Degrees/bit 0.0 +/-15°
DISC FB .0879 Degrees/bit 0.0 +/-15°
VLOAD FB 2173 N/bit 0.0 +/- 4 N
PIN CMD .0879 Degrees/bit 0.0 N/A
DISC CMD .0879 Degrees/bit 0.0 N/A
VLOAD CMD .2173 N/bit 0.0 N/A
VPS 0 .0049 mm/bit 0.0 .04 mm
VPS 1 .0049 mm/bit 0.0 .04 mm
VPS 2 .0049 mm/bit 0.0 .04 mm
VPS 3 .0049 mm/bit 0.0 .04 mm
VPS 4 .0049 mm/bit 0.0 .04 mm
VPS 5 .0049 mm/bit 0.0 .04 mm
VPS 6 .0049 mm/bit 0.0 .04 mm
SERUM TEMP .0272 °C/bit -368 +/-1°C
PLATE TEMP .0272 °C/bit -368 +/-1°C

50
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4.2.2.2 Discs cleaning

Before starting the POD test each one of the discs involved in the experiment has been

cleaned.

e Motivation

In order to avoid any kind of contamination from oil, dust or machining residual that may have
remained embedded on the surface, each disc has been cleaned before use. General precautions
have been applied when working with detergents and contaminated objects: wear chemical

resistant gloves, lab coat, and goggles.

e Materials
- 70% propanol
- Kimwipes
- Bottled N2

e Procedure

Disc cleaning
1. Put each disc in a separate plastic bag and label all the bags with the code associated with
the disc.

2. Fill the bag with a 70% propanol solution.



3. Leave them rest for 10 minutes.
4. Dry them gently with kimwipes.

5. Use N2 gas to remove any residual water trace.

Hereunder, the discs used for each round are reported.

CoCr Test

Round 1

TABLE IV: DESCRIPTION OF THE DISCS USED FOR ROUND 1, COCr TEST.

Disc type Disc number
Uncoated CoCr 1
TiN coating, tech #1 5
TiN coating, tech #2 9
TiN coating, tech #3 13
Ag-doped TiN coating 17
Uncoated CoCr (LAB) 21




Round 2
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TABLE V: DESCRIPTION OF THE DISCS USED FOR ROUND 2, COCr TEST.

Disc type Disc number
Uncoated CoCr 2
TiN coating, tech #1 6
TiN coating, tech #2 10
TiN coating, tech #3 14
Ag-doped TiN coating 18
Uncoated CoCr (LAB) 22

Round 3

TABLE VI: DESCRIPTION OF THE DISCS USED FOR ROUND 3, COCr TEST.

Disc type Disc number
Uncoated CoCr 3
TiN coating, tech #1 7
TiN coating, tech #2 11
TiN coating, tech #3 15
Ag-doped TiN coating 19
Uncoated CoCr (LAB) 23




Ti6AI4V Test
Round 1

TABLE VII: DESCRIPTION OF THE DISCS USED FOR ROUND 1, Ti6Al4V TEST.

Disc type Disc number
Uncoated Ti6Al4V 24
TiN coating, tech #1 28
TiN coating, tech #2 32
TiN coating, tech #3 36
Ag-doped TiN coating 40
Uncoated CoCr (LAB) 21

Round 2

TABLE VIII: DESCRIPTION OF THE DISCS USED FOR ROUND 2, Ti6Al4V TEST.

Disc type Disc number
Uncoated Ti6Al4V 25
TiN coating, tech #1 29
TiN coating, tech #2 33
TiN coating, tech #3 37
Ag-doped TiN coating 41
Uncoated CoCr (LAB) 22
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Round 3

TABLE IX: DESCRIPTION OF THE DISCS USED FOR ROUND 3, Ti6Al4V TEST.

Disc type Disc number
Uncoated Ti6Al4V 26
TiN coating, tech #1 30
TiN coating, tech #2 34
TiN coating, tech #3 38
Ag-doped TiN coating 42
Uncoated CoCr (LAB) 23

4.2.2.3 Pins soaking

As done for the discs also the pins have been prepared for the test before starting it.

e Motivation

During their shelf life, pins have been conserved at -80°C, in order to limit the possibility of
oxidation to occur. As a POD test is ready to start, it is first necessary to prepare seven pins for
the experiment. The preparation phase requires two weeks and it is performed in order to stabilize
the weight of pins before starting the experiment. In fact, the experiment is performed in an

aqueous environment and UHMWPE samples tend to acquire weight when submerged in a water
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solution, especially if a force is applied to them. Also in this case, general precautions do apply
when working with detergents and contaminated objects: wear chemical resistant gloves, lab

coat, and goggles.

e Materials

- Deionized water

- Heating bath (37°C)
- Kimwipes

- Bottled N

- Vacuum desiccator

- LABCONCO XPert weigh

e Procedure

Pin drying
1. Take the pins out from the heating bath.
2. Gently dry them with kimwipes.
3. Use N2 to remove any residual water trace.
4. Put that the pins in the Vacuum desiccator on labeled plates, so that they can not be

mixed.
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5. Activate the vacuum creator for 45s and then close the valve. Pins should stay in the
desiccator for 30 min.
6. Remove the pins from the desiccator and place them in the LABCONCO XPert® Weigh.
7. Wait for 10 min to stabilize humidity and temperature in the weighing chamber.
8. Weigh the pins.
Pin weighing
1. Turn on LABCONCO XPert® Weigh
2. Calibrate scale (button on the lower left of the screen)
3. Record date, time of measurements.
4. Turn on thermo/hygrometer and barometer, take readings once stabilized
5. Weigh a reference weight in order to verify the accuracy of the measurement
6. Weigh each component three times; move the sample through the ionizer as putting it
onto the scale
7. Use tweezers when for sample handling
Pin soaking

After the weighing phase, pins are placed in labeled plastic bags, with the code associated with

the pin itself, and submerged in the heating bath at 37°C.



58

This procedure has been repeated twice a week for two weeks until the pins reach a stable
weight. The last pin of the group has been left soaking during the entire round so that it is
possible to evaluate which percentage of weight difference is due to the wear and which one is
due to the water absorbed by the pin.

Pin soaking phase has been organized in three parts, one for each of the round that has been

performed.

TABLE X: DESCRIPTION OF PINS USE FOR DIFFERENT ROUNDS IN CoCr TEST.

Round Pins number
Round 1 OE1, OE2, OE3, OE4, OE5, OE6, OE7
Round 2 OES8, OE9, OE10, OE11, OE12, OE13, OE14

Round 3 OE15, OE1l6, OE17, OE18, OE19, OE20, OE21




59

TABLE XI: DESCRIPTION OF PINS USE FOR DIFFERENT ROUNDS IN Ti6Al4V TEST.

Round Pins number

Round 1 OE22, OE23, OE24, OE25, OE26, OE27, OE28
Round 2 OE29, OE30, OE31, OE32, OE33, OE34, OE35
Round 3 OE36, OE37, OE38, OE39, OE40, OE41, OE42

4.2.2.4 Testing fluid preparation

e Motivation

The consistency of lubricants plays a fundamental role in the tribological behavior of material
pairings of endoprosthetic implants. These fluids shall be of organic properties to create an
environment as found in vivo, and shall also be validated through comparison with in-vivo wear
findings. Since the impact of fluid characteristics on test outcome is not fully understood today,
special diligence is to be spent in its preparation to create reproducible data. As just said, general
precautions do apply when working with detergents and contaminated objects: wear chemical

resistant gloves, lab coat, and goggles.



e Material

- Deionized water

- Newborn Bovine Calf Serum
-EDTA

- Tris(hydroxymethyl)aminomethane
- NaCl

- Beaker, >2| (for Basic Solution)

- Beaker, size based on the final amount of test fluid
- Scale (mg unit), scale dish

- Heating bath (37°C)

- Magnetic stirrer

- pH-Meter

- Squeeze bottle

e Procedure

Basic Solution (Total Amount: 2I)

1. Check all needed equipment and ingredients, verify availability
2. Dilution of 18g NaCl (9¢/l) in ca. 1300ml deionized water (on stirrer for ~5min.)

3. Add 54g Tris (27g/l)

60
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4. Add 400mg EDTA (200mg/l)

5. Stir solution with a magnetic stirrer (~15min)

6. Calibration of pH-Electrode

7. Set solution to a pH value of 7.6, carefully adding Hydrochloric Acid (5N)
(Note: The pH-scale is logarithmic, the closer 7.6 is reached, the more impact small
amounts of Acid will have)

8. Fill up the beaker with deionized water to 2000ml

9. The storage lifetime of the solution without bovine-serum is 1-2 month (refrigerator)

Final Testing Fluid

1. Defrost and pre-heat the frozen calf serum in water bath at 37-39°C (takes ~1h for 500ml
bottle)

2. Fill mixing cylinder with calf serum

3. Add Basic Solution

4. Stir mixture with a magnetic stirrer (~5min)

5. Fill the fluid in a squeeze bottle for use on simulator chambers

6. Storage lifetime (refrigerator) ca. 10 days
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4.2.2.5 Run the test (CoCr)

Once the setting phase has been completed, the test has been run using the following set up. It

has been decided to do three rounds, divided into four parts lasting 250°000 cycles.

Running scheme

This is the scheme that has been followed by performing the different rounds of the test. Each

step has been reported in order to make the procedure fully replicable.

Round 1

1. Pin-on-disc test assembly.

2. Pin-on-disc test running for 250°000 cycles (0-0.25M).

3. Pieces dismount. Pins are dismounted and weighted. All the components are cleaned in
order to prepare the device for the following part.

4. Pin-on-disc test running for 250’000 cycles (0.25-0.5M).

5. Pieces dismount. Pins are dismounted and weighted. All the components are cleaned in
order to prepare the device for the following part.

6. Pin-on-disc test running for 250°000 cycles (0.5-0.75M).

7. Pieces dismount. Pins are dismounted and weighted. All the components are cleaned in
order to prepare the device for the following part.

8. Pin-on-disc test running for 250’000 cycles (0.75-1M).
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9. Pieces dismount. Pins are dismounted and weighted. All the components are cleaned in
order to prepare the device for the following part.

10. Collection of one sample of the solution from each wear chamber. These samples have been
stored in glass bottles. Bottles have been labeled with the number of the associated disc.

11. Bottles are stored at -79°C

This is the configuration of pins/discs that has been adopted for round 1.

TABLE XII: RUNNING SCHEME FOR ROUND 1, CoCr TEST.

STATION DISK NUMBER DISK TYPE PIN SOAK
CODE PIN
1 1 CoCr OE1l OE7
2 5 TiN coating, OE2
tech #1
—
% 3 9 TiN coating, OE3
8 tech #2
4 13 TiN coating, OE4
tech #3
5 17 AgTIN OE5
6 21 CoCr(LAB) OE6
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After each test, the disc has been rotated two positions clockwise in order to avoid any case of

dependency between the wearing rate and the station on which the test has been performed.

Round 2

For round number two, it has been followed the same series of operations just seen for Round

1.
This is the configuration of pins/discs that has been adopted for round 2.
TABLE XI1I: RUNNING SCHEME FOR ROUND 2, CoCr TEST.
STATION DISK NUMBER DISK TYPE PIN SOAK
CODE PIN
1 18 AgTIN OES8 OE14
2 22 CoCr(LAB) OE9
3 2 Cocr OE10
N 4 6 TiN coating, OE11
% tech #1
O
@
5 10 TiN coating, OE12
tech #2
6 14 TiN coating, OE13
tech #3
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Round 3

For round number three, it has been followed the same series of operations just seen for Round
one.

This is the configuration of pins/discs that has been adopted for round 3.

TABLE XIV: RUNNING SCHEME FOR ROUND 3, CoCr TEST.

STATION DISK NUMBER DISK TYPE PIN SOAK
CODE PIN
1 11 TiN coating, OE15 OE21
tech #2
™ 2 15 TiN coating, OE16
% tech #3
O
o 3 19 AgTiN OE17
4 23 CoCr(LAB) OE18
5 3 Cocr OE19
6 7 TiN coating, OE20
tech #1
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4.2.2.5 Run the test (Ti6AI4V)

Once the setting phase has been completed, the test has been run using the following set up. It

has been decided to do three rounds, divided into four parts lasting 250000 cycles.

Running scheme

This is the scheme that has been followed by performing the different rounds of the test. Each

step has been reported in order to make the procedure fully replicable.

Round 1

=

Pin-on-disc test assembly.

2. Pin-on-disc test running for 250°000 cycles (0-0.25M).

3. Pieces dismount. Pins are dismounted and weighted. All the components are cleaned in
order to prepare the device for the following part.

4. Pin-on-disc test running for 250’000 cycles (0.25-0.5M).

5. Pieces dismount. Pins are dismounted and weighted. All the components are cleaned in
order to prepare the device for the following part.

6. Pin-on-disc test running for 250°000 cycles (0.5-0.75M).

7. Pieces dismount. Pins are dismounted and weighted. All the components are cleaned in

order to prepare the device for the following part.
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8. Pin-on-disc test running for 250’000 cycles (0.75-1M).

9. Pieces dismount. Pins are dismounted and weighted. All the components are cleaned in
order to prepare the device for the following part.

10. Collection of one sample of the solution from each wear chamber. These samples have been
stored in glass bottles. Bottles have been labeled with the number of the associated disc.

11. Bottles are stored at -79°C

This is the configuration of pins/discs that has been adopted for round 1.

TABLE XV: RUNNING SCHEME FOR ROUND 1, Ti6Al4V TEST.

STATION DISK NUMBER DISK TYPE PIN SOAK
CODE PIN
1 24 Ti6Al4V OE22 OE28
TiN coating,
2 28 tech #1 OE23
—
% . " TiN coating, ot
8 tech #2
TiN coating,
4 36 tech #3 OE25
5 40 AgTiN OE26
6 21 CoCr(LAB) OE27
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After each test, the disc has been rotated two positions clockwise in order to avoid any case of

dependency between the wearing rate and the station on which the test has been performed.

Round 2

For round number two, it has been followed the same series of operations just seen for Round
1.

This is the configuration of pins/discs that has been adopted for round 2.

TABLE XVI: RUNNING SCHEME FOR ROUND 2, Ti6Al4V TEST.

STATION DISK NUMBER DISK TYPE PIN SOAK
CODE PIN
1 41 AgTIN OE29 OE35
2 22 CoCr(LAB) OE30
3 25 Ti6Al4V OE31
N 4 27 TiN coating, OE32
% tech #1
O
o4
5 33 TiN coating, OE33
tech #2
6 37 TiN coating, OE34
tech #3
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Round 3

For round number three, it has been followed the same series of operations just seen for Round
1.

This is the configuration of pins/discs that has been adopted for round 3.

TABLE XVII: RUNNING SCHEME FOR ROUND 3, Ti6Al4V TEST.

STATION DISK NUMBER DISK TYPE PIN SOAK
CODE PIN
1 34 TiN coating, OE36 OEA42
tech #2
™ 2 38 TiN coating, OE37
% tech #3
o 3 42 AgTiN OE38
4 23 CoCr(LAB) OE39
5 26 Ti6Al4V OE40
6 30 TiN coating, OE41
tech #1




70

4.2.2.6 Ortho-POD settings

Pin-on-disc (POD) settings have been manually defined using the factory software. Set values

for the main parameters have been reported in order to clarify the boundary conditions of the test.

TABLE XVIII: SETTINGS DEFINITION FOR THE TESTS. WEARING PATH, AXIAL
FORCE, AXIAL PRESSURE, PROCESS FREQUENCY, FLUID TEMPERATURE AND
NUMBER OF CYCLES FOR EACH STAGE ARE REPORTED.

Parameter Set value
Wearing path Square
Applied axial force 10.9N
Applied axial pressure ~395.46kPa
Frequency 1Hz
Temperature 37°C
Number of cycles for each part 250’000

As far as the wearing path is concerned, it has been decided to use a square layout because it
allows creating a more realistic simulation of what happens in vivo. In fact, during the application

of the prosthesis the UHMWPE experience multidirectional stress. Moreover, unidirectional
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stress, like the one experienced by the POD test with circular wearing path makes polyethylene
fibers aligning in the direction of stress, making the wearing rate decreasing drastically.

Hereunder, it has been reported the geometrical description of the wearing path.

Figure 25: 3D description of the path followed by the pin.

L=15mm

Figure 26: 2D description of the path followed by the pin. Top view.
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4.2.2.7 Post running procedures: cleaning and maintenance

In order to complete the cleaning and maintenance procedures, we follow a standard operating

procedure that has been previously approved in the Tribology LAB of Rush University.

e Motivation

Cleanliness and precision are important in the setup and maintenance of the AMTI pin on disc
(POD) tests as they may directly affect the final results of the experiment. Lab coat and gloves
should be worn. Safety glasses are an option, but they are highly recommended. General

laboratory safety and good lab practice regulations apply.

e Materials

Pipette tips x 16, 10ml pipette, labeled sample tubes, thawed newborn calf serum (based on the

experiment)

e Procedure

The POD should first be dismantled, then cleaned, and finally weighing of test specimens. Extreme
care should be taken to avoid contamination and to maintain proper sample orientations. Time may be
managed by performing many tasks during periods of ultrasonic cleaning and drying. Regular cleaning
can be accomplished with two people working simultaneously in about three hours. Remember to turn

on both scales before starting.
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DISASSEMBLY

Dismantle Disc Plate

The POD machine test setup must first be dismantled to clean.

1. Record test finish time and cumulative count on AMTI® software.

2. Open the taped plastic protection layer keeping attention not to damage it.

3. Loosen the three vertical clamps on each post.

4. Rotate lowering crank clockwise until the top head is at its highest level.

5. The disc plate is fixed to the base by magnets. Therefore, the two white thumbscrews may be
rotated to detach the disc plate holder from the magnets, although it will be slightly off-balance
during this procedure. Care should be taken to ensure the calf serum in each testing chamber
does not spill. When the thumbscrews have been fully rotated, the disc plate can be gently lifted
off the POD. You can, eventually, help yourself with a flathead screwdriver if necessary.

6. Carry the disc plate carefully to the preparation lab and place gently on paper towels on the

countertop.

Detach, Clean, and Weigh Polyethylene Pins

The polyethylene pins need to be detached from the POD for cleaning and weighing. Care

should be taken and fresh gloves should be used when handling the pins.
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Remove the large acrylic boundary by twisting it downward. Carefully slide the chamber
out without touching the pins.

