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Abstract

The majority of cemented hip replacements fail due to implant loosening. One
design feature that may affect loosening rates is the fracture performance of implant-
cement interface. The goal of the study is to develop an effective solution for cemented
fixation. It is hypothesis that adding the micron or nano-size bioactive particles or
monomer into the cement mantle or coating the micron fibers onto the implant surface
can increase the mechanical interlock of the implant-cement interface and eventually
solve the implant loosening problem.

For cement mantle, bioactive particles (MgO, hydroxyapatite (HAp), chitin (CT),
chitosan (CS), Barium sulfate (BaSO4) and Silica (SiOy)) were mixed with
polymethylmethacrylate (PMMA) beads and Glycidyl methacrylate (GMA) was added
into MMA monomer to prepare various bone cement specimens for improving the
conventional PMMA cement mechanical thermal and biological properties. This study
found that with GMA, PMMA bone cement without any particle additives has the
greatest flexural strength and fracture toughness. Without GMA, SiO, can significantly
increase the fracture toughness and flexural strength of PMMA bone cement. This study
has also found that the fracture toughness of bone-PMMA with micro MgO particles and
nano MgO particles interfaces were significantly higher comparing to the result of the
bone-PMMA interface. For Titanium (Ti) implant, in vitro static test has been performed
on implant-cement interface with fiber coated to evaluate the effect of fiber architecture
on the fracture strength of Ti-cement interfaces. It has been manifested that either heating
up Titanium before coating PCL-acetone fiber or directly coating PCL-PMMA-acetone
fiber on the Titanium surface can greatly gain larger fracture strength than cement-Ti
without fiber. Additionally, static/fatigue test gripper for the fracture test of implant-
cement interface have been designed and analyzed by experiment and ANSYS. It has
been manifested that due to the elastic property of the plastic, plastic cement holder can
only be used for static test not for fatigue test. Multiple fatigue test gripper have been
designed and tried in experiment, which can be used for future fatigue experiments of any
bi-material samples.
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CHAPTER 1

INTRODUCTION

1.1 Summary

The cemented hip prosthesis is one of the most frequent operations in the
orthopedic fields. Titanium (Ti) implant is the most widely used material for hip
replacement. Poly methyl methacrylate (PMMA) bone cements are widely used to fix
artificial joints for filling the free space between bone and prostheses. The big challenges
of orthopedic research are the implant loosening or the breakage at the implantation sites
and improve the bonding between the interface materials [1]. The mechanical failure of
the stem-cement interfaces has been proposed as one of the most possible causes leading
to the eventual clinical loosening of cemented hip replacement. The goal is to develop an
optimal implant-cement interface by surface modification on Ti implant surface and
cement mantle surface. The tensile tests on bioactive particles and alternative monomer
added cement were conducted to see whether the particles or the monomer would
improve the mechanical properties of cement mantel. The static as well as fatigue tests
for implant-cement interfaces have been conducted to see whether the micron fibers

would improve the bonding strength of implant and cement interface.

1.2 Titanium implant

Metal alloys exhibit attractive properties such as biocompatibility, mechanical
strength, corrosion resistance, safety and ductility. Titanium (Ti) is used as a dental metal
for excellent biocompatibility [2]. The dissolution of Ti into body is very trivial because
Ti metal surface can spontaneously form a stable and inert layer of titanium dioxide
(Ti,0), which will prevent Ti metal from reacting with body fluid [3]. Ti has its excellent
biocompatibility (high corrosion resistance, low ion-formation tendency, low level of
electronic conductivity, etc.) mostly owing to this oxide layer. Comparing to commercial



pure Ti, Ti alloys such as Ti-6Al-4V exhibit solid solution hardening and have lower
fusion temperatures and better ductility [4]. Among the various Ti alloys, Ti-6Al-4V,
which was used in this study, is the most widely used as implant because of its better
physical and mechanical properties in comparison to pure Ti. Figure 1.1 shows the

material specification of Ti-6Al-4V used in this study.

1.3 Bone cement

Bone cement is used in various orthopedic surgeries. Among the many potential
bone cement materials, polymethylmethacrylate (PMMA) bone cement has been
successfully used in orthopedic surgeries mostly because of its strong mechanical
bonding with implant. PMMA bone cements are provided as two-component materials, a
powder (PMMA beads) and a liquid (MMA monomer). These two components are mixed
at 2:1 ratio and polymerization occurs. The current most commercially available PMMA
bone cements are Cobalt (Biomet, Inc.), Simplex (Stryker, Inc.), and Palacos (Heraeus
Company). However, several drawbacks associated with PMMA bone cement limit its
efficacy. For example, PMMA cement adheres inadequately to the bone surfaces (no
bioactivity) [5], has a high exothermic reaction temperature [6] and exhibits monomer
toxicity [7]. Particularly, enough bonding strength of cement with the implant and bone is
required for the design of optimal bone cement. Whereas, increasing the bonding strength
of implant-cement interfaces is imperative. It may be accomplished by increasing the
surface interlock of implant-cement or bone-cement interfaces through enlarging the
surface roughness of the cement mantle or the implant surface. The typical bone cement
used in this study was Cobalt HV PMMA bone cement (Figure 1.2). One of the
objectives of this study is to improve the mechanical biological and thermal properties of
Cobalt HV PMMA bone cement.