Remove the arms (holding the pins) from the POD by loosening the nut with an Allen
key. Carefully pull off the arm by pulling vertically downward. Extreme care is needed to
ensure that the polyethylene pin is not touched.

Repeat for all six units and transport them to the lab for disassembly.

. To dismount the pins, the mounting nuts must be loosened using an adjustable wrench.
Clean the wrench with ethanol and kimwipes before use. Carefully, remove each nut
without touching the pin surface.

. Gently wiggle the pinout of the pin holder and slide off the white, plastic ferrule towards
the bottom of the pin away from the testing surface.

. The polyethylene pins (soak control and test pins) should now be cleaned and weighed
following the pin cleaning procedure down reported.

. The pin cleaning procedure should be conducted during serum sample collection.

Dismount all pieces of the pin holder and soak in Terg-A-zyme during sample collection.
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Serum Sample Collection

Serum samples are collected from each test chamber, but only in the last 250k cycles. Thus,

for each wound we will have 6 serum samples collected in the last running test from 750k to

1min cycles.

1.

Dismantle the individual test chambers from the disc plate by setting the plate on the
counter with an overhang so that the bottom fixing screw from one chamber is exposed.
Use a Phillips screwdriver to gently unscrew the bottom fixing screw, and the chamber
may be carefully lifted off of the plate. A single white plastic dowel pin will be attached
to the chamber and should be gently twisted to remove and set aside. Place the chambers
on layered kimwipes to remove excess water from the bottom of the chambers. Repeat
this process until all six test chambers are free.

Weigh and record the test chambers and then return the test chambers to their original
weights (should have been noted in the lab notebook before the start of testing) by adding
Millipore water to compensate for evaporation.

Using the electric pipette and a 15 ml plastic pipette with a pipette tip placed on the end of
it, “bubble” one test chamber to homogenize the solution. Each chamber should be
bubbled with a new pipette tip (to prevent cross-contamination).

Complete this process for all 6 test chambers.

Put the samples in the freezer.
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Disassemble Chambers and disc plate

The chambers must be disassembled for cleaning.

1. Push the discs out of acrylic encasing. Try to make sure that contact with the disc is as
close to the edges as possible. Removing the discs is often difficult.

2. The o-ring seal should be removed from the disc by pinching it around to a bulge.

3. Remove the outer chamber boundary of the disc plate by pulling it vertically.

4. Remove the large o-ring seal of the disc plate for cleaning.

CLEANING PROCEDURES

e Materials

- Kimwipes

- Terg-A-Zyme® detergent (Alconox, Inc., USA)
- Distilled water

- Ultrasonic cleaner

- Bottled N2

- Vacuum desiccator

- 70% Propanol, optima grade

- LABCONCO XPert weigh

- Digital Thermo/hygrometer (Amprobe, Inc., USA)
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UHMWPE Pins cleaning

The polyethylene pins must be cleaned and then weighed every 250k cycles. Weighing of the
components quantifies the amount of wear that the components experience during the simulated
motion of the human joint.

Components cleaning will follow this procedure:

1. Clean the components manually first by rinsing in distilled water and wiping with
Kimwipes. Visually check the surface to ensure that no residual "film™ or particles remain
on the implants

2. Place components in Ziploc bag and fill halfway with distilled water. Seal bag ensuring
while pushing out any air so that components are completely submerged in water

3. Place bag in the ultrasonic cleaner for 10 minutes

4. Remove components from the bag and rinse both components and bag with distilled water

5. Place components back in bag filling halfway with Terg-A-Zyme® soap mixture. Seal
bag ensuring while pushing out any air so that components are completely submersed in
the soap mixture

6. Place bag in the ultrasonic cleaner for 10 minutes

7. Remove components from the bag and rinse both components and bag with distilled water

8. Repeat rinsing, ultrasonic cleaning procedure with distilled water (10 minutes)
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11.

12.

13.

14.

15.

16.

17.

18.
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Repeat rinsing, ultrasonic cleaning procedure one last time using distilled water (5
minutes)

At this point put on clean and dry gloves

Remove components from the bag and rinse them with distilled water

Dry components with Kimwipes

Blow components dry using N2

Place components in a small beaker under a fume hood and fill the beaker with 70%
Propanol until components are submerged. Let sit for 5 minutes.

Remove components from 70% Propanol and dry with Kimwipes

Blow components dry using N2 and place them in the vacuum chamber for 30 minutes
Remove components from the vacuum chamber, place on Kimwipes on a tray

Let components acclimatize in the area next to scale for 10 minutes.

Metal parts cleaning

All removed metal parts (testing discs, arms, pin holders, mounting nuts, excluding the bottom

fixing screws) of the POD should be cleaned as follows:

1. Using the scrub brush, gently scrub all metal parts (excluding the testing discs) using

Terg-A-zyme. Terg-A-zyme should be poured onto each testing disc and rubbed lightly

with a rubber glove.
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8.

9.
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Rinse again with distilled water.

Place the arms in one small, labeled, Ziploc bag.

Each disc should be placed in its small Ziploc bag to ensure that the surfaces will not be
scratched.

The pin holders and mounting nuts should be in their Ziploc bag.

Fill each bag with Terg-A-zyme.

Put all 6 disc bags in the ultrasonic cleaner for 10 minutes.

Remove and rinse with distilled water.

Fill the bags with distilled water.

10. Ultrasonically clean for 10 minutes.

11.

12.

13.

14.

15.

Remove and rinse with distilled water.

Fill the bags of all the metal components with 70% Propanol, ensuring full submergence
of the components.

When the discs are done their last ultrasonic cleaning, remove metal parts from propanol
bath and place on laid-out absorbance sheets for drying.

Dry all the metal discs one by one using No.

The large disc plate should be cleaned by rinsing with distilled water, scrubbing with
Terg-A-zyme, rinsing again with distilled water, and sprayed with ethanol to ensure the

entire surface is covered. Let air dry on sheet.
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Non-metal parts cleaning

All removed non-metal parts (o-rings, plastic ferrules, dowel pins, acrylic encasings, including

the bottom fixing screws) of the POD should be cleaned as follows:

1. Using the scrub brush, gently scrub all parts (especially the acrylic encasings) using Terg-
A-zyme.

2. Rinse again with distilled water.

3. Place the o-rings, plastic ferrules, dowel pins, bottom fixing screws and acrylic encasing
in one labeled small Ziploc bag.

4. Each acrylic encasing should be carefully and thoroughly scrubbed with Terg-A-zyme
and rinsed with distilled water.

5. Fill each bag with distilled water, and push any air out before sealing the bag.

6. The one bag of non-metal parts should be placed in the ultrasonic cleaner with the 2 bags
of pin holders and mounting nuts. The same ultrasonic cleaning procedure applies for this
bag of non-metal parts (10 minutes with distilled water, 10 minutes with Terg-A-zyme
and 10 minutes with distilled water again).

7. All parts should be placed on a sheet with metal parts for air drying.

8. Both large outer acrylic boundaries should be rinsed with distilled water, scrubbed with

Terg-A-zyme, rinsed again with distilled water and placed on the sheet to air dry.
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Ortho-POD device cleaning

1. Wipe down the POD with Kimwipes and ethanol, ensuring any remaining adhesive tape is

removed.

2. Wipe the area where the pins are placed with propanol and Kimwipes.

3. Gently pull down each pin station and wipe away any leaking grease.

WEIGHING OF COMPONENTS

General advice: take measurements with all doors shut to avoid any draft. Do not have people

walk in and out.

1.

2.

3.

Turn on LABCONCO XPert® Weigh

Calibrate scale (button on the lower left of the screen)

Record date, time of measurements.

Turn on thermo/hygrometer and barometer, take readings once stabilized

Weigh a reference weight in order to verify the accuracy of the measurement

Weigh each component three times; move the sample through the ionizer as putting it onto
the scale

Use tweezers when for sample handling

Record date and time of measurements.
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RE-ASSEMBLY

Reassemble Test Chambers (While Pins are being weighed)

Nitrogen gas should be used to blow dry test parts that are not completely dry, especially in
screw holes of the test discs and disc plate and the pin holders and mounting nuts. Take note that
the chamber numbers and disc plate numbers correspond and are paired (refer to lab book for disc

plate numbers).

1. After cleaning, the o-ring seals can be replaced on the clean and dry disc plates (fit from
the bottom of the disc, avoiding contact with the testing surface).

2. A drop or two of distilled water should be used to moisten the o-ring seal to facilitate the
sliding of the acrylic encasing. Dry the assembled chamber with nitrogen gas to remove
any remaining water.

3. Fill each chamber with 15 mL of testing serum.

4. Place the large o-ring back onto the clean and dry disc plate.

5. Then, the test chambers can be screwed into the disc plate using the bottom fixing screws
and plastic dowel pins (the dowel pins go into the holes of the disc plate that are closest to
the center). Proper orientation of the test chambers should be maintained (the inscription

on the bottom of each disc is placed on the left side when mounting onto the disc plate).
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Reassemble Pins

After the pins have been examined, weighed, and cleaned according to the appropriate

procedure, the pins should be mounted for the next test round.

1. Arm screw will be on the internal side.

2. Screw the pin holders into the arms. Using an adjustable wrench that has been cleaned
with propanol and kimwipes, tighten the holders in the arms.

3. Place the plastic ferrules in each pin holder with the wedge downwards.

4. Carefully handling each test pin slide the pin through the ferrule into the pin holder
avoiding to touch the testing surface. Ensure that the proper pin is in the corresponding
arm (refer to lab book).

5. Carefully slide the mounting nut overtop of the pin, ensuring no contact with the testing
surface.

6. Screw on the mounting nut and gently tighten with the clean, adjustable wrench. Do not
tighten too much or the plastic ferrule will break, but tighten enough to ensure no

loosening during testing.
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Re-mounting on POD

Once the pins and testing chambers are all reassembled, re-mounting onto the POD can

commence.

1. Screw down the white thumbscrews (they are magnets and the bottom disc will not
move with them up).

2. Go to "Manual Mode" on the POD program. Hit “Balance” and then “Home position”.

3. When it has stabilized hit “rest position” for the disc, pins and Fz.

4. Screw up each white thumbscrew to prepare for placing of the disc plate.

5. Remount the pin units onto the POD in the correct station positioning (stations 1-6) (le.
Pin unit labeled 1 goes to station 1 etc.) When facing the POD the very back unit is
“Station 3”. Stations numbers then increase clockwise. Also, the pins should be on the

right side and the arm screws should be facing in.

©
ONNO

@®®

Top View
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6. Tighten the screws with the Allen key.

7. Carefully slide the largest acrylic boundary past the pins and twist up to tighten.

8. Carefully carry the disc plate (with all the chambers already affixed) to the POD and
very carefully place it on the magnetic disc (if this is done too roughly, the testing
solution in each chamber can be spilled). The label “6” on the disc plate is closest to
you. The disc plate only fits one way.

9. Lower the disc plate using the white thumb screws.

10. Back in the preparation lab, fill a large beaker with distilled water.

11. Carefully fill the water bath. This requires extreme care that water is not sprayed into
the testing chambers. Pour remaining water in the beaker into the temperature

sustaining water bath on the floor.

TEST COMMENCEMENT

1. In manual mode on the POD software, press “Balance” button.

2. In manual mode on the POD software, press the “Home position” button for the pins and
disc again. This will ensure the pins and discs are in the testing position.

3. Lower the pins into the testing position by turning the lowering crank clockwise. Extreme
care should be taken to lower the pins to a point where the lower acrylic boundary will

have a ~3mm gap with the upper fixture.
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Warning! Do not click on home position for it will crash all parts.

4. Tighten the 3 vertical clamps, when the desired position has been achieved.

5. Tape down the surrounding plastic bag covering, ensuring no air holes (this prevents
evaporation).

6. Exit Manual Mode and open Monitor Mode.

7. Assuming all the correct test details (ie. waveform, loop count, repetitions etc.) are on the

Monitor Mode, the test may be started by pressing “Start”.

TEST MAINTENANCE

The water bath should be filled so the water level sits just below the upper horizontal slit. Failure

to do this will result in temperature inconsistency.

4.3 Post-POD test pins characterization

4.3.1 Evaluation of pins surface with stereomicroscope

After the end of the test, some shots of the pin's surface have been collected using ZEISS
2000-C stereomicroscope. In particular it has been taken shots of the worn zone with both 0.4x
and neutral lens.

In order to acquire different images, light sources have been moved to find the configuration

that gives the most interesting and meaningful overview of the differences between undamaged
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and damaged areas. This procedure has been repeated for each pin for each round in order to
detect macro pieces of evidence of the type of scratches on the surface of the pins and,

eventually, material embedded on the worn surface.

4.3.2  Evaluation of pins surface with Zygo

All the quantitative surface evaluations for the after test characterization of the pins have been
realized using the Zygo® Newview 6300. In order to complete this aim the following steps have

been performed:

Zygo® setup

1. In order to stabilize the machine, the Nitrogen source that supplies the stabilized table, has
been opened following standard procedures.

2. A 20x lens has been mounted on the Zygo to perform the measurements.

3. “MetroPro” app has been launched on the computer and “Stitch.app” has been chosen to
perform the analysis. In the following page, the main characteristics of the app have been

reported.
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e Stitching Applic

surfa
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Figure 27: Stitch.app interface®.

3 0n the left, it is possible to see all the main commands of this software. In the central part of the screen all the most relevant data are shown. In
the top-left corner it is possible to see a surface profile heat map, on its right a 3D oblique plot of the surface profile. On the bottom-left corner a
linear surface profile is visualized whereas on its right an intensity map of the surface is shown. In addition, the central numbers give you the
Pick-Valley maximum distance (PV), the root-mean square error (rms), the arithmetic roughness (Ra), the x-length of the sample (Size X) and the
y-length of the sample (Size Y).
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4. In “Stitch.app” the following settings have been applied in order to perform the

measurements.

surement Contro

40 um b

an Length: 500

Figure 28: Zygo Measurement settings.
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Surface profile evaluation

The next step of the analysis has been to evaluate the actual surface profile. In order to do that

the following steps have been followed:

1. Pins have been placed on the Zygo plate.

2. Locate the Zygo over the pin and try to focus the image. Use F5 button to adjust the light.

3. Look for interference fringes and position them parallel to the bottom border of the screen.

4. It is possible to adjust the interference fringes orientation using the two big screws located in
the bottom part of the Zygo.

5. Hit “Measurement” to perform the measurement.

6. Take care that "Points" value is above 30700 which means you have a good signal and the
sample is focused.

7. To save the data, press “Save Data”.

8. To save the images click on Zygo logo on the top-left corner of them and save them as .tiff
files.

9. Repeat the operation from 1 to 8 for all the seven pins.

This operation has been performed after round one of each test in order to detect and

characterize any kind of change in the surface characteristics.



CHAPTER 5

RESULTS

This section of the manuscript will be entirely dedicated to the illustration of the result
obtained in the different stages of the experiment.

These outcomes will be treated one by one, trying to follow the same order of the experiments
presented in the “Methods” part of the document.

In addition, part of the raw data has been reported in the appendix while only the final
outcomes have been reported here. The hope is to make the reading simpler for the reader,
avoiding to have excessive unneeded information in this paragraph.

All the results, singularly presented in this section will be useful in the conclusive
“Discussion” chapter in which the final collective outcomes of the work will be presented to the

reader.

5.1 Discs characterization

5.1.1 Evaluation of disc surface roughness

All the roughness evaluations for the surface characterization of the pins have been realized

using the Zygo® Newview 6300 as defined in the previous paragraph.
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The process has been repeated twice for each disk, collecting five measurements for each

attempt and calculating their average and the standard deviation.

The tables that contain all the raw results have been reported in the appendix, whereas the

following results have been reported here:

1.

Mean value of the surface arithmetic roughness (Ra), expressed in nm, for each disk
before the pin on disk (POD) test;

Standard deviation of the surface arithmetic roughness (Ra) measurements collected
for each disk before the pin on disk (POD) test;

Mean value of the surface arithmetic roughness (Ra), expressed in nm, for each disk
after the pin on disk (POD) test;

Standard deviation of the surface arithmetic roughness (Ra) measurements collected
for each disk after the pin on disk (POD) test;

One significant Intensity map for each coating technique collected before the pin on
disk (POD) test;

One significant Intensity map for each coating technique collected after the pin on disk

(POD) test;

The outcomes have been reported both for the CoCr experiment and the Ti6AlI4V one.
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TABLE XIX: RECAP VERSION OF THE ROUGHNESS TABLE FOR CoCr TEST*.

SURFACE ROUGHNESS - RA

#1
(CoCr)
Before  After
AVG | 483 4.65
STD | 0.75 041
#2
(CoCr)
Before  After
AVG | 384 444
STD | 0.15 0.46
#3
(CoCr)
Before  After
AVG | 3.80 5.02
STD | 0.15 1.33

#5
(Tech #1)

Before After

1451 18.83

2425 4.802

#6
(Tech #1)

Before After

1548 18.07

3.694 3.700

#7
(Tech #1)

Before After

16.09 16.92

5.646 431

TEST

#9
(Tech #2)

Before After

38.07 28.30
7.919 5.288

TEST

#10
(Tech #2)

Before  After

27.02 23.90
2119 3.294
TEST

#11
(Tech #2)

Before After

40.64 31.70

12.00 3.998

4 All the values for the arithmetic roughness are expressed in nm.

#1

#13
(Tech #3)

After
11.88

Before

13.34

0.806  1.063

#2

#14
(Tech #3)

Before After

1590 13.65

0.993  0.989

#3

#15
(Tech #3)

Before After

1552 1231

2.034  3.550

#17
(AgTiN)

After
59.39

Before

48.16

1117 14.36

#18
(AgTIN)

Before After

51.14 55.50

11.67 8.10

#19
(AgTIN)

Before After

46.37 7159

10.76  26.47

#21
(Lab)

After
6.71

Before

7.05

132 1.36

#22
(Lab)

Before  After

783 9.01

099 2.69

#23
(Lab)

Before  After

433 6.20

039 0.85
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The table collects all the final results we have obtained in terms of surface roughness for the
CoCr test. The first important thing to notice is that the uncoated discs have a surface roughness
that is well below the one shown by the coated discs. Moreover, good variability in terms of Ra
may be noticed also in the coated disc. This variability is strongly dependent on the coating
procedure.

As shown a general increase of surface arithmetic roughness has been registered after the pin
on disc (POD) test for all the disc types with the exception of Tech #2 and Tech #3 discs.

In particular, for TiN coating discs processed with Tech #2 technique a major decrease of Ra
has been detected, whereas the reduction for the Tech #3 case is smaller. However, it has been
observed a bigger standard deviation for Tech 2 in respect to the technology number 3 and this is
mainly due to the coating material intrinsic characteristics.

In conclusion, for bulk CoCr and the CoCr discs from the LAB the roughness slightly
increases, whereas for Tech #1 processed discs and Ag-TiN coated ones the growth of Ra is
higher.

In the following page, a bar chart that illustrates all the variations in the surface roughness of
the different discs has been reported. Moreover, a final summary of the value of the surface
roughness Ra, obtained as the average value of the three measurements that have been performed,

has been calculated for each disc type.



CoCr

Tech #1

Tech #2

Tech #3

AgTiN

LAB

95

m Before
m After

Figure 29: Summary of the arithmetic roughness for CoCr test. All the value of Ra, collected
“Before” and “After” the pin on disc (POD) test, are subdivided into disc type groups and shown

in nm.

TABLE XX: SUMMARY OF THE ARITHMETIC ROUGHNESS FOR CoCr TEST®>.

SUMMARY SURFACE ROUGHNESS - RA

CoCr
Before  After
AVG | 4160 4.707
STD 0.45 0.85

Tech #1

After
17.94

Before
15.36

414 429

Tech #2

After
27.97

Before
35.24

839 427

Tech #3
Before  After
1492 12.61

1.38 2.21

AgTiN
Before After
48.56 62.16
11.14 18.00

Lab
Before  After
6.41 7.31
0.98 1.80

> These values are calculated as the average of the number shown in the previous table and are expressed in nm.
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In addition, the surface characteristics of each disc have been studied using the Zygo. In
particular, for all the five points of measurement an Intensity map has been collected, both before
and after the pin on disc (POD) test.

These images are interesting as they contain visible proof of how the surface characteristics

have been modified by the wearing test.

L

-
o
J
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Figure 30: Model of the mask that has been used to collect measurements using Zygo®.

® Numbers 1, 2, 3, 4 and 5 represents the points of measurement whereas the square path represents the wearing path. Points 1, 2, 3 and 4 are
located on the wearing path, whereas point number 5 is located on an unworn area and it has been used as a reference.
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Hereunder, the most significant ones have been reported choosing one from the measurement
point number 5 that represent the unworn zone and another one from one of the point 1, 2, 3 or 4
located on the wearing path. These Intensity maps have been reported both in their “before”
version and their “after” version in order to better visualize all the differences in their

characteristics.

CoCr disc

B Z490 Intensity Map _ Z490 Intenzity Map

Before After

Figure 31: Intensity map collected from CoCr disc number 2 “Before” and “After” the pin on disc

test. These maps have been collected in position 3 on the disc and so, on the wearing path.
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As far as the CoCr disc concerned, the surface of the uncoated disc appears quite smooth with
minor defects on the surface before the pin on disc test. This is demonstrated also by the value of
arithmetic roughness showed in TABLE XX that is well below 5 nm.

Moreover, by eye-comparing the “Before” disc with the “After” disc, the pin on disc (POD)
test has not caused any major change in the visible characteristics of the surface of the material.

However, when focusing on the microscopic characteristics of the damaged area, here
represented in the Intensity maps collected from point number three of the mask, it has been
noticed the presence of some scratches oriented as the direction of movement of the pin on the
surface itself. In order to assess the dependency between the change in surface characteristics and
the performed pin on disc (POD) test, an intensity map image has been collected also from point
five of the mask.

This point is not on the wearing path and so the metallic material is not in contact with the
polymeric pin in point number five. This is why no major changes or scratches are visible in this

area, even when observed at the microscopic level.
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B 2430 Intensity Map
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Figure 32: Intensity map collected from CoCr disc number 2 “Before” and “After” the pin on disc
test. These maps have been collected in position 5 on the disc and so, on the unworn zone.

Tech #1 disc

Focusing on the disc coated with TiN deposited with Tech #1, it is evident how the layer
deposited on the upper side of the disc has affected the surface characteristics. In fact, many more
defects may be noticed on the surface that results in more rough. This is demonstrated also by the
fact that the evaluated arithmetic surface for this type of discs is around 15-17nm as shown in

TABLE XX.
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Figure 33: Intensity map collected from Tech #1 disc number 7 “Before” and “After” the pin on
disc test. These maps have been collected in position 3 on the disc and so, on the wearing path.

Moreover, when looking at the microscopic characteristics of the damaged area, here
represented in the Intensity maps collected from point number three of the mask, it has been
noticed the presence of an important area of damage.

As highlighted by the “After” image, the zone in which the pin on disc (POD) test has been
performed shows the presence of a new kind of micro-roughness. This is maybe linked with the
change in the surface characteristics of the material coating the bulk CoCr disk that has been

noticed during the experiment.
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Figure 34: Surface profile collected from Tech #1 disc number 7 “Before” and “After” the pin on
disc test. These maps have been collected in position 3 on the disc and so, on the wearing path.

This change is also well visible when analyzing the differences in surface linear profile measured
before and after the pin on disc test. As shown in the images, the profile has been modified by the
interaction with the pin and appears to be rougher. The Ra value in the “Before” case account
also for the defect on the right part and this is why the evaluated arithmetic roughness is bigger.

In order to assess the dependency between the change in surface characteristics and the
performed pin on disc (POD) test, an intensity map image has been collected also from point five

of the mask.
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Figure 35: Intensity map collected from Tech #1 disc number 7 “Before” and “After” the pin on
disc test. These maps have been collected in position 5 on the disc and so, on the unworn zone.

This point is not on the wearing path and so the metallic material is not in contact with the
polymeric in point number five. This is why no major changes are visible in this area, even when
observed at the microscopic level. As shown in the image collected from Zygo, the micro-
roughness is not present in this case because this part of the disc has not interacted with the
moving pin during the POD test. This material showed the highest difference in terms of surface

characteristics in the group we have tested during this experiment.
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Tech #2 disc

B ZY30 Intensity Map B ZYyg0 Intensity Map
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Figure 36: Intensity map collected from Tech #2 disc number 10 “Before” and “After” the pin on
disc test. These maps have been collected in position 3 on the disc and so, on the wearing path.

As far as the disc coated with technique #2 concerned, the surface appears rough with a lot of
defects even before the pin on disc test. This is confirmed also by the value of arithmetic
roughness showed in TABLE XX that is around 30 nm, about 7 times bigger than the Ra of the

uncoated CoCr disc.
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Moreover, by eye-comparing the “Before” disc with the “After” disc, the pin on disc (POD)
test has not caused any major change in the visible characteristics of the surface of the material.

This eye appearance has been confirmed also by the microscopic analysis that has been
performed using Zygo microscope. In fact, when focusing the attention on the microscopic
characteristics of the damaged area, here represented in the Intensity maps collected from point
number three of the mask reported in the previous page, it has been noticed no visible changes in

the surface characteristics.
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Figure 37: Intensity map collected from Tech #2 disc number 10 “Before” and “After” the pin on
disc test. These maps have been collected in position 5 on the disc and so, on the unworn zone.
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In order to assess the dependency between the change in surface characteristics and the
performed pin on disc (POD) test, an intensity map image has been collected also from point five
of the mask.

This point is not on the wearing path and so the metallic material is not in contact with the
polymeric pin in point number five. This is why no major changes or scratches are visible in this

area, even when observed at the microscopic level.

Tech #3 disc

B ZY90 Intensity Map
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Figure 38: Intensity map collected from Tech #3 disc number 13 “Before” and “After” the pin on
disc test. These maps have been collected in position 3 on the disc and so, on the wearing path.
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Considering, now, the discs coated with process number 3, the surface of these materials show
a visible difference in respect to the one seen for the other coating processes. Defects are less and
a particular pattern is visible on the layer covering the bulk CoCr disc. This is responsible also for
the value of arithmetic roughness showed in TABLE XX that is well around 13-14 nm.
Moreover, by eye-comparing the “Before” disc with the “After” disc, the pin on disc (POD) test,

only minor changes are the visible characteristics of the surface of the material.

B 2490 Intensity Map ! B ZYy30 Intensity Map
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Figure 39: Intensity map collected from Tech #3 disc number 14 “Before” and “After” the pin on
disc test. These maps have been collected in position 5 on the disc and so, on the unworn zone.
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However, when focusing the attention on the microscopic characteristics of the damaged area,
here represented in the Intensity maps collected from point number three of the mask, it has been
noticed the presence of some scratches oriented as the direction of movement of the pin on the
surface itself. The pattern itself seems to be oriented in the same direction of the external stress.

As seen for the other discs, an intensity map image has been collected also from point five of
the mask. This is why no major changes are visible in this area, even when observed at the

microscopic level.

AgTiN disc

B ZYyq0 Intensity Map B 2490 Intensity Map
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Figure 40: Intensity map collected from AgTiN coated disc number 18 “Before” and “After” the
pin on disc test. These maps have been collected in position 1 on the wearing path.
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When looking at the AgTiN coated disc, it has been noticed that the surface of this treated disc
appears to be rich in defects also before the pin on disc test. This fact is deeply linked with the
high value of arithmetic roughness showed in TABLE XX for this material, which is well over 45
nm.

This material shows the highest surface roughness of the entire group of tested discs.

In addition, when eye-comparing the “Before” disc with the “After” disc, the pin on disc
(POD) test has caused some big scratches on the material that is well visible even at the
macroscopic level.

Focusing on the microscopic characteristics of the damaged area, here represented in the
Intensity maps on the right collected from point number one of the mask, it has been noticed the
presence of some scratches of big dimension oriented as the direction of movement of the pin on
the surface itself.

In order to assess the dependency between the change in surface characteristics and the
performed pin on disc (POD) test, an intensity map image has been collected also from point five
of the mask.

This point is not on the wearing path and so the metallic material is not in contact with the
polymeric in point number five. This is why no major changes or scratches are visible in this

area, even when observed at the microscopic level.
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Figure 41: Intensity map collected from AgTiN coated disc number 18 “Before” and “After” the
pin on disc test. These maps have been collected in position 5 on the disc and so, on the unworn
Zone.

Lab disc
As far as the CoCr disc from the LAB concerned, the surface of the uncoated disc appears quite
smooth with minor defects on the surface before the pin on disc test. This is demonstrated also by
the value of arithmetic roughness showed in TABLE XX that is well below 8 nm.

Moreover, by eye-comparing the “Before” disc with the “After” disc, the pin on disc (POD)

test has not caused any major change in the visible characteristics of the surface of the material.
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However, when focusing the attention on the microscopic characteristics of the damaged area,
here represented in the Intensity maps collected from point number two of the mask, it has been

noticed the presence of some long scratches oriented as the direction of movement of the pin on

the surface itself.

B ZYyg0 Intensity Map B ZY30 Intensity Map

Before After

Figure 42: Intensity map collected from CoCr disc from the LAB number 23 “Before” and
“After” the pin on disc test. These maps have been collected in position 2 on the disc and so, on

the wearing path.
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Figure 43: Intensity map collected from CoCr disc from the LAB number 23 “Before” and
“After” the pin on disc test. These maps have been collected in position 5 on the disc and so, on
the unworn zone.

In order to assess the dependency between the change in surface characteristics and the
performed pin on disc (POD) test, an intensity map image has been collected also from point five
of the mask.

This point is not on the wearing path and so the metallic material is not in contact with the pin
in point number five. This is why no major changes or scratches are visible in this area, even

when observed at the microscopic level.
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TABLE XXI: RECAP VERSION OF THE ROUGHNESS TABLE FOR Ti6AI4V TEST'.

SURFACE ROUGHNESS - RA

AVG

AVG

STD

#24
(TIBAI4V)

After
19.292
4,998

Before
17.342
2.935

#25
(Ti6AI4V)

After
21.246
7.251

Before
17.353
3.806

#26
(Ti6AI4V)

After

35,000
20,384

Before
17.000
4.099

#28
(Tech #1)

After
38.649
12.758

Before
30.649
3.432

#29
(Tech #1)

After
37.368
5.422

Before
29.392
1.849

#30
(Tech #1)

After

27,200
9,680

Before
31.170
9.193

" Al the values are expressed in nm.

TEST #1

#32
(Tech #2)

Before After
44149 46.695
3.292 16.636

TEST #2

#33
(Tech #2)

After
34.150
6.979

Before
37.316
3.708

TEST #3

#34
(Tech #2)

After

50,400
17,387

Before
46.036
5.624

#36
(Tech #3)

Before After

34.154  38.096
4124  11.850

#37
(Tech #3)

After
26.877
10.187

Before
23.667
2.536

#38
(Tech #3)

After
32,600
3,647

Before
26.031
0.847

#40
(AgQTIN)
Before After

66.095 65.033
9.564  9.571

#41
(AgTIN)
After

66.446
16.153

Before
62.402
8.425

#42
(AgTIN)
Before After

67.105 60,200
7490 20,608
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The table collects all the final results of surface roughness for the test performed using the
Ti6Al4V coated/uncoated discs. The first important thing to look at is that the uncoated discs
have a surface roughness that is well below the one shown by the coated discs. Moreover, good
variability in terms of Ra may be noticed also in the coated disc, with the AgTiN coated discs
showing the highest arithmetic surface roughness. This variability is strongly dependent on the
coating procedure.

As shown a general increase of surface arithmetic roughness has been registered after the pin
on disc (POD) test for all the disc types except for AgTiN disc in the first test that has been
performed and Tech #2 disc for the second test.

In particular, for TiN coating discs processed with Tech #2 technique a light increase of Ra
has been detected, whereas the reduction for the AgTiN case is remarkable.

In conclusion, for bulk Ti6AlI4V and also for all the other coated discs the pin on disc test has
caused a change in the surface roughness, decreasing the smoothness of the interface.

Hereunder, a bar chart that illustrates all the variations in the surface roughness of the different
discs has been reported. Moreover, a final summary of the value of the surface roughness Ra,
obtained as the average value of the three measurements that have been performed, has been

reported for each disc type.



114

Ti6Al4V

Tech #1

Tech #2

Tech #3

AgTiN

m Before
m After

Figure 44: Summary of the arithmetic roughness for Ti6Al4V test. All the values of Ra, collected

"Before" and "After" the pin on disc (POD) test, are subdivided into disc type groups and shown
in nm.

TABLE XXII: SUMMARY OF THE ARITHMETIC ROUGHNESS FOR Ti6Al4V TEST®,

SUMMARY SURFACE ROUGHNESS - RA

AVG

Ti6Al4V
Before After
17,23 25,18
3.64 12.82

Tech #1
Before After
30,40 34,41

5.76 9.76

Tech #2
Before After
4250 43,75
4.33 14.47

Tech #3
Before After
27,95 32,52

2.83 9.26

AgTiN
Before After
65,20 63,89
8.54 16.10

8 These values are calculated as the average of the number shown in the previous table and are expressed in nm.
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The same analysis seen for the CoCr test has been repeated also for the Ti6AI4V one in order
to collect some information about any change in surface characteristics of the discs after the end
of the pin on disc (POD) test. Hereunder, all the most important results have been reported,

collecting them under the main materials used for the test.

Ti6AIl4V disc

As far as the TiAl4V disc concerned, the surface of the uncoated disc appears quite smooth
with minor defects on the surface before the pin on disc test. This is demonstrated also by the
value of arithmetic roughness showed in TABLE XXII that is about 17 nm. This value is higher
than the uncoated CoCr disc and this is probably due to the polishing technique that has been
used for this set of discs that was not as precise as the one for the first set.

Moreover, by eye-comparing the “Before” disc with the “After” disc, the pin on disc (POD)
test has not caused any major change in the visible characteristics of the surface of the material.

However, when on the microscopic characteristics of the damaged area, here represented in
the Intensity maps collected from point number three of the mask, it has been noticed the
presence of some oriented pattern on the surface that may derive from the polishing technique

that has been used.
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Figure 45: Intensity map collected from Ti6Al4V disc number 25 “Before” and “After” the pin
on disc test. These maps have been collected in position 3 on the disc and so, on the wearing
path.

In order to assess the dependency between the change in surface characteristics and the
performed pin on disc (POD) test, an intensity map image has been collected also from point five
of the mask.

This point is not on the wearing path and so the metallic material is not in contact with the
polymeric pin in point number five. The same behavior shown for point 3 has been registered
also for this point and so it is independent of the pin on disc itself. This behavior will be common

to all the discs of this set.
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Figure 46: Intensity map collected from Ti6Al4V disc number 25 “Before” and “After” the pin
on disc test. These maps have been collected in position 5 on the disc and so, on the unworn
zone.

Tech #1 disc

Focusing on the disc coated with TiN deposited with Tech #1, it is evident how the layer
deposited on the upper side of the disc has affected the surface characteristics. In fact, many more
defects may be noticed on the surface that results in rougher. This is demonstrated also by the
fact that the evaluated arithmetic surface for this type of discs is around 30 nm as shown in

TABLE XXII.
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Figure 47: Intensity map collected from Tech #1 disc number 29 “Before” and “After” the pin on
disc test. These maps have been collected in position 3 on the disc and so, on the wearing path.

Moreover, when looking at the microscopic characteristics of the damaged area, here
represented in the Intensity maps collected from point number three of the mask, it has been
noticed the presence of an important area of damage.

As highlighted by the "After" image, the zone in which the pin on disc (POD) test has been
performed show the presence of a new kind of micro-roughness. This is because part of the
material coating the bulk Ti6Al4V disk has been removed during the experiment. In addition, the

same pattern observed for Ti6AI4V disc is present also in this case.



119

A Intensity Map ; 2430 Intensity Map

Before After

Figure 48: Intensity map collected from Tech #1 disc number 29 “Before” and “After” the pin on
disc test. These maps have been collected in position 5 on the disc and so, on the unworn zone.

In order to assess the dependency between the change in surface characteristics and the
performed pin on disc (POD) test, an intensity map image has been collected also from point five
of the mask.