1.4 Implant fixation technigue

The hip is an important multifunctional joint in the human musculoskeletal
system. Since the hip is subject to position change, bending, and extreme force, much
wear is imposed on the joint. For these reasons, along with age, health, and weight, a hip
replacement is sometimes required through a total hip replacement (THR) surgery. The
most common practice in THR is the use of titanium implants secured in the patients’
femur using cement to press between femoral stem and bone for providing the stability to
the implant, which is called cemented fixation (Figure 1.3). Cemented fixation is more
common for osteoporotic bone, where the bone cement is used to hold the implant in
place [8]. For healthy bone, bone can grow into the surface of the implant by
osseointegration. Cementless fixation is more expensive and has less long-term stability
when compared to cemented fixation. Furthermore, bone cuts require a perfect match
with the component for cementless fixation [9]. The purpose of the thesis is to improve

the union of both implant-cement and bone-cement interface for cemented implant.

1.5 Implant fixation problem

Although cemented fixation provides more long-term stability, the clinical
loosening of cemented replacement has been reported. In USA, there are approximately
600,000 cases of poor union and 100,000 cases of nonunion of implant with surrounding
tissue each year [10]. Many manufacturers have recalled their hip implants (including
Johnson & Johnson, DePuy, and Zimmer Durom) [11]. A patient’s age, sex, weight,
diagnosis, activity level, surgery condition and implant choice influence the longevity of
the device. The primary cause of failure of cemented joint replacements is aseptic
loosening of the components, which may arise from mechanical failure of the cement
mantle surrounding the implant [12]. It has been pointed out that the debonding of stem-
cement interface enables gapping and sliding between the stem and cement [13, 14].

Revision surgeries are required for implant failures that are costly and painful.



1.6 Surface modification of implant-cement interface

A wide variety of surface modifications techniques have been developed with the
aim to solve implant fixation problem. The current main surface modification techniques
are mostly relative to increasing surface roughness or surface energy. The augmentation
of the surface roughness or surface energy allows for developing mechanical interlock of
implant and bone cement interface, which can improve the bonding characteristics of
implant-cement interface [15]. Hosein et.al [16] pointed out that circumferential-grooved
stems offered improved stability under compression relative to the smooth stems. It has
been revealed that porous coating of femoral stems dramatically improved push-out
strengths and fatigue properties of the stem-cement interface through increasing surface
roughness [17]. Additionally, various implant coatings, including titanium-dioxide with
integrated copper ions (TiO,Cu), plasma polymerized allylamine (PPAAmM), calcium
phosphate (CaP) and titanium nitride (TiN) have been investigated regarding the
adhesion strength and wear resistance [18]. Apart from the implant surface modification,
elastic modulus as well as the mechanical properties of the cement mantel could play an
important role in the bonding of implant-cement interface. Several research groups found
improvement of PMMA bone cements surface roughness properties by incorporating
different kinds of nanoparticle additives to PMMA cement [19-23]. Gabureck et al. [24]
proposed the modified PMMA cement by adding 5-20% 3-methacryloxypropyl-
trimethoxysilane to PMMA monomer as a coupling agent to achieve more hydrolysis

resistant covalent bonding of implant-cement interface.

There are two approaches of surface modification of implant-cement interface in
this study. One approach is surface modification by adding micron/nano particles or
monomer into the cement for the purpose of the increment of surface roughness or the
elastic property of bone cement. The other approach is surface modification of implant by

coating fibers on Ti implant in order to increase the surface roughness of Ti implant



surface, which may increase the mechanical interlock and ensure long lasting bond

between implant and cement interface [25].

1.7 Measurement approaches for evaluation fixation quality

To evaluate the impact of the surface modification on cement mantle using
bioactive particles and an alternative monomer, the mechanical performance (flexural
strength and fracture toughness) of modified cement were measured. In this study, the
flexural strength and fracture toughness of various composite bone cements were
compared. Three Point Bending (3PB) tests using Evex Tensile stage were performed at
room temperature on bene specimen and Single Edge Notch Tensile (SENB) specimen to
test the flexural stress-strain properties of the composite bone cements with various
particles or monomer. The main reason of using 3PB test is the ease of specimen
preparation and testing. The flexural strength and fracture toughness of the cement
mantle were calculated based on the test result so as to determine the suitable additives

for optimal fracture performance of the bone cement.