This point is not on the wearing path and so the metallic material is not in contact with the
polymeric in point number five. This is why no major changes are visible in this area, even when
observed at the microscopic level. As shown in the image collected from Zygo, the micro-

roughness is not present in this case because this part of the disc has not interacted with the
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moving pin during the POD test. This material showed the highest difference in terms of surface
characteristics in the group we have tested during this experiment.
However, as just said for the bulk Ti6Al4V case, also in this case the pattern is present even in

point number 5 because it appears to be independent of the POD test.

Tech #2 disc

B Z430 Intensity Map B ZYg0 Intensity Map
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Figure 49: Intensity map collected from Tech #2 disc number 33 “Before” and “After” the pin on
disc test. These maps have been collected in position 3 on the disc and so, on the wearing path.



121

As far as the disc coated with technique #2 concerned, the surface appears rough with a lot of
defects on the surface before the pin on disc test. This is confirmed also by the value of arithmetic
roughness showed in TABLE XXII that is around 40-45 nm.

This eye appearance has been confirmed also by the microscopic analysis that has been
performed using Zygo microscope. In fact, when focusing the attention on the microscopic
characteristics of the damaged area, here represented in the Intensity maps collected from point
number three of the mask, it has been noticed no visible changes in the surface characteristics

apart from the lines that define the common pattern.
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Figure 50: Intensity map collected from Tech #2 disc number 33 “Before” and “After” the pin on
disc test. These maps have been collected in position 5 on the disc and so, on the unworn zone.
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In order to assess the dependency between the change in surface characteristics and the
performed pin on disc (POD) test, an intensity map image has been collected also from point five
of the mask.

This point is not on the wearing path and so the metallic material is not in contact with the
polymeric pin in point number five. This is why no major changes or scratches are visible in this

area, even when observed at the microscopic level.

Tech #3 disc

B Zygo Intensity Map ] B 2490 Intensity Map
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Figure 51:Intensity map collected from Tech #3 disc number 37 “Before” and “After” the pin on
disc test. These maps have been collected in position 3 on the disc and so, on the wearing path.
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Considering, now, the discs coated with process number 3, the surface of these materials show
a visible difference in respect to the one seen for the other coating processes. Defects are less and
a particular pattern is visible on the layer covering the bulk CoCr disc. This is responsible also for
the value of arithmetic roughness showed in TABLE XXII that is well around 30 nm.

Moreover, by eye-comparing the “Before” disc with the “After” disc, the pin on disc (POD)
test, only minor changes are the visible characteristics of the surface of the material.

However, when focusing the attention on the microscopic characteristics of the damaged area,
here represented in the Intensity maps collected from point number three of the mask, it has been
noticed the presence of a rough zone, not visible "Before” the pin on disc test in the area of
interaction with the polymeric pin. This is probably because during the experiment part of the
coating material, present on the surface, has been removed.

In addition, it has been noticed, also in this case the pattern derived from the polishing
procedure.

As seen for the other discs, in order to assess the dependency between the change in surface
characteristics and the performed pin on disc (POD) test, an intensity map image has been
collected also from point five of the mask.

This point is not on the wearing path and so the metallic material is not in contact with the pin
in point number five. This is why no major changes are visible in this area, even when observed

at the microscopic level.
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Figure 52: Intensity map collected from Tech #3 disc number 37 “Before” and “After” the pin on
disc test. These maps have been collected in position 5 on the disc and so, on the unworn zone.
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AgTiN disc

B 2490 Intengity Map Intensity Map

Before After

Figure 53: Intensity map collected from AgTiN coated disc number 41 “Before” and “After” the
pin on disc test. These maps have been collected in position 1 on the wearing path.

When looking at the AgTiN coated disc, it has been noticed that the surface of this treated disc
appears to be rich in defects on the surface even before the pin on disc test. This fact is deeply
linked with the high value of arithmetic roughness showed in TABLE XXII for this material,
which is well over 65 nm.

This is 3-4 times the roughness shown by the uncoated Ti6AIl4V disc.
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This material shows the highest surface roughness of the entire group of tested discs.

In addition, when eye-comparing the "Before™ disc with the "After" disc, the pin on disc
(POD) test has caused some big scratches on the material that is well visible even at the
macroscopic level.

Focusing the attention on the microscopic characteristics of the damaged area, here
represented in the Intensity maps on the right collected from point number one of the masks, it
has been noticed only the presence of the pattern derived from a polishing technique that is

common to all the disc in this test.

B ZYg0 Intensity Map B ZYygo0 Intensity Map
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Figure 54: Intensity map collected from AgTiN coated disc number 41 “Before” and “After” the
pin on disc test. These maps have been collected in position 5 on the unworn zone.



127

In order to assess the dependency between the change in surface characteristics and the
performed pin on disc (POD) test, an intensity map image has been collected also from point five
of the mask.

This point is not on the wearing path and so the metallic material is not in contact with the
polymeric in point number five. This is why no major changes, apart from the common pattern,

or scratches are visible in this area, even when observed at the microscopic level.

5.1.2 Raman spectroscopy of disc surface

In order to evaluate eventual changes in the surface characteristics of the discs a Raman
spectroscopy has been performed for a selected set of 7 discs coming from the first round of each
test. In particular, for the selected set of discs the analysis have been repeated twice, one time
before the POD test and the second time after the end of the POD test. This process has been
followed in order to have comparable results for each disc.

Here, the results of the Raman analysis will be reported subdividing them depending on the

test, they are coming from.
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Figure 55: Raman spectroscopy for CoCr uncoated disc number 1°.

The first analyzed disc has been the CoCr uncoated disc number 1. The results relative to this

disc will be used to introduce some concepts that will be useful also for the other materials.

9 The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.
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First of all, the main spikes located at 540, 750, 830, 900 and 1000 cm™ are linked to the
presence of ortho-Xylene used as a reference in the machine that performs the Raman
spectroscopy. In particular, this material has been chosen as a reference because its spikes are
localized at a discrete and fixed point, making its study a good way to determine how good the
calibration of the machine was.

This means that the peaks captured by the Raman machine have to exactly correspond to the
theoretical ones (37) otherwise the entire Raman graph has to be corrected for the shift.
Moreover, these peaks demonstrate how coherent the measurement was between the “worn” and

“unworn” region.
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Figure 56: Raman spectra of ortho-xylene: comparison between pure experimental (grey) and
resolved (black) spectra. — [37].
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The theoretical position of the peaks for ortho-Xylene has been reported above. As noticeable,
the real peaks found during the experiment correspond to the bibliographical ones.

If focusing, on the Raman curve now it is possible to notice that there are not major curves or
peaks apart from the ones introduced by the xylene. This is because CoCr and, in general, bulk
metallic materials are not so sensible to Raman tests and the results that may be reached are not
really significant.

However, it has been noticed that no major changes in the graph can be observed meaning that
nothing has changed on the surface and no external materials like proteins or polymeric particles

have remained embedded on it.

Tech #1 disc

The first TiN coated disc that has been studied was Tech #1 processed disc number 5. As just
seen, the main vertical spikes are linked to the presence of the o-xylene used as a reference to
evaluate the exact calibration of the machine.

However, the observed curve has shown, in this case, a behavior that has been common to all
the Raman curve defined for TiN coated biomaterials. As expected from bibliography (38), the
presence of four principal peaks at 235, 320, 440, and 570 cm™! have been highlighted. These

peaks correspond to transverse acoustic (TA), longitudinal acoustic (LA), second-order acoustic
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(2A), and transverse optical (TO) modes of TiN. In addition, two subsequent peaks have been

observed at 800 and 1100 cm™.
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Figure 57: Raman spectroscopy for tech #1 coated disc number 5 10,

These peaks are not as sharp as the ones of xylene because the Raman spectroscopy is less

efficient on crystalline solids with respect to the fluid.

10 The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.
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When comparing the two graphs, it has been observed a leftward shift of the second-order
acoustic (2A), whereas the other peaks have not changed. Using Microsoft Excel and the dataset

collected from the Raman machine, it has been proven a shift equal to:

Shift = - 8.422 cm™!

Where "-" symbol is used for leftward shift and "+" sign is used for the rightwards shift. This
is proof that something has changed in the damaged area affecting also the data collected by the
Raman. In conclusion, it is useful to remember that the changes in Intensity are not taken into
account when performing a Raman analysis because the intensity is mainly affected by boundary
effects and condition like air temperature and humidity, a small variation on the light source

power or micro-movements of the machine support (39-41).

Tech #2 disc

The same procedure seen for disc number 5 has been performed also for disc number 9. In this
particular case no major shift or changes between the unworn zone and the damaged one have
been determined and the resulting graph superimposes almost perfectly. This thing authorizes to
suppose that only minor changes have happened on the surface of the disc and nor protein or
polymeric debris have remained embedded on it.

However, it is still important to notice that even for the TiN coating processed with tech #2,

the same major shift at 235, 320, 440, and 570 cm™! and the two subsequent peaks at 800 and
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1100 cm™ have been registered. In particular, for the transverse acoustic (TA) and the
longitudinal acoustic (LA), a higher value of intensity has been determined. This fact may be

linked to different origins also linked with external environmental factors (39-41).
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Figure 58: Raman spectroscopy for Tech #2 coated disc number 9 .

In conclusion, it is important to remember that the sharp peaks come from the o-xylene used

as a reference for the calibration of the machine

1 The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.
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Tech #3 disc
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Figure 59, Raman spectroscopy for Tech #3 coated disc number 13 2,

As far as tech #3 processed disc concern, it has been analyzed the disc number 13. As just

said, also in this test the main sharp spikes are linked to the presence of the o-xylene used for the

calibration.

12 The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.
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However, the observed curve has been characterized by some behavior that is common to
almost all the TiN coating. In fact, as expectable from the bibliography(38), the presence of four
principal peaks have been highlighted and in particular the first two peaks were more similar to
tach #2 processed disc than tech #1 processed disc. In addition, two subsequent peaks have been
observed at 800 and 1100 cm™.

These peaks are not as sharp as the ones of xylene because the Raman spectroscopy is less
efficient on crystalline solids with respect to the fluid.

When comparing the two graphs, it has been observed a leftward shift of the second-order
acoustic (2A), and also a minor shift of the transverse optical that has not been taken into account
because it was a minor shift. Other peaks have not changed. Using the raw data collected from

the machine and elaborating them on Microsoft, it has been quantified the leftward shift equal to:

Shift = - 4.943 cm™!

Where "—" symbol is used for leftward shift and "+" sign is used for the rightwards shift. This
is proof that something has changed in the damaged area affecting also the data collected by the

Raman.
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AgTIiN disc
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Figure 60: Raman spectroscopy for AgTiN coated disc number 17 3,

When focusing on the AgTiN coated disc number 17 the results reported above has have been
collected. Bypassing the main sharp peaks that are linked to the presence of o-xylene as a

reference, also this kind of TiN layer has shown the same results in terms of main peaks.

13 The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.
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In fact, the main peaks were localized at the same Raman shift described by the
bibliography(38).

If comparing the results obtained by the test performed in the wearing region or in the unworn
one we can notice a huge shift leftward of the second-order acoustic (2A). When quantified using

Microsoft Excel and the raw data given by the Raman machine, the shift has been evaluated as:

Shift =- 13.374 cm

Where "-" symbol is used for leftward shift and "+" sign is used for the rightwards shift. This
is proof that something has changed in the damaged area affecting also the data collected by the
Raman. As noticeable, this is the biggest shift between all the material studied in this test. This
may be probably connected to the fact that this is the disc that had the maximum damage on its
surface where a big scratch along the wearing path has been determined. In conclusion, it is
useful to remember that the changes in Intensity, especially in the first two harmonics, have not
been taken into account when performing a Raman analysis because the intensity is mainly
affected by boundary effects and condition like air temperature and humidity, surface
temperature, a small variation on the light source power or micro-movements of the machine

support (39-41).
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Lab disc
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Figure 61: Raman spectroscopy for CoCr uncoated disc from the lab number 214,

To conclude the CoCr test, it has been analyzed the bulk CoCr disc from the lab. Apart from

the sharp spikes linked to the presence of o-xylene used as a reference, it is possible to notice that

4 The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.
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no big peaks are present because of the reduced reactivity of metallic materials to Raman
spectroscopy. The resulting graph is similar to the one reported for disc 1, made of bulk CoCr.

In conclusion, when comparing the damaged zone with the untouched one no differences have
been noticed. This means that no changes or material deposition have happened during the pin on

disc test.
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Ti6AI4V test
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Figure 62: Raman spectroscopy for Ti6Al4V uncoated disc number 24 °.

As just seen for bulk CoCr disc, also the bulk Ti6Al4V disc number 24 seems not to be very
sensible to spectroscopy. In particular, apart from the sharp spikes introduced by the o-xylene

used as a reference, only two major shift has been recognized in this case.

15 The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.
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It is interesting to notice that no difference in the location of these peaks has been shown when
comparing the results obtained for Ti6AlI4V disc analyzed in its worn region or its untouched
area. In particular, even if the shape of the Raman spectroscopy graphs were pretty different, the
peaks are located at the same position around 400 and 630 cm™.

When focusing on the different behavior in term of intensity registered for the two conditions
a wide variety of different factors has to be taken into account and it may be also the result of

changes in the external condition in which the test itself has been performed.

Tech #1 disc

When focusing on the tech #1 coated disc number 28 the results reported above has have been
collected. Passing over the main sharp peaks that are, as just seen, linked to the presence of o-
xylene as a reference, also this kind of TiN layer has shown the same results in terms of main
peaks even if in a different arrangement and with different values in term of associated intensity.

In particular, all the main peaks described in the bibliography (38) may be easily localized, but
the first two, that correspond to the transverse acoustic (TA) and longitudinal acoustic (LA) have
shown an intensity that was well below the one shown by the others TiN coated discs and similar
to the one shown by tech #1 disc for CoCr test.

If comparing the results obtained by the test performed in the wearing region or the unworn

one, no differences have been noticed and only the intensity has changed and, in particular, it has
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increased for all the Raman shift except for the transverse acoustic at 235 cm™ where the value

for the intensity in the worn region has been smaller than in the unworn zone.

Normalized Intensity (A.U.)

Figure 63: Raman spectroscopy for Tech #1 coated disc number 28 1°.
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16 The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.
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Figure 64: Raman spectroscopy for Tech #2 coated disc number 32 7.
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To complete the analysis for all the discs also the tech #2 processed disc number 32 has been

analyzed. As said, the main sharp vertical spikes are linked to the presence of the o-xylene used

as a reference to evaluate the exact calibration of the machine.

" The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.
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When observing the results it is possible to notice the presence of all the characteristics shift of
the TiN at their bibliographical® position. In particular, they have been localized at 235, 320,
440, 570, 800 and 1100 cm™. In particular, the first two have shown a different behavior with
respect to the one seen for tech #1 processed disc. This difference is mainly based on different
levels of intensity that is a parameter difficult to describe and explain as it is affected by a wide
variety of different factors, mainly external ones.

As explained by bibliographical researches (39,40), Raman analysis results in term of intensity
may be affected by a wide range of factors such as air temperature and humidity, temperature of
the surface of the material, sudden changes in light source power, loss of stability of the machine
support and much more. Considering this, also the difference in terms of intensity values between
the measurement taken in the unworn zone and the measurement taken in the worn zone may not
be considered as a sign of changes of some characteristics of the surface. In fact, all the main
peaks have maintained their position and no major shifts have happened. This is a symptom that
no changes in the surface of the material has occurred and also of the fact that no polymeric
particles or denaturized protein coming from the testing fluid have remained embedded on the

surface.
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Figure 65, Raman spectroscopy for Tech #3 coated disc number 36 8.

The same procedure followed for the previous disc has been repeated also for tech #3 disc

number 36. The obtained curve has shown, in this case, a behavior that has been common to all

the Raman curve defined for TiN coated biomaterials. As expected from bibliography(38), the

18 The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.
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presence of four principal peaks at 235, 320, 440, and 570 cm™! have been verified both for the
“unworn zone” measurement and the “worn zone” measurement. As said, these peaks correspond
to transverse acoustic (TA), longitudinal acoustic (LA), second-order acoustic (2A), and
transverse optical (TO) modes of TiN. In addition, two subsequent peaks have been observed at
800 and 1100 cm™. These peaks are not as sharp as the ones of xylene because the Raman
spectroscopy is less efficient on crystalline solids with respect to fluid and the microscopic
arrangement of the material deeply affects their spectroscopically measurable properties.

When comparing the two graphs, it has been observed an almost complete overlap between
the two curves with no shifting of the graph.

This is proof that even if some external properties seemed to change, these may not affect the
chemical characteristics of the material itself. In conclusion, it is useful to observe that no

changes in Intensity have been highlighted in this particular case.

AgTiN

To conclude the analysis, a Raman spectroscopy test of the AgTiN coated Ti6Al4V disc
has been performed too. As just seen, the main vertical spikes are linked to the presence of the o-
xylene used as a reference to evaluate the exact calibration of the machine. The observed curve
was the same shown for all the TiN coated discs, as it is representative of the fact that the surface

layer of the discs is mainly made of TiN. In fact, we can notice the presence of the typical peaks
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at 235, 320, 440, and 570 cm™ just registered also for the other discs coated with the same

material.
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Figure 66: Raman spectroscopy for AgTiN coated disc number 40 *°.

¥ The analysis has been performed twice. In red, it is possible to see the graph determined for the undamaged area, whereas the graph from the
damaged zone has been colored in black. The intensity has been normalized between 0 and 1.



148

These peaks are not very sharp because Raman spectroscopy technique is not so effective on
the metallic surface, but they are still significant, because they can help to prove the presence of
other materials on the surface if the peaks are different from these.

When comparing the two graphs, no visible changes or a major shift in the graph have been
highlighted, meaning that no significant changes have happened on the surface and any kind of
material has remained embedded on it. In addition, it is useful to remember that the changes in
Intensity are not taken into account when performing a Raman analysis because the intensity is
mainly affected by boundary effects and conditions like air temperature and humidity, small

variation on the light source power or micro-movements of the machine support.

5.1.3 Post-POD test evaluation of discs surface

To complete the analysis of the changes in the surface of the materials, a series of pictures
have been collected using ZEISS 2000-C stereomicroscope. This operation has been performed in
order to capture some qualitative representation of the surface to complete the characterization of
the disc and the changes occurred because of the pin on dis test.

In order to acquire different images, light sources have been moved to find the configuration
that gives the most interesting and meaningful overview of the differences between undamaged
and damaged areas. This procedure has been repeated for each disc for each round in order to
detect macro evidence of wear on the disc surface and, eventually, material embedded on the

worn surface.
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CoCr test

CoCr disc

Figure 67: Picture of the surface of the disc number 1.

As noticeable, no major changes have been registered on the surface of the disc. The surface

appeared smooth and only some scratches have remained on it.
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Tech #1 disc

Figure 68: Picture of the surface of the disc number 4.

For the disc treated with technique number 1, it has been observed an eye-visible change on
the surface. In this area the disc has probably lost part of the surface coating during the POD test.
When looking at the images captured with Zeiss 2000-c stereomicroscope, it is possible to see the
change in color of the area that appears to be rougher.

These results confirm what seen during the Zygo analysis of the surface characteristics of the

disc, where the appearance of a micro-roughness on the surface was demonstrated and quantified.
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Tech #2 disc

Figure 69: Picture of the surface of the disc number 8.

When looking at the disc number 8, coated using the coating technique number, it has been
observed that no major changes on the surface have taken place. However, the wearing area is
well visible as shown in the image here reported and it is characterized by a darker shade that

allows to distinguish it from the unworn zone. In this case, the shadow was lighter than the one

observed for tech #3.
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Tech #3 disc
As just observed for disc number 8, similar behavior has been observed also for disc number 12,
from the tech #3 group. The surface has not been damaged by the wearing process, but a small
change may be seen as a slight modification in the color of the material.

As seen for the tech #2 discs, also, in this case, it has been registered the presence of shade in

the area of contact between pin and disc.

Figure 70: Picture of the surface of the disc number 12.
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AgTIN disc

Figure 71: Picture of the surface of the disc number 16.

The AgTIN coated discs have shown a particular behavior in terms of their external
appearance after the pin on disc test. In fact, as visible in the reported image, the interaction
between the polymeric pin and the disc has caused the appearance of a relatively big and dark
scratch.

In addition, as seen for tech #2 and tech #3 discs, the darker shade characterizing the wearing
path is still present. With tech #1 discs, AgTiN ones have been the worst in terms of qualitatively

assessed resistance to wearing test.
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Lab disc

Figure 72: Picture of the surface of the disc number 21.

The last type of discs used to perform the pin on disc test has been the CoCr disc from the lab.

These disc has shown no changes in the surface apart from some small scratches.
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TiBAI4V test

Ti6Al4V disc

Figure 73: Picture of the surface of the disc number 24.

The first type of disc that has been qualitatively observed after the second pin on disc test has
been the uncoated Ti6AIl4V disc. For this type of material no major changes or color
modifications have been shown, but some scratches as the one shown in the center of the figure

here reported have been observed.
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Tech #1 disc

Figure 74: Picture of the surface of the disc number 28.

If focusing on the discs coated with tech #1, it has been observed a behavior common to the
same type of discs from the CoCr test and a new characteristic. In fact, in this case both a small
loss of material on the surface and a big scratch on the wearing path were observed.

This disc type has been the one showing the biggest and more visible changes on the surface

between the one we have observed in the Ti6AI4V test.
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Tech #2 disc

Figure 75: Picture of the surface of the disc number 32.

As far as tech #2 discs concerned, only a minor change in the surface characteristics has been
shown. As visible in the picture, some areas of damage have been detected and, in general, the

behavior has been worse than the one observed for the CoCr discs coated with this technique.

Tech #3 disc

For tech #3 treated discs the presence of a light scratch along the wearing path has been

observed even if the overall characteristics of the surface were good and the area of damage has
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been circumscribed to the wearing zone. As noticeable from the image, the damages to the disc

has been really light.

Figure 76: Picture of the surface of the disc number 36.

AgTiN disc

Figure 77: Picture of the surface of the disc number 40.



159

In conclusion, the last disc type that has been studied was the AgTiN coated ones. In this case,
they have shown better behavior concerning the one shown for the CoCr test. In fact, the scratch
along the wearing path, that is still visible, is way lighter than the one observed in the previous
case. However, in this second case some little damage zones have been identified as visible in the

image here reported.
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5.2 Pin-on-Disc (POD) test

521 Introduction

In order to evaluate the overall amount of wear produced by the interaction of the metal
surface with the UHMWPE counterpart, the Pin-on-Disc (POD) test has been chosen as the best
way to assess the different performances of the materials. This section collects all the results

obtained in the POD test for both CoCr based discs and Ti6AIl4V based discs.

5.2.2 Test setup

To get all the materials ready for the test, it has been performed a setup session in which all

the materials and settings have been prepared in order to get ready for the test.

Figure 78: Setup for the pin on disc (POD) test.
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CoCr Test

The first part of the test has been dedicated to the assessment of the properties of coated and
uncoated CoCr discs. As explained in the “Methods” section, a pin on disc (POD) test has been
performed on all the different disc types simulating the in vivo conditions that may be
experienced by the material if implanted into the Human body.

In this section, the main results obtained for each round will be presented followed by a final
summary in which the main wearing rates for all the material will be calculated. In order to
simplify the understanding of data, raw ones will be presented only in the appendix.

To conclude the analysis, the dependency between the roughness of the material and the
wearing rate has been calculated, too, and the obtained results will be presented after the wearing

rate calculation

Round 1

Being the first test to be performed, Round 1 has revealed some of the behaviors that have
characterized the samples for all the tests.

Hereunder, it has been reported both the “Total weight loss” and the “Weight loss stage by
stage™ to calculate both the overall production of wear debris by the interaction between the pin
and the specific disc, but also how this production change during the test. In particular, the

overall wear production has been calculated for the total weight loss as the difference between the
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initial weight of the pin and the actual one, whereas the value based on stage has been calculated
as the value of the (i-1)" stage and the i one.

All the values have been corrected for the soak pin variation that accounts for the weight
changes due to hydration of the polymeric pin in the aqueous environment in order to consider

only the weight variation due to the wearing process

Total weight loss (mg)
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Figure 79: Total weight loss for Round 1 of CoCr test 2.

2 Values of weight loss have been calculated and expressed in mg every 250'000 cycles. Tech #1 is not present because it has gone rapidly out of
the dynamics. Complete version of the table is present in the “Appendix” section
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Weight loss stage by stage (mg)

18 =@ CoQr Tech #1 e=@==Tech #2 ==@==Tech #3 ==@==AgTin ==@=Lab

1.6
1.4
1.2

0.8
0.6
0.4
0.2

0 cycles 0.25 M cycles 0.5M cycles 0.75 M cycles 1 M cycles

Figure 80: weight loss measured week by week for Round 1 of CoCr test 2L,

As noticeable, Tech #1 coated disc has obtained the worst result and it is so bad that it quickly
becomes not visible in these graphs, but it is still possible to observe its complete behavior at
point 7.C of the appendix.

However, it is possible to observe that, in this round, CoCr, Lab and Tech #2 discs are the
ones that have performed in the best way. In particular, when focusing on the CoCr and the Tech

#2 disc that have been given to us by the company, it has been observed that apart from the initial

2t Values of weight loss have been calculated and expressed in mg every 250'000 cycles. Tech #1 is not present because it has gone rapidly out of
the dynamics. Complete version of the table is present in the “Appendix” section
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worse start of the Tech #2, it has performed in the same way or even better in two stages, 0.25M-
0.50M and 0.75M-1M, than the CoCr itself.

Another important thing to notice is the general tendency observed in all the discs to converge
in the stage by stage evaluation to a constant value. This means that the wearing rate tends to
stabilize and this is a process that has been effectively demonstrated in the bibliography.

All these results find a final proof and summary in the two bar charts down reported that have
been used to obtain a final assessment of the overall amount of debris that has been produced in

each condition and the final weight change for each pin.

Pins Weight Before and After wear test
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CoCr Tech #1 Tech #2 Tech #3 AgTin
m Before Test m After 1M cycles

Weight (mg)

Figure 81: Pin weight “Before test” and “After 1M cycles” for Round 1, CoCr test.
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Difference in pin weight for each condition
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Figure 82: Final difference of weight for each pin for Round 1, CoCr test.

Round 2

When looking at the results obtained in the second round of the test, it is possible to notice that
apart from the first 250’000 cycles, in which something particular has surely happened, the same
material previously seen with the addition of Tech #3 processed discs have performed well and
better than bulk CoCr. In particular, when looking deeper into it, it is possible to observe that
CoCr from the Lab is always the material with the best performances, followed in this case by
Tech #3 and Tech #2 discs that produce reach almost the same wearing rate and the bulk CoCr
for which the values are slightly higher, but the final amount of debris produced is almost two
times the overall production by Tech #3 disc. As just seen, also in this case AgTiN and Tech #1

are the worst with the second one that rapidly outweighs our dynamic in both graphs.
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However, there are two more elements of interest in this stage. First of all, the pin moving on
Tech #2 surface seems to gain weight in the first 250'000 cycles and this is probably linked to a
measurement error that has taken into account also some protein still embedded in the pin.
Secondly, it is interesting also to notice the abnormal weight loss for Lab disc in the first stage,
while this condition rapidly comes back to the level of wearing seen in the previous experiment
in the following stages. Also in this test, all the values have been corrected for the soak pin

weight variation.

Total weight loss (mg)

0 cycle 0.25 M cycles 0.5M cycles 0.75 M cycles

=== AQTIN Lab @  COCr e=@==TeCh#] em@m=Tech #2 e=@==Tech #3

Figure 83: Total weight loss for Round 2 of CoCr test 2.

22 \Values of weight loss have been calculated and expressed in mg every 250'000 cycles. Tech #1 is not present because it has gone rapidly out of
the dynamics. Complete version of the table is present in the “Appendix” section
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Weight loss stage by stage (mg)
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Figure 84: weight loss measured stage by stage for Round 2 of CoCr test %,

As just said for the first round of the test, another important thing to notice is the general
tendency observed in all the discs to converge in the stage by stage evaluation to a constant value.
This means that the wearing rate tends to stabilize and this behavior can be noticed as common to
all the conditions except for Tech #1 for which it has continued to increase even if of a smaller
value.

To summarize, the two bar charts down reported have been used to collect all the final
opinions and thoughts about this round. The overall amount of debris that has been produced in

each condition, with the maximum level for Tech #1 disc and the minimum for Tech#2, Tech#3

2 Values of weight loss have been calculated and expressed in mg every 250'000 cycles. Tech #1 is not present because it has gone rapidly out of
the dynamics. Complete version of the table is present in the “Appendix” section
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and Lab discs, and the final weight change for each pin are a brief synthesis of the main outcomes

of this part of the test.
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Figure 85: Pin weight at “0.25M” cycles and “After 1M cycles” for Round 2, CoCr test.
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Figure 86: Final difference of weight for each pin for Round 2, CoCr test.
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Round 3

To conclude the CoCr test, a third round has been processed following the settings defined
into the “Methods” part. Also in this case the results have been pretty similar to the ones of the
first two rounds. As jut happened for round 1 and 2 also in this case Tech #2 and Tech #3 are the

ones that have performed better and Tech #1 and AgTiN have been the worst.

Total weight loss (mg)

=@ Tech #2
2.5
Tech #3
9 ==@==AgTiN

=== |_ah

0 cycles 0.25 M cycles 0.5M cycles 0.75 M cycles 1 M cycles

Figure 87: Total weight loss for Round 3 of CoCr test 24,

2+ Values of weight loss have been calculated and expressed in mg every 250'000 cycles. Tech #1 is not present because it has gone rapidly out of
the dynamics. Complete version of the table is present in the “Appendix” section
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Weight loss stage by stage (mg)

0.8
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0.4
0.2
0 =
0 cycles 0.25 M cycles 0.5M cycles 0.75 M cycles 1 M cycles
=@ Tech 2 em@ueTech #3 AgTiN Lab em@um CoCr =@ Tech #1

Figure 88: weight loss measured stage by stage for Round 3 of CoCr test %,

As noticeable, from the graphs that have been reported above only Tech #3 and Lab have
stabilized their wearing rate, whereas Tech #2 is almost stable and the other conditions are well
over. It is important to remember that all the measurements have been corrected for the weight
variation due to the hydration of the sample using the soak pin.

These final two bar charts have been used to summarize all the results, by comparing the
conditions before and after the pod test and by showing the overall wear debris production for all

the different conditions.

% Values of weight loss have been calculated and expressed in mg every 250'000 cycles. Tech #1 is not present because it has gone rapidly out of
the dynamics. Complete version of the table is present in the “Appendix” section
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Pins Weight Before and After wear test
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Weight (mg)
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Figure 89: Pin weight “Before test” and “After 1M cycles” for Round 3, CoCr test.
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Figure 90: Final difference of weight for each pin for Round 3, CoCr test.
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Wear rate calculation (mg/MLNC)

The following step of the analysis has been dedicated to the calculus of the wearing rate for
each condition. The wearing rate is described as the overall amount of wear debris, expressed in

mg, produced every million cycles.

This value has been calculated for each condition and the final results have been compared.

CoCr disc

Overall weight loss over time
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Figure 91: Interpolation curve of the debris production data from POD test on CoCr disc.
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By evaluating the average slopes of the wear production curves it has been possible to
determine the wearing rate (WR) that has been expressed in mg/M cycles.

For uncoated CoCr disc, this value has been determined as equal to:

A WR = 3.4747mg /Mcycles

Tech #1 disc
Overall weight loss over time
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® Roundl ® Round?2 Round 3

Figure 92: Interpolation curve of the debris production data from POD test on Tech #1 disc.
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As just explained, the same procedure followed for the CoCr disc has been adopted also for
the other discs.

In particular, for Tech #1 processed discs, it has been obtained a wear rate (WR) equal to:

/ S WR = 11.1030mg /Mcycles

As noticeable, the value of WR for Tech #1 is bigger than the one for CoCr disc because, as
seen from the results of the experiments shown in the previous paragraph the wear behavior itself
of this material has been worse than the one of the uncoated CoCr. In particular wear rate has

been more than three times greater than the one seen in the previous section.

Tech #2 disc

Repeating what seen for the first two conditions, the same procedure has been followed also
for Tech #2 processed disc. In this particular case, it is important to notice as the negative weight
loss observed in the first stage of round 2 has no relevance to determine the wearing rate of the

material as the slope only of the curves is studied to calculate this parameter.
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Overall weight loss over time
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Figure 93: Interpolation curve of the debris production data from POD test on Tech #2 disc.

In particular, for Tech #2 processed discs, it has been obtained a wear rate (WR) equal to:

A WR = 2.0049mg /Mcycles

This means that this coating technique is able to reduce by 40% the overall amount of wear

debris produced every million cycles. This data is quite important because it is better than the one

shown by the bulk CoCr material. The reduction of the overall amount of wear debris produced
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by the interaction between the metallic interface and the polymeric insert may lead to a reduction

of the cascade of “negative” events that have been explained in the introduction

Tech #3 disc
Similarly to Tech #2, even for Tech #3 it has been observed a reduction in the value of the
wear rate. However, this reduction was smaller than the one observed for Tech #2 and almost

equal to 20% of the debris every million cycles. Results are visible in the following graph.

Overall weight loss over time
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Figure 94: Interpolation curve of the debris production data from POD test on Tech #3 disc.
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In this case the material has shown a higher variability of behavior especially if comparing

Round 1 slope with the other two. This thing has not happened with Tech #2 material where

slopes were almost equal for each round. To conclude, the WR in this case has been equal to:

A WR = 2.6587mg /Mcycles

AgTIiN disc

Figure 95:
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Interpolation curve of the debris production data from POD test on AgTiN disc.
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Following the same procedure just seen for the other discs the same process has been followed
to determine the wearing rate of the AgTiN disc. The behavior of the material has been almost
constant in all the evaluated rounds and this is quite important for the reproducibility of the

evaluations.

The calculated wearing rate (WR) was bigger than the bulk CoCr and equal to:

A WR = 4.35b6mg [Mcycles

Lab disc
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Figure 96: Interpolation curve of the debris production data from POD test on Lab disc.
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To conclude the analysis for this first test, the Lab disc has been assessed, too. In this case, the
results suggest that this disc is the one with the best performances.

The results have been maybe influenced by the polishing technique, the alloy characteristics
and maybe also by the different supplier companies chosen for the material. This is the final

result obtained for the Lab disc:

A WR = 1.2502mg [Mcycles

Roughness-Wearing rate dependency
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Figure 97: Roughness-Wearing rate relationship graph.
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To conclude the analysis, it has also been performed a comparison between the wear rate of
the different materials and their roughness. This evaluation has been processed in order to verify
the independence between these two values and, as noticeable, no major correspondence between
them has been found: despite its lower roughness, Tech #1 disc has shown the worst result in
term of wear behavior and even between the two CoCr discs, it has performed better the less

rough of the two, the CoCr from the Lab.

Ti6AI4V Test

Following the same procedure explained for the CoCr test, the same steps have been repeated
also for the Ti6Al4V test, where the performances of coated/uncoated Ti alloy discs have been
tested. The experiment has been performed trying to simulate the environmental, mechanical and
biological experienced by the material itself when performing in vivo.

In this section, the main results obtained for each round will be presented followed by a final
summary in which the main wearing rates for all the material will be calculated. In order to
simplify the understanding of data, raw ones will be presented only in the appendix.

To conclude the analysis, the dependency between the roughness of the material and the
wearing rate has been calculated, too, and the results have been presented after the wearing rate

calculation part.
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Round 1

Being the first test to be performed, Round 1 has revealed some of the behaviors that have
characterized the samples for all the tests.

Hereunder, it is possible to see both the "Total weight loss™ and the "Weight loss stage by
stage" to calculate both the overall production of wear debris by the interaction between the pin
and the specific disc, but also how this production change during the test. In particular, the
overall wear production has been calculated for the total weight loss as the difference between the
initial weight of the pin and the actual one, whereas the value based on stage has been calculated
as the value of the (i-1)" stage and the i one.

All the values have been corrected for the soak pin variation that accounts for the weight
changes due to hydration of the polymeric pin in the aqueous environment in order to consider
only the weight variation due to the wearing process.