Subsequently the fracture toughness of bone-cement interface, bone-micron
additive-cement interface and bone-nanosize additive-cement interface were compared to
determine whether the micron or nanosize additive has any effect on the bonding strength
of the bone-cement union. Fracture toughness is a quantitative way of expressing a
material’s resistance to fracture, which is related to the material elastic (Young’s modulus,
Poisson ratio) and the maximum load taking the material to break. Tension tests were
conducted on the flat dumbbell-shaped at room temperature using Evex Tensile stage to
find the Young’s modulus, Poisson’s ratio of bone cement with and without micron or
nanosize additive. Tension test were conducted on wet biomaterial samples of bone-
cement interface, bone-micron additive-cement interface and bone-nanosize additive-
cement interface to find out the critical load that breaks the interface. Such study would

show the effect of additive particle size on the fracture toughness.



Besides, micron fibers were coated on the implant surface by electrospinning for
the purpose of increasing the fracture strength and fatigue life of Ti-implant interface.
Fracture strength is the stress when a specimen failed. Fatigue life defines the number of
stress cycles of a specified character that a specimen sustains before failure of a specified
nature occurs. Test Resources 800LE4 universal testing machine (UTM) was used to
conduct the static and fatigue compressing/pulling test. Firstly, multiple static and fatigue
test gripper of implant-cement interface were analyzed through finite element analysis
(FEA) in ANSYS to explore a suitable test gripper. The suitable test gripper was used to
conduct the experimental static test to determine the fracture strength of implant-cement
interface with or without fibers. The effect of fiber architecture on the fracture
performance of implant-cement interface under static loads was evaluated to develop a
suitable implant surface texture. Furthermore, a couple of experimental cyclical test
gripper were designed and tested to develop an effective fatigue test fixture for future

interface fracture test.

1.8 Hypothesis

The hypothesis of the study is that either adding the micron bioactive particles or
monomer into the cement mantle or coating the micron fibers onto the implant surface
can increase the mechanical interlock of the implant-cement interface. The independent
or combined treatment of the above technique can enhance the bonding strength of

implant-cement interfaces and eventually solve the implant loosening problem.

1.9 Research questions

This thesis addressed the following questions: (1) is there any significant
difference in the mechanical performances between a PMMA and an additive
incorporated PMMA cement that contains GMA as alternative monomer? (2) Is there any

significant difference in the mechanical performances between a PMMA and additive
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incorporated PMMA cement that do not contain GMA as alternative monomer? (3) Do
MgO particles have any influence on the bonding strength between bone and cement? (4)
Is there any difference in the mechanical performances of Ti-cement union between 0.22
inch thick cement and 0.11 inch thick cement? (5) Is there any difference in the
mechanical performances of Ti-cement union between using plastic cement holder and
using aluminum cement holder? (6) Is there any significant differences in the fracture
strength of Ti-cement with one round, two rounds and five rounds of PCL fiber under
static load; (7) Is there any significant differences in the fracture strength of Ti-cement
with PCL fiber and PCL-PMMA fiber under static load; (8) Is there any significant
differences in the fracture strength of Ti-fiber-cement with and without heating up Ti
before fiber under static load; (9) Is there any suitable fatigue test fixture which can
conduct the fatigue test on Ti -cement union?

1.10 Motivation and goals

The motivation of this thesis is to explore a sufficient solution for the mechanical
failure of the cemented joint. The goal of this study is to determine the most suitable
additives and alternative monomer that can enhance the mechanical performances of
PMMA bone cement and to develop fiber coating technique that can enhance the

mechanical performance of Ti-cement interface.

1.11 Objectives

This thesis has five objectives: (1) to evaluate whether the micron particles such
as MgO, hydroxyapatite (HAp), chitin (CT), chitosan (CS), Barium sulfate (BaSO,) and
Silica (SiO,) or alternative monomer such as glycidyl methacrylate (GMA) enhance the
mechanical performance of PMMA bone cement; (2) to evaluate whether the micron and
nanosize MgO enhance the bonding strength between PMMA bone cement and bone; (3)
to develop and validate the static/fatigue experimental cement holder by finite element

analysis; (4) to evaluate whether the fiber architecture (topography, stiffness and
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thickness) improve the in vitro fracture strength of conventional Ti implant; (5) to

develop and validate the fatigue test gripper by fatigue experiments.

1.12 Organization of the thesis

The outline of this thesis is simplified in Figure 1.4. There were six chapters.
Chapter 1 is the introduction. Chapters 2 to 6 are corresponding to objective 1 to 5,
respectively. In Chapter 2, a comparative study of PMMA