It is possible to notice that the best results have been obtained with Ti6AI4V bulk disc and Lab
one, followed by Tech #2 and Tech #3. In particular, for Lab disc and Tech #2 it has been noticed
a tendency to decrease for the overall amount of debris produced by the interaction between the
pin and the disc as proceeding toward 1M cycles and in particular between 0.75M and 1M cycles.

This behavior is common also to AgTiN and similar to the one of Ti6Al4V that has reached a
stable behavior for the last stage of the experiment. Tech #1 has been confirmed to be the worst

type of coating and it quickly runs out of our evaluation scale.
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Total weight loss (mg)
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Figure 98: Total weight loss for Round 1 of Ti6Al4V test.?

Weight loss stage by stage (mg)
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Figure 99: weight loss measured week by week for Round 1 of Ti6Al4V test 2°.

% values of weight loss have been calculated and expressed in mg every 250'000 cycles. Tech #1 is not present because it has gone rapidly out of
the dynamics. Complete version of the table is present in the “Appendix” section.
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In order to confirm and sum up all the data coming from this experiment a couple of bar charts
reporting the weight difference between the initial point of the experiment and the final one and

the overall amount of wear debris that has been produced for each condition has been realized.

Pins Weight Before and After wear test
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Figure 100: Pin weight “Before test” and “After 1M cycles” for Round 1, Ti6Al4V test.
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Figure 101: Final difference of weight for each pin for Round 1, Ti6AIl4V test.
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Round 2

If focusing on the results that have been obtained in the second round, it is possible to observe
that also in this occasion, Ti6Al4V has performed, as overall production of wear debris, better
than the other coating discs. In particular, Tech #2 has produced a slightly bigger amount of wear
and Tech #3 has had results only a bit worse than the one of the process number two.

As just seen for CoCr test and the first round of Ti6Al4V test, AgTiIN and tech #3 disc has
been the worst in term of debris production by the interaction with the polymeric pin above all
the tried coatings.

However, when looking at the stage by stage change in the pin weight, it is possible to observe
that for mainly Tech #2 processed disc, but also for Tech #3, the obtained results showed a
possible better performance of these materials on a longer run. In fact, at 1M cycles their weight
loss has just been stabilized, whereas the one of bulk Ti6Al4V is still growing. This fact is
important because it underlines the importance of not focusing only on absolute value, but
looking also at their evolution when trying to build up a predictive model.

As just highlighted for all the previous experiments, also in this case all the measurements
have been corrected for the soak pin variation that accounts for the weight changes due to
hydration of the polymeric pin in the aqueous environment in order to consider only the weight

variation due to the wearing process.
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Figure 102: Total weight loss for Round 2 of Ti6AI4V test %7

Weight loss stage by stage (mg)
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Figure 103: weight loss measured stage by stage for Round 2 of Ti6AI4V test 7.

2" Values of weight loss have been calculated and expressed in mg every 250'000 cycles. Tech #1 is not present because it has gone rapidly out of
the dynamics. Complete version of the table is present in the “Appendix” section
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As just seen for the first round of the test, another important thing to notice is the general
tendency observed in all the discs to converge in the stage by stage evaluation to a constant value.
This means that the wearing rate tends to stabilize and this behavior can be noticed as common to
all the conditions except for Tech #1 for which it has continued to increase even if of a smaller
value.

To summarize, the two bar charts down reported have been used to collect all the final
opinions and thoughts about this round. The overall amount of debris that has been produced in
each condition, with the maximum level for Tech #1 disc and the minimum for Ti6Al4V, Tech
#2 and Tech #3, and the final weight change for each pin are a brief synthesis of the main
outcomes of this part of the test.

Lab disc is made of CoCr and it has been used only to verify the reproducibility of the results
of the test and its results may not be compared with the one obtained for the Ti6Al4V discs that

are made of a different material.
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Pins Weight Before and After wear test
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Figure 104: Pin weight at “Before test” cycles and “After IM cycles” for Round 2, Ti6Al4V test.
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Figure 105: Final difference of weight for each pin for Round 2, Ti6Al4Vtest.
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Round 3

To conclude the Ti alloy test, a final evaluation has been done performing a third round in the
same conditions.

As shown above, in this case Tech #2 and especially Tech #3 has performed better than bulk
Ti6AIl4V disc. In particular, when looking at the stage by stage table, it is interesting to notice
that the tendency to stabilize the wear rate common to AgTiN, Tech #2 and also Lab disc has not
been followed by Ti6Al4V disc for which the production of wear debris has continuously
increased nor for Tech #3 for which the growth has been smaller than the uncoated disc, but still

present.
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Figure 106: Total weight loss for Round 3 of Ti6AI4V test 8.

28 Values of weight loss have been calculated and expressed in mg every 250'000 cycles. Tech #1 is not present because it has gone rapidly out of
the dynamics. Complete version of the table is present in the “Appendix” section
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Weight loss stage by stage (mg)
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Figure 107: weight loss measured stage by stage for Round 3 of Ti6AIl4V test %°.

This behavior of Ti6Al4V has been common to all the performed experiments and it has to be
taken into account.

The final two bar chart, that has been introduced for all the performed experiments in order to
synthesize the data, are shown down here. As noticeable, the performance of Tech #2 and Tech
#3 has been better than the one of the uncoated Ti6AI4V disc. Tech #1 has been revealed the

worst condition also for this round.

2 Values of weight loss have been calculated and expressed in mg every 250'000 cycles. Tech #1 is not present because it has gone rapidly out of
the dynamics. Complete version of the table is present in the “Appendix” section
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Pins Weight Before and After wear test
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Figure 108: Pin weight “Before test” and “After 1M cycles” for Round 3, Ti6AI4V test.
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Figure 109: Final difference of weight for each pin for Round 3, Ti6Al4Vtest.
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Wearing rate (mg/MLNC)

The following step of the analysis has been dedicated to the calculus of the wearing rate for

each condition. The wearing rate is described as the overall amount of wear debris, expressed in

mg, produced every million cycles.

This value has been calculated for each condition and the final results have been compared.

Ti6Al4V disc
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Figure 110: Interpolation curve of the debris production data from POD test on Ti6Al4V disc.

By evaluating the average slopes of the wear production curves it has been possible to

determine the wearing rate (WR) that has been expressed in mg/M cycles.
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For uncoated Ti6AIl4V disc, this value has been determined as equal to:

A_ WR = 6.1173mg fMcycles

This value results bigger than the one from uncoated CoCr as the Ti alloy discs had a surface

roughness bigger than the one of uncoated CoCr ones. The WR has been about 1.7 times the one

of uncoated CoCr from the supplier.

Tech #1 disc

Figure 111:
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Interpolation curve of the debris production data from POD test on Tech #1 disc.
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As just explained, the same procedure followed for all the Ti6AI4V discs to collect the WR
values for all the conditions. In particular, for Tech #1 processed discs, it has been obtained a

wear rate (WR) equal to:

A_ WR = 10.0147mg /Mcycles

As noticeable, the value of WR for Tech #1 is still bigger than the one for Ti6Al4V disc
because, as seen from the results of the experiments shown in the previous paragraph the wear
behavior itself of this material has been worse than the one of the uncoated Ti6Al4V. However,
this wearing rate is smaller than the one observed in the CoCr test and even when compared with
bulk Ti6AI4V, it is "only" 1.6 times greater than the bulk material. In any case, Tech #1

processed discs have been defined as the worst also for this test.

Tech #2 disc

Repeating what seen for the first two conditions, the same procedure has been followed also
for Tech #2 processed disc. As noticeable, the behavior of the material has been almost the same
during the entire length of the experiment and this is proven by the constant slope of the
interpolation curves. When calculating the value of the wearing rate for Tech #2 processed discs,

it has been obtained:
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A WR = 5.0253mg [Mcycles

This value is less than the bulk Ti6Al4V disc meaning that this coating technique is able to
reduce by about 20% the amount of wear debris produced every million cycles. As just said in the
opening part of this work this fact has strong and durable consequences on the definition of the

characteristics of the interaction between the prosthesis and the human body.
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Figure 112: Interpolation curve of the debris production data from POD test on Tech #2 disc.
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Tech #3 disc

Similarly to Tech #2, even for Tech #3 it has been obtained a good result in terms of wear
reduction even if smaller than the one observed for Tech #2 disc. In fact, in this case, the
reduction of wear debris production has been equal "only" to about 5% every million cycles. All

the results have been collected in the following graph.
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Figure 113: Interpolation curve of the debris production data from POD test on Tech #3 disc.
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In this case the material has shown a higher variability of behavior especially if comparing
Round 1 slope with the other two. This thing has not happened with Tech #2 material where

slopes were almost equal for each round. To conclude, the WR in this case has been equal to:

A WR = 5.8893mg /Mcycles

AgTIiN disc
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Figure 114: Interpolation curve of the debris production data from POD test on AgTiN disc.
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Following the same procedure just seen for the other discs the same steps have been followed
to determine the WR of the AgTiN disc that has resulted almost equal to the one of Ti6Al4V
disc. In addition, the behavior of the material has been almost constant in all the evaluated rounds
and this is quite important for the reproducibility of the evaluations.

The calculated wearing rate (WR) was almost the same as bulk Ti6Al4V and equal to:

A WR = 6.1124mg fMcycles
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Figure 115: Roughness-wearing rate dependency.
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The last step that has been performed to conclude the analysis has been the evaluation of the
existence of any kind of dependency between the roughness of the discs and their WR. In order to
do that, the results obtained for these two fields have been plotted together. The result is shown
above.

As noticeable, for Ti6AI4V a wide variety of different behaviors have been shown for almost
the same value of roughness. Tech #2 which is the case with the best performances has shown a
surface roughness more than two times greater than the one of the uncoated disc. Moreover, as
just seen for the CoCr test Tech #3 has shown a good wear resistance, but coupled with great
variability in the behavior that led to great differences within the values of WR at a constant

value for the surface roughness between 20 and 30nm.

5.3 Post-POD test pins characterization

5.3.1  Evaluation of pins surface

As done for all the discs after the pin on disc (POD) test, the surface of the pins has been
qualitatively studied using the Zeiss 2000-C stereomicroscope. This process has been useful to
highlight changes in the surface characteristics of the polymeric material in a cylinder with
respect to the reference shape.

In order to evaluate this difference, images coming from all the different pins after the
experiment will be reported for each test with also the image collected from the soak pin, used as

a reference.
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CoCr test

CoCr disc

Figure 116: Picture of the contact surface of the pin OE1.

For pin OE1, interacting with CoCr disc, some localized areas of damage have been observed
on the surface of contact. The Zygo test has been performed to assess the characteristics of these

areas of damage.

Tech #1 disc

Focusing on the OE2 pin, it has been noticed the presence of diffuse damage all around the
surface with a concentrated area of damage on the center of the pin. Sharp scratches have been

reported, too.



200

Figure 117: Picture of the contact surface of the pin OE2.

Tech #2 disc

Figure 118: Picture of the contact surface of the pin OE3.
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Pin OE3 has interacted with the disc coated with tech #2. As shown, the images captured with
the stereomicroscope have revealed the presence of an almost flat surface on the pin with some
areas of localized damage. Also in this case, Zygo analysis has been performed to characterize

the damage.

Tech #3 disc

Figure 119: Picture of the contact surface of the pin OEA4.

OEA4 pin, interacting with tech #3 processed disc, has been characterized by the presence of a

lot of sharp scratches all over the surface that generates a micro-roughness on it.
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AgTIN disc

Figure 120: Picture of the contact surface of the pin OE5.

For pin OED5, interacting with AgTiN disc, an almost flat surface has been observed on the pin.

Only minor damages with some linear scratches are present.

Lab disc

As seen for OEL, also for OE7 interacting with the CoCr disc from the lab the same behavior
has been registered. In particular, it has been reported the presence of localized areas of damage
on the surface of the pin. Also in this case, Zygo analysis has been used to characterize the

surface damages.
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Figure 121: Picture of the contact surface of the pin OES6.

Ti6AI4V test

Ti6AIl4V disc

Figure 122: Picture of the contact surface of the pin OE22.
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Focusing on the pin OE22 that has been chosen as representative of all the pins interacting
with bulk Ti6Al4V disc, no major changes have been observed on its surface that appears flat

without any kind of scratch or big damaged area.

Tech #1 disc

Figure 123: Picture of the contact surface of the pin OE23.

For the pin interacting with tech #1 treated disc, the presence of some localized areas of
damage has been determined. In addition, some sharp scratches have been noticed on the surface
of the pin itself that is the worst in terms of damage in the entire set.

As noticeable from the picture, the major damages are concentrated in the central area of the

pin, whereas the scratches are localized at the boundaries.



205

Tech #2 disc

Figure 124: Picture of the contact surface of the pin OE24.

If we focus on the pin OE24, chosen as representative of the pins that have interacted with
tech #2 processed discs, it has been noticed the presence of small, localized areas of damage.
These zones are arranged following the original pattern in a circular way. The Zygo analysis has
been used to verify this qualitative observation and to quantify the main characteristics of this

area of damage. Apart from the localized damage, the surface may be considered as flat.

Tech #3 disc

As far as the OE25 pin concern, it has been observed the presence of some localize scratches
on the surface despite a general flat characteristic of the interface. Only some localized areas of

damage have been determined but the changes in height of these zones are light.
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Zygo analysis has been used to quantitatively describe the surface of the pin also in this case.

Figure 125: Picture of the contact surface of the pin OE25.

AgTiN disc

Figure 126: Picture of the contact surface of the pin OE26.
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Pin number OE26 has interacted with AgTiN coated disc during the Ti6Al4V test. As shown
in the image minor areas of damage have been detected and the surface appears as almost flat.

However, the soak pin pattern is no more visible.

Soak pin

Figure 127: Picture of the contact surface of the pin OEG6, used as reference.

The soak pin has been used as a reference in order to determine eventual differences in the
characteristics of the pin's surface. In fact, soak pin has not been used during the test, but only as
a reference to evaluate weight changes due to hydration of the polymeric samples.

As noticeable, the surface of the pin is patterned with a series of concentric circles.
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5.3.2  Evaluation of pins surface using Zyqo

All the quantitative surface evaluations for the after test characterization of the pins have been
realized using the Zygo® Newview 6300.

These analyses have been performed to quantitatively characterize the surface properties of the
pins after the test. In particular, the main focus of the work has been the quantitative description
of the major changes on the surface of the interaction of the pins to assess if they were points of
accumulation of material or if part of the material has been lost in that points

As seen for the stereomicroscope study, we will report and comment on the obtained results,

dividing them depending on the test type.

CoCr test
CoCr disc

As noticed in the previous part, for the pin that interacts with bulk CoCr disc we had some
localized areas of damage.

The analysis performed with Zygo Newview 6300 has revealed the main characteristics of
these zones that are representative of an area of accumulation of material. In the surface map, it is

represented the surface profile and , as visible, the areas of damage are up to 78.41 pm high.
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Figure 128: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE10.

Tech #1 disc

3D Model
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Figure 129: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE11.
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Also for the pin that interacts with tech #1 processed discs, in this case OE11, the main zones
of damage have been areas of accumulation of polymeric material. However, the surface appears

to be not uniform and the damages seem to be randomly distributed.

Tech #2 disc

When focusing on the pin number OE12 that has interacted with Tech #2 coated disc, it is
possible to notice the presence of a distributed micro-roughness on the surface of interaction
between the two materials. In particular, this roughness is present at the micro-scale with a

variability of the surface between +7 pum and -5um.

3D Model

+7.25781

LN

Figure 130: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE12.
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Tech #3 disc
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Figure 131, Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE13.

Pin number OE13 has interacted with tech #3 TiN coated disc. As noticeable from the surface
map, the pin has experienced only relatively minor changes and the original shape made of
concentric circles. However, it is possible to notice the presence of a micro-roughness, similar to
the one of the previous pin, with a variability of the surface profile between +7 um and -7um.

To conclude, it is also possible to see that the changes are quite uniform on all the surfaces.
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AgTIN disc

3D Model
g +98.17054
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Figure 132: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OES.

As far as OE8 pin concern, the pin that interacts with AgTiN coated CoCr disc has shown a
particular behavior as on it is possible to observe some linear damages. These scratches have

been unique around all the pins and are present in high numbers on this pin surface.

Lab disc

Pin number OE9 has shown a behavior similar to OE13 pin. In particular, the pin interaction
with CoCr disc from the lab has shown no major changes on the surface and only a micro-

roughness with oscillations between +7 pum and -5um.
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3D Model

Valley

Figure 133: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OEOQ.

Ti6AI4V test

Ti6Al4V disc

3D Model
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Figure 134, Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE22.
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The damage on the disc interacting with the bulk Ti6AI4V disc has been diffused over all the
surfaces with an oscillation of the surface profile between +10 um and -11 um. No major pattern

or common characteristics in the surface profile are recognizable

Tech #1 disc

For pin number OE23 that has interacted with tech #1 coated disc it has been noticed the
presence of local damages on the surface. In particular, these damages correspond to areas of
accumulation of polymeric material that creates a zone up to 100 pum higher above the mean
surface level. This behavior has been characteristic of these types of disc and it has been observed

also in tech #2, tech #3, AgTiN and Lab disc.

3D Model

+77.60455

Figure 135: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE23.
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Tech #2 disc

o +71.06505

pm

Valley

\\/ 7

-11.72581

Figure 136: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE24.

As just observed for OE23 pin, the same behavior has been common also to OE24 disc
interacting with Tech #2 processed disc. As visible, the damage has been concentrated to
localized zones and the original pattern on the surface of the pin is still visible. In fact, all the

areas of damage are organized in concentric circles similar to the soak pin surface.
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Tech #3 disc

As far as pin OE25 concerned, it has been observed the presence of some localized areas of
accumulation of material on the surface. The behavior shown by the pin that has interacted with
tech #3 disc has been less organized than the one seen for the previous case and the original
pattern has been damaged and it is not visible.

In this case the surface profile changes between +29 um and -14 um around the mean height.

3D Model

= -14.36013

Figure 137: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE25.

AgTIN disc
When focusing on the pin OE26, that has interacted with Ag TiN disc, it has been reported the

presence of some localized areas of accumulation of polymeric debris. In particular, the areas of
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accumulation as no definite pattern or shape, but they seem to be randomly distributed on the
surface.

However, the surface height oscillates between +16 pm and -16 pm.

3D Model
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Figure 138: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE26.

Lab disc

For pin number OE27 interacting with CoCr disc from the lab, the characteristics of the pin
have been preserved and the shape typical of the pin before the POD test has been maintained. In
particular, only minor changes have been registered on the surface of this pin and even the data

coming from the surface map are similar to the one registered for the soak pin.
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Figure 139: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE27.

Soak pin

3D Model

Figure 140: Picture that grouped the 3D model and the Surface map of the contact surface of the
pin OE28, used as a reference.
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The soak pin number OE28 has been used as a reference because it has not been used to
perform the pin on the disk test, but only for the evaluation of weight changes because of
hydration.

As noticeable, the surface of the pin has been patterned with some concentric circles that

create a micro-roughness on the surface in the order of dozens of micrometers.



CHAPTER 6

DISCUSSION AND CONCLUSION

As specified in the Introduction to this work, the main aim of the experiment was to test the
efficacy of TiN used as a coating material on different substrates while analyzing the relevance of
the coating process in the determination of the final outputs. In fact, the introduction of a new
coating technique may pay the way to a series of interesting developments in massive prosthesis
design reducing all those "negative" effects that derive from the polymeric and metallic debris
that is produced by the articulating artificial joint and released in the tissues that surround the
implant site.

As explained in the introductory part, despite the enormous developments that have been
registered for decades in arthroplasty, the wear production is still considered as an unsolved
matter that may affect the secondary stability of the prosthesis itself.

In order to simplify the analysis of the obtained results, a summary table containing all the
main outcomes of the experiments has been realized and it is shown on the next page.

As noticeable, TiN coating may represent a good solution to reduce the overall amount of
wear that is produced due to the relative movement between the metallic component and the

polymeric part.
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TABLE XXIII: FINAL SUMMARY TABLE CONTAINING ALL THE RESULTS OBTAINED
DURING THE EXPERIMENT.

Roughness Raman
variation shift Pins Discs
(nm) (em™)

Avg WR Std WR

Sample  Substrate (mg/Mcycles) (mg/Mcycle) Variation

Localized damage on the

Ref CoCr 3.475 1.519 / 0.547 / /

surface
Ref Ti6AI4V 6.117 1.830 / 7.948 / Nearly flat surface /
Sharp scratches on the Big area of
0, -
Tech #1 CoCr 11.103 1.219 +219.5% 2.584 8.422 surface damage
Tech#1 Ti6AMV 10015 0.442 +63.7% 4,002 / Sharp scratches on the Big area of
surface damage
Tech #2 CoCr 2.005 0.160 -42.3% -7.273 / Small damages Slight damage
Tech#2  Ti6Al4V 5.025 0.449 -17.9% 1.248 / Well-visible damaged zones  Slight damage
Tech #3 CoCr 2.659 1.646 -23.5% -2.304 -4.943 Sharp scratches Slight damage
Tech#3  Ti6Al4V 5.889 2.254 -3.7% 4.573 / Almost flat Slight damage
AgTiN  CoCr 4.356 0.234 +25.4% 13.603 -13.374 Small scratches Eﬁi}‘;‘;‘ﬁ'e
AgTiN  Ti6Al4V 6.112 0.527 -0.1% -1.3076 / Small scratches Slight damage
Ref LAB  CoCr 1.250 0.376 / 0.904 / Localized damage on the /
surface

However, this reduction is strongly dependent on the procedure that has been followed to
deposit the TiN layer on the substrate and on the substrate characteristics themselves and this is
the explanation of why the obtained results have been so different depending on these two

characteristics.
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Anyway, before introducing any kind of comment, it is important to remember that this has
been only a preliminary test and at least 5 runs for samples set have to be performed to obtain
more complete results.

The first interesting thing to notice is that the best results have been obtained during the CoCr
test and, in particular with Tech #2 and Tech #3 processed disc for which it has been observed,
respectively, a reduction of 40% and 20% of the produced wear after every million cycles. In
particular, the encouraging results obtained by Tech #2 disc gain even more relevance when
considering that the standard deviation is very low, with a value around 0.160 mg/Mcycles,
meaning that the behavior of the material has been almost constant during the entire experiment,
but considering also the fact that the damage on the surface of the pin and on the disc itself has
been minimum. Last consideration has been proven to the fact that also the Raman spectroscopy
of the surface has not shown any relevant shift.

On the other hand, even if the behavior of Tech #2 processed disc has been better than the one
shown by the uncoated CoCr disk, it is important to consider the high variability in the behavior
observed in the calculated WR of the material and proven by the high value of the standard
deviation registered for this particular condition and equal to 1.646 mg/Mcycles. Damages on
pins and discs have been considered as minor side effects.

A completely separate consideration is needed when talking about Raman shifts. These

phenomena that has been registered for Tech #1, Tech #2 and AgTiN, with values that seem to be
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proportional to the level of damage caused on the surface of the disc by the pin on disc (POD)
test, might be explained considering two different processes that may have occurred on the
surface layers of this discs.

Firstly, it may be caused by a change in the chemical arrangement of the crystalline structure
of the first layers on the surface due to the external stresses induced by the pin on disc
experiment.

Secondly, it may be due to the fact that when damaging the first layers of the surface of the
discs the process led to the exposition of deeper levels that eventually may have a different
chemical structure or, with higher probability, may have residual stresses, derived from the
deposition technique that has been used to deposit the TiN layer on the substrate, that are
different from the ones experienced by the upper levels. Thus, when performing the Raman
spectroscopy analysis the characteristics of a different layer of TiN, with different residual
stresses are studied and this is why the higher the damage on the surface, for Tech #1 for
instance, the higher the determined Raman shift. However, these shifts were quite small and it is
hard to make conclusions about them.

Another important thing to consider about CoCr test is the verified independence between the
roughness of the disc and the wearing rate that has been proven and shown in fig. 97.

To conclude this part, it has been also noticed that Lab disc has performed better than the

CoCr disc coming from the company. This behavior may be linked with different properties
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characterizing the two discs as they come from a different lot and this means that different
polishing techniques may have been used, the alloy may have a different composition or the two
materials may also be different due to the different supplier. Further analysis may be performed
to prove these hypotheses.

The results obtained for the Ti6AI4V test have proven the fact that Tech #2 and Tech #3 are
the TiN deposition techniques that guarantee the best performances. Despite that, the advantage
in terms of debris production has been smaller in this case with only a 5% reduction for Tech #3
and a bit less than 18% for Tech #2.

However, the same results in term of results variability have been shown also for the Ti6AI4V
test, with reduced variability for Tech #2 processed disc, std equals to 0.499 mg/Mcycles, and a
big variability observed for disc Tech #3 disc for which a standard deviation of 2.254mg/Mcycles
has been calculated.

AgTiN and Tech #1 have been the worst also in this case, meaning that doping TiN with silver
particles for antibacterial purposed may deeply affect the properties of the material and that Tech
#2 is not able to guarantee sufficiently good properties to the TiN coating.

Also in this test the independence between surface roughness and wear rate (WR) has been
verified and when considering the external properties of the discs no major changes have been
observed, proven also by the absence of a shift in the Raman spectroscopy performed in the

damaged and undamaged areas.
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To summarize, TiN has revealed to be a good coating material, when deposited using Tech #2,
guaranteeing a reduction of the wear debris produced of about 20-40% depending on the material
constituting the substrate. This coating may guarantee improved lasting performances with high
repeatability.

A possible explanation of the observed behaviors could be hypothesized when looking at the
surface morphology of the different materials, which might be observed from the SEM images

captured after the end of the polishing procedure and obtained by the discs supplier.

Figure 141: SEM image from Tech #1 coated disc surface.

When looking at the surface of Tech #1 coated discs it has been observed the presence of

some sharp asperities on the flat surface layer. It might be supposed that, during the POD test,
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these particles have detached from the surface of the material and have been released inside the
testing chamber.

This theory will explain both the sharp scratches that have been found on the surface of the
polyethylene pin, but also the decrease of surface defects and the increase of surface roughness

that have been observed on the disc.

Figure 142: SEM image from Tech #2 coated disc surface.

On the other hand, when looking at the surface morphology of Tech #2 discs it has been
observed a higher presence of defects that appear to be depression. This may be the reason why
this material has demonstrated the best behavior when articulating against the polyethylene

counterpart.
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Figure 143: SEM image from Tech #3 coated disc surface.

When looking at Tech #3 coated discs, this processing technique has been demonstrated to
create highly flat TiN layers with only minor defects that appear to be all holes after the polishing
procedure. These surface characteristics are promising and this is one of the main reasons why it
might be advisable to perform more tests on this material in order to complete its characterization
and give a conclusive judgment about this deposition technique.

Hereunder, it has been reported also the surface morphology of the discs coated with AgTiN.
As noticeable, this material presents bigger defects than all the other conditions that have been
observed, but they are mainly holes and this is a possible explanation of why this material has

performed halfway between Tech #1 and the other two deposition techniques.
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Figure 144: SEM image from Tech #1 coated disc surface.

In order to complete the work some final statistical analysis have been performed. As shown
below, the first analyzed aspect has been the dependency between the measured Wear Rate and
the two variable parametres: the substrate and the coating technique.

It has been performed an ANOVA two-factors test with replication choosing 0.05 as
significance level.

For both parametres it has been assessed the statistical relevance of the term in the
determination of the evaluated final Wear Rate. In other words, it has been statistically assessed

the dependency of the obtained results from these two parameters.
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In addition, it has been observed that also the interaction tem has an important role in the
definition of the final behavior of the sample. In fact for some coating techniques they have been

obtained better results having CoCr as substrate, for others having Ti6Al4V as substrate.

TABLE XXIV: ANOVA TWO-FACTORS WITH REPLICATIONS TEST.

ANOVA Two-Factors with replications (alpha = 0.05)

Df
SS MS
Source of variation (Degrees F P-value F crit
(Sum of squares) (Mean of squares)
of freedom)
Substrate 27.4296 1 27.4296 17.4891 0.000459669 4.3512
Coating 188.6859 4 47.1715 30.0765 3.31631E-08 2.8661
Interaction 18.7889 4 4.6972 2.9950 0.043438242 2.8661
Within 31.36766 20 1.5684
Total 266.2721 29

Moreover, it has been performed a post hoc analysis adjusted for multiple comparison. As
noticeable from the results that have been reported down below, all the different coatings have

been compared two by two and grouped by substrate.



230

TABLE XXV: POST HOC ANALYSES ADJUSTED FOR MULTIPLE COMPARISON.

Substrate Coating(1) - Coating(2) Difference adj. p 95%CI []
Tech #1 -7.6283 <0.0001 -11.0985 -4.1581
Tech #2 1.4698 0.868 -2.0004 4.94
Uncoated
Tech #3 0.816 0.9965 -2.6542 4.2862
AgTiN -0.8807 0.994 -4.3509 2.5895
Tech #2 9.0981 <0.0001 5.6279 12.5683
CoCr
Tech #1 Tech #3 8.4443 <0.0001 49741 11.9145
AgTiN 6.7477 <0.0001 3.2775 10.2179
Tech #3 -0.6538 0.9994 -4.124 2.8164
Tech #2
AgTiN -2.3504 0.3651 -5.8206 1.1198
Tech #3 AgTiN -1.6967 0.7539 -5.1669 1.7735
Tech #1 -3.8977 0.0008 -7.3679 -0.4275
Tech #2 1.0917 0.9747 -2.3785 45619
Uncoated
Tech #3 0.228 1 -3.2422 3.6982
AgTiN 0.004433 1 -3.4658 3.4746
Tech #2 4.9893 0.0021 1.5191 8.4595
Ti6Al4V
Tech #1 Tech #3 4.1257 0.0129 0.6555 7.5959
AgTiN 3.9021 0.0206 0.4319 7.3723
Tech #3 -0.8637 0.9948 -4.3339 2.6065
Tech #2
AgTiN -1.0872 0.9753 -4.5574 2.383
Tech #3 AgTiN -0.2236 1 -3.6938 3.2466
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In yellow, they have been reported the statistically significant results. In particular, the only
conclusion that may be derived from this test is that Tech #1 has performed worse than all the
other conditions and may be excluded from future studies. For all the other conditions, more
analysis will be necessary in order to obtain statistically relevant conclusions.

However, it may not be forgotten some of the difficulties that have been found during the
execution of this experiment. First of all, it has been observed a case of negative loss of weight
for one pin (Tech #2, Round 2, CoCr test) probably linked to an error during the cleaning
procedure that has caused some protein to remain embedded in the disc. Fortunately, this error
has not affected the results that have been verified to be coherent with the other measurements as
explained in chapter 5. In addition, the extremely variable behavior of Tech #3 processed disc in
both the experiments make it really difficult to give a final opinion about this material. Extremely
good performances have been followed by bad ones and it has not been understood why this may
have happened. All the data collected about Tech #3 has not explained this behavior. In
conclusion, the POD testing machine has had some issues with the pin motion control after the
end of the first test. The sensor has been substituted, the machine has been calibrated and this
problem seems not to consider as relevant for the analysis.

In order to conclude a complete analysis of the material, some further steps may be performed.

As observed in the introduction, one of the main advantages of using TiN as a coating material

of CoCr disc may be the reduction of the metal ions released in the implant site that may cause
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higher inflammation in the implant site, tends to be accumulated in target organs as liver and
kidneys and may cause, especially for CoCr, severe allergies in the patient. To proof this "shield"
effect the testing fluid that has been collected after each round of the test may be studied looking
for the difference of concentration of metal ions between the reference case, bulk CoCr or bulk
Ti6AIl4V, and the coated disc.

Another interesting property to study may be the increased resistance to third body wear that is
usually caused by bone cement particles that accidentally end in the joint area during the
implantation of the prosthesis. In order to verify gained resistance due to the use of TiN as
coating, the experiments that have been performed may be repeated adding some bone cement to
the testing chamber. By analyzing the difference in the behavior of coated and uncoated discs it
will be possible the understand the real efficacy of these coating techniques.

If all these tests will confirm the good results obtained by Tech #2 disc in the POD test and the
costs/benefits ratio will be high enough this process technique associated with a TiN layer
deposited on the surface of prosthesis like hip or knee prosthesis may represent a further
innovative step oriented toward a reduction of the side effects associated to this kind of implants
like high inflammation, loss of secondary stability and subsequent revision of the implant, third
body wear and even allergies.

A lot of studies have still to be done, but the road seems encouraging.



CHAPTER 7

APPENDICES

This section is dedicated to all the raw data from which the outcomes introduced in the “Result”

chapter has been calculated.

The following contents have been reported:

A. Integral version of Roughness measurements table for CoCr test;

B. Integral version of Roughness measurements table for Ti6Al4V test;
C. Raw data from Round 1, CoCr test;

D. Raw data from Round 2, CoCr test;

E. Raw data from Round 3, CoCr test;

F. Raw data from Round 1, Ti6Al4V test;

G. Raw data from Round 2, Ti6Al4V test;

H. Raw data from Round 3, Ti6AI4V test.

I. Permissions to reprint copyright materials.
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Appendix A

A. INTEGRAL VERSION OF ROUGHNESS MEASUREMENT TABLE FOR CoCr
TEST
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TABLE XXVI: INTEGRAL VERSION OF ROUGHNESS MEASUREMENT TABLE, CoCr

TEST

Surface roughness - Ra [nm]

Test #1

#1

(CoCr)

#5
(tech #1)

#9
(tech #2)

#13
(tech #3)

#17
(AgTiN)

#21
(LAB)

B W NP

6.000
4.351
4.043
4.726
5.059

5.206
4.442
4.937
4.190
4.482

14.197
13.738
16.530
17.070
11.017

20.164
17.498
24.087
21.059
11.342

41.530
40.017
48.513
30.301
29.967

25.700
26.514
36.390
22.602
30.296

12.574
13.813
12.408
14.239
13.675

10.326
12.757
11.643
11.683
12.995

46.794
45.876
36.822
44.457
66.869

67.299
49.523
54.849
80.296
44.990

9.296
5.957
7.146
6.332
6.532

1.237
6.656
8.690
5.140
5.829

Avg

4.836

4.651

14.510

18.830

38.066

28.300

13.342

11.881

48.164

59.391

7.053

6.710

Std

0.7551

0.4106

2.4253

4.8018

7.9189

5.2879

0.8062

1.0633

11.1733

14.3610

1.3259

1.3640

Test #2

#2

(CoCr)

#6
(tech #1)

#10
(tech #2)

#14
(tech #3)

#18
(AgTIN)

#22
(LAB)

B W NP

4.082
3.783
3.771
3.665
3.905

3.735
4.240
4.651
4.758
4.846

16.274
16.845
10.024
20.032
14.212

22.575
19.492
18.750
12.510
17.040

26.827
30.659
25.202
26.242
26.143

21.837
26.970
20.832
27.941
21.905

14.714
16.452
16.207
15.029
17.076

12.651
14.434
12.900
13.336
14.930

47.966
50.997
60.612
62.673
33.469

60.197
57.992
64.918
49.243
45.185

8.067
9.006
8.472
6.681
6.950

11.753
6.486
7.010

12.099
7.721

Avg

3.841

4.446

15.477

18.073

27.015

23.897

15.896

13.650

51.143

55.507

7.835

9.014

Std

0.159

0.460

3.694

3.700

2.119

3.294

0.993

0.989

11.674

8.101

0.993

2.697

Test #3

#3
(CoCr)

#7
(tech #1)

#11
(tech #2)

#15
(tech #3)

#19
(AgTIN)

#23
(LAB)

B W NP

3.624
3.997
3.669
3.905
3.821

7.228
4112
5.356
4.129
4.295

22.197 16.635
9.844 22.397
21.670 16.692
11.754 18.427
14.961 10.451

35.829
31.833
34.481
39.526
61.526

25.225
35.949
32.766
31.254
33.323

14.939
15.408
14.034
19.012
14.180

12.488
16.353
6.671
13.805
12.227

41.854
35.519
45.658
64.303
44.550

82.191
90.220
98.460
38.548
48.554

4.371
3.966
4.899
4.460
3.964

7.207
5.445
7.002
6.013
5.375

Avg

3.803

5.024

16.085 | 16.920

40.639

31.703

15.515

12.309

46.377

71.595

4.332

6.208

Std

0.157

1.335

5.646 | 4.308

12.001

3.998

2.034

3.550

10.765

26.476

0.390

0.858
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Appendix B

B. INTEGRAL VERSION OF ROUGHNESS MEASUREMENT TABLE FOR Ti6Al4V
TEST
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TABLE XXVII: INTEGRAL VERSION OF ROUGHNESS MEASUREMENT TABLE,

Ti6AI4V TEST

Surface roughness - Ra [nm]

Test #1
#24 #28 #32 #36 #40
(CoCr) (S3p) (Arc) (KILA) (AQ)
1 14.832 16.100 | 34.756 24.418 | 43.498 32.280 | 30.705 52.581 | 63.241 66.211
2 13.974 20.211 | 28.400 56.423 | 40.746 35.804 | 36.169 23,511 | 65.112 55.961
3 17.714 14,965 | 26.045 38.921 | 47.974 51918 | 30.171 44.950 | 75.879 78.834
4 20.969 27.510 | 31.690 28.827 | 47.152 40.130 | 33.582 28.828 | 74.151 55.962
5 19.219 17.674 | 32.355 44.657 | 41.373 73.345 | 40.144 40.611 | 52.090 68.196
Avg | 17.342 19.292 | 30.649 38.649 | 44.149 46.695 | 34.154 38.096 | 66.095 65.033
Std | 2935 4998 | 3432 12758 | 3.292 16.636 | 4.124 11.850 | 9.564  9.571
Test #2
#25 #29 #33 #37 #41
(CoCr) (S3p) (Arc) (KILA) (AQ)
1 22.266 17.299 | 29.956 28.392 | 35.826 46.450 | 25.920 18.032 | 53.376 59.874
2 12.617 33.760 | 26.639 43.170 | 35.944 31.446 | 19.939 22574 | 66.479 49.271
3 14.606 21.153 | 31.401 38.469 | 34.137 29.415 | 22510 26.807 | 55.685 82.347
4 19.154 15.961 | 30.412 38.414 | 43.693 30.723 | 23.998 22.740 | 62.208 55.845
5 18.122 18.056 | 28.553 38.395 | 36.978 32.715 | 25.970 44.232 | 74.263 84.893
Avg | 17.353 21.246 | 29.392 37.368 | 37.316 34.150 | 23.667 26.877 | 62.402 66.446
Std | 3.806  7.251 1849 5422 | 3708 6979 | 2536 10.187 | 8.425 16.153
Test #3
#26 #30 #34 #38 #42
(CoCr) (S3p) (Arc) (KILA) (AQ)
1 15.003 29.000 | 27.758 28.000 | 43.095 79.000 | 25.217 27.000 | 73.418 36.000
2 24.265 28.000 | 20.844 18.000 | 42.554 54.000 | 26.904 31.000 | 72.321 55.000
3 15.447 37.000 | 45.034 26.000 | 47.669 44.000 | 26.759 35.000 | 71.815 87.000
4 15.896 13.000 | 34.822 43.000 | 55.200 36.000 | 26.188 34.000 | 60.271 48.000
5 14.390 68.000 | 27.393 21.000 | 41.664 39.000 | 25.088 36.000 | 57.699 75.000
Avg | 17.000 35.000 | 31.170 27.200 | 46.036 50.400 | 26.031 32.600 | 67.105 60.200
Std | 4099 20384 | 9.193 9.680 | 5.624 17.387 | 0.847  3.647 7.490  20.608
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Appendix C

C. RAW DATA FROM ROUND 1, CoCr TEST



== Colr

& Tech#2

T ch #3

239

TABLE XXVIII: AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR EACH

STAGE OF THE TEST.
Before the testing After testing (0.25M) After testing (0.5M) _ _
Pin Mean SD Pin Mean SD Pin Mean SD Pin Mean SD Pin Mean SD
1 1266.28 0.03 1 1266.17 0.02 1 1265.71 0.02 1 1265.23 0.00 1 1264.60 0.03
2 1267.79 0.02 2 1259.55 0.02 2 1255.43 0.02 2 1252.73 0.02 2 1250.17 0.02
3 1263.62 0.02 3 1263.03 0.01 3 1262.60 0.02 3 1262.05 0.02 3 1261.52 0.01
4 1269.15 0.03 4 1268.62 0.00 4 1267.93 0.00 4 1266.88 0.01 4 1265.32 0.00
5 1270.00 0.03 5 1268.37 0.03 5 1267.53 0.01 5 1266.56 0.01 5 1265.33 0.01
6 1271.78 0.01 6 1271.44 0.02 6 1271.41 0.02 6 1271.14 0.01 6 1270.95 0.01
Total weight loss (mg)
Weight loss week by week (mg)
= CoCr
—4—Tech #1 g E
—=Tech #1
B —a—Tech#2
7 —g—=Tech #3
6 —a—/gTin
—g—_Lah

e A2TiN 5

—f=Lab

Ocycles 0.25 Mcycles 0.5M cycles 0.75 Meyces 1M cycles Dcycles 0.25 M cycles 0.5M cycles 0.75 Mcycles 1M cycles

Figure 145: Complete version of the "Total weight loss" graph. Figure 146: Complete version of the "Weight loss week by week™ graph.



0,04

0,02

0,02

0,04

0,06

0,08

01

—8—Soak

0 cydles
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TABLE XXIX: AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR THE
SOAK PIN.

Before the testing After testing (0.25M)

Pin Mean SD Pin

7 127186 0.02 7

Total weight loss (mg)

0.25 Mcycles 0.5M cydes 0.75 Mcycies

Figure 147, Soak pin weight variation.

Mean

1271.84

SD

0.02

1 Moycles

Pin

7

Mean SD

1271.84 0.02

1271,8500
1271,2400
1271,9200
1271,5000
1271,8600
1271,8500
1271,8400
1271,8200

1271,8000

Pin Mean SD Pin Mean SD

7 127192  0.02 7 127194 0.02

Pin Weight

Soak

148, Soak pin weight “before” and “after” the pin on disc test.

mgefore Test
W After 1M cycles
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Appendix D

D. RAW DATA FROM ROUND 2, CoCr TEST
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TABLE XXX:AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR
EACH STAGE OF THE TEST.

Before the testing

Pin Mean SD Pin Mean
1 1269.05 0.03 1 1265.00
2 1270.07 0.01 2 1267.16
3 1266.54  0.04 3 1266.11
4 1267.22  0.02 4 1262.34
5 1266.41  0.01 5 1268.60
6 1266.71  0.01 6 1266.43

Total weight loss (mg)

—8— ASTIN
=& Lab

& CoCr
—t—Tech #1

e TeCh #2

After testing (0.25M)

SD

0.01

0.03

0.02

0.03

0.02

0.01

—Tech #3

0 cycles

0.25 M cycles

0.5M cycles

Figure 149, Complete version of the "Total weight loss" graph.

Pin Mean
1 1264.01
2 1266.82
3 1265.35
4 1259.38
5 1268.15
6 1266.12

SD Pin Mean SD Pin Mean SD
0.00 1 1263.05 0.01 1 1261.89 0.04
0.01 2 1266.54  0.02 2 126631 0.02
0.01 3 1264.67 0.02 3 1263.93 0.01
0.01 4 1256.94 0.03 4 1254.45 0.02
0.01 5 1267.65 0.01 5 1267.27  0.02
0.01 6 1265.75 0.01 6 1265.42  0.02

Weight loss stage by stage (mg)

e ATiIN

=#=Lzb

=1

e Tech #1

e Tech #2

—=Tech#3

0 cycles 0.25 M cycles 0.5M cycles

0.75 M cycles

Figure 150, Complete version of the "Weight loss week by week" graph.

1M cycles
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TABLE XXXI: AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR THE

SOAK PIN.
Before the testing After testing (0.25M) After testing (0.5M)
Pin Mean SD Pin Mean SD Pin Mean SD Pin Mean SD Pin Mean SD

14 126643 0.01 14 126648  0.01 14 1266.52 0.02 14 126653 0.01 14 126659 0.01

Pin Weight

Total weight loss (mg)

1266,5000

1266,5500

1266,5000

1266,4500

1266,4000

1266,3500
Sok

W Before Test W After 1M cyces

Figure 151, Soak pin weight variation. Figure 152, Soak pin weight “before” and “after” the pin on disc test.
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Appendix E

E. RAW DATA FROM ROUND 3, CoCr TEST



14

12

10
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TABLE XXXII: AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR
EACH STAGE OF THE TEST.

Pin

15

16

17

18

19

20

——Tech #2
==Tech #3
== AgTiN
== Lah
e COCT

—=Tech #1

Before the testing

Mean SD
1267.77  0.03
1266.44  0.02
1266.48  0.02
1266.52  0.00
1266.93 0.01
1266.63  0.03

After testing (0.25M)
Pin Mean SD
15 1267.66  0.01
16 1266.43  0.01
17 1266.04  0.02
18 1266.48  0.01
19 1266.65  0.01
20 1262.00  0.02

Total weight loss (mg)

—

Pin

15

16

17

18

19

20

Ocycles 0.25 M oycles

0.5M cycles

075 M cycles

Figure 153, Complete version of the "Total weight loss" graph.

1M cycles

Mean

1267.38

1266.14

1265.00

1266.25

1266.19

1258.50

SD Pin Mean SD Pin Mean SD
0.01 15 1266.83 0.02 15 7.5100 10.5925
0.00 16 1265.47 0.04 16 8.0176 11.2889
0.01 17 1263.65 0.01 17 8.5029 12.0167
0.02 18 1265.70  0.01 18 9.0029 12.7238
0.02 19 1264.17 0.01 19 9.5050 13.4280

0.02 20 1256.09 0.01 20 10.0029 14.1381

Weight loss stage by stage (mg)

e TeCh #2

—p—Tech #13
== AgTiN
Lab
e COCr
—=Tech 41

—

Ocycles 0.35 M oycles 0.5M cycles 0.75 M gycles 1M gycles

Figure 154, Complete version of the "Weight loss week by week" graph.
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TABLE XXXIII: AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR
THE SOAK PIN.

Before the testing After testing (0.25M) After testing (0.5M)

n Mean SD Pin Mean SD Pin Mean SD

Pin Mean SD Pin Mean SD P

21 126516 0.01 21 126518 0.01 21 126530 0.02 21 1265.10 0.01 21 126511 0.00

Pin Weight mEBefore Test
1265,1700
i W after 10 cycles
Total weight loss (mg) cyces
1285,1800
01
1285,1500
o sesk 1285,1400
o 1265,1300
0 oycles 0.5M cydles 0.75 Moycles 1 Moeycles
1265,1200
0,05
1265,1100
0,1
12 65,1000
0,15 12 65,0000
02 12 65,0800

Figure 155, Soak pin weight variation. Figure 156, Soak pin weight “before” and “after” the pin on disc test.
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Appendix F

F. RAW DATA FROM ROUND 1, Ti6AI4VTEST



16

14

12

10
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TABLE XXXIV:AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR
EACH STAGE OF THE TEST.

Before the testing

Pin

1

——=TiGAI

—a—Tech #1

e Tech#2

—Tech #3

—a—AgTiN

——Lah

Ocycles 0.25 Mcycles

Figure 157, Complete version of the "Total weight loss" graph.

Mean

1267.74

1269.19

1268.48

1268.07

1267.97

1269.32

Total weight loss (mg)

SD

0.02

0.02

0.02

0.02

0.02

0.01

0.5M cycles

After testing (0.25M)
Pin Mean SD
1 1267.38 0.02
2 1262.57 0.01
3 1266.99 0.02
4 1268.20 0.03
5 1265.48 0.02
6 1268.66 0.02

0.75 Mcydes

1M gycles

After testing (0.5M)

Pin Mean SD

1

1266.45 0.02

125995  0.01

126598  0.01

1266.29 0.01

1264.22 0.01

126736  0.02

—g=TiGAl4V
—o—Tech #1
6 —p—Tech #2
—g—Tech #3
——AgTiN

—e—Lab

Ocycles

Pin Mean
1 1264.86
2 1257.47
3 1264.53
4 1264.12
5 1262.56
6 1265.74

SD

0.02

0.02

0.01

0.01

0.02

0.01

Pin Mean
1 1263.31
2 1255.55
3 1263.60
4 1262.88
5 1261.59
6 1264.83

Weight loss stage by stage (mg)

0.25 M cycles

0.5M cycles

SD

0.01

0.00

0.01

0.01

0.01

0.02

0.75 M cycles 1M cycles

Figure 158, Complete version of the "Weight loss stage by stage™ graph.
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TABLE XXXV: AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR
THE SOAK PIN.

Before the testing After testing (0.25M)
Pin Mean SD Pin Mean SD Pin

28 126735 0.01 28 126735 0.01 28

Total weight loss (mg)

— i Comk -

Doycles 025 M cydes Q.5M cydes Q75 M cyd

1M oycles

Figure 159, Soak pin weight variation.

A teSting (0.5M) - -

SD Pin Mean SD Pin Mean SD

0.01 28 126720 0.01 28 1268.11 0.01

Pin Weight (mg) W Before Test
1268,2000 W After IM cycles
1268,0000
1267,8000
1267,6000
1267,4000
1267,2000

1267,0000

1266,8000
Sosk

Figure 160, Soak pin weight “before” and “after” the pin on disc test.
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Appendix G

G. RAW DATA FROM ROUND 2, Ti6AI4VTEST



12

10

——TisAlAV

—a—Tech #1

e Tech #2

—=Tech #3

e AET N

—8—Lab

Ocydles
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TABLE XXXVI:AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR
EACH STAGE OF THE TEST.

Before the testing
Pin Mean SD
1 1267.74 0.02
2 1269.19  0.02
3 1268.48  0.02
4 1268.07  0.02
5 1267.97  0.02
6 1269.32  0.01

0.25 M cycles

Total weight loss (mg)

0.5M cycles

After testing (0.25M)
Pin Mean SD
1 1267.38 0.02
2 1262.57 0.01
3 1266.99 0.02
4 1268.20 0.03
5 1265.48 0.02
6 1268.66 0.02

0.75 M cycles

1M cycles

Figure 161, Complete version of the "Total weight loss" graph.

Pin

1

Mean

1266.45

1259.95

1265.98

1266.29

1264.22

1267.36

sD Pin Mean sD Pin Mean SD
0.02 1 1264.86 0.02 1 1263.31 0.01
0.01 2 1257.47 0.02 2 125555  0.00
0.01 3 1264.53 0.01 3 1263.60 0.01
0.01 4 1264.12 0.01 4 1262.88 0.01
0.01 5 1262.56 0.02 5 126159 0.01
0.02 6 1265.74 0.01 6 1264.83  0.02

Weight loss stage by stage (mg)

AT iN
—t=—Lab

——=TiGAILV

—g=Tech #1
—g=Tech #2

=—g=Tech #3

——

Ocycles 0.25 M cycles 0.5M cycles 0.75 M cycles 1M cycles

Figure 162, Complete version of the "Weight loss stage by stage" graph.
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TABLE XXXVII: AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR

THE SOAK PIN.
Before the testing After testing (0.25M) After testing (0.5M)
Pin Mean SD Pin Mean SD Pin Mean SD Pin Mean SD Pin Mean SD

35 126811 0.01 35 126816  0.03 35 1268.00 0.01 35 126793 0.04 35 1268.00 0.01

Total weight loss (mg)

Pin Weight (mg) mEefore Test

02

1268,1200
W after 1M oydes

0,15 1268,1000
1268,0800
01 1268,0600
1268,0400

0,05
’ 1268,0200
1268,0000

o
0.5M cydes 1267,3800
0,08 1267,8500
1767,5400

01

Figure 163, Soak pin weight variation. Figure 164, Soak pin weight “before” and “after” the pin on disc test.
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Appendix H

H. RAW DATA FROM ROUND 3, Ti6AI4VTEST



14

12

10

254

TABLE XXXVIII: AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR

—f—Tech #2

—e—Tech #3

e AgTin

L 5b

e TIG AN

—fTech #1

Ocycles 0.25 M cycles

Pin

36

37

38

39

40

41

Before the testing

Mean

1267.70

1267.00

1267.56

1267.14

1267.47

1264.52

SD

0.03

0.01

0.01

0.01

0.01

0.02

Total weight loss (mg)

0.5M cycles

EACH STAGE OF THE TEST.

After testing (0.25M)
Pin Mean SD
36 1266.69  0.02
37 1267.00  0.02
38 1264.49  0.02
39 1267.15  0.01
40 1267.52 0.01
41 1259.91  0.00

0.75 M cycles

Figure 165, Complete version of the "Total weight loss" graph.

1M cycles

After testing (0.5M)
Pin Mean SD
36 1265.72  0.01
37 1266.79  0.02
38 1262.95  0.02
39 1266.76  0.02
40 1267.00 0.01
41 1257.15 0.01
—g—Tech #2
s —g=Tech #3
. —a—AgTin
——|ah
3 —yTiGAIY
—g=Tech #1

Pin

36

37

38

39

40

41

Mean

1264.23

1265.76

1260.99

1266.02

1264.44

1254.40

Weight loss stage by stage (mg)

SD

0.02

0.01

0.01

0.03

0.02

0.02

Pin

36

37

38

39

40

41

Dcycles

0.25 M cycles

0.5M cycles

Mean

1263.07

1264.38

1259.68

1265.66

1261.90

1252.30

SD

0.01

0.03

0.04

0.00

0.03

0.01

0.75 M cycles

1M cycles

Figure 166, Complete version of the "Weight loss stage by stage" graph.
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TABLE XXXIX: AVERAGE WEIGHT AND STANDARD DEVIATION OF THE WEIGHT EVALUATED FOR

THE SOAK PIN.

Before the testing After testing (0.25M) After testing (0.5M) - -

Pin Mean SD Pin

42 1266.13 0.02 42

Total weight loss (mg)

0.25 Mcycles 0.5Mcydes 0.75 Mcycles

Figure 167, Soak pin weight variation.

Mean

1266.31

1 Mcydes

SD Pin Mean SD Pin Mean SD Pin Mean SD

0.01 42 126659 0.01 42 1266.36  0.01 42 1266.42 0.02

Pin Weight (mg) HEsfore Test

12664500 mAfter thioydes

1266,4000
1266,3500
1266,3000
1166,2500
1266,2000
1266,1500
1266,1000
1266,0500
1285,0000
Soak

1265,8500

Figure 168, Soak pin weight “before” and “after” the pin on disc test.
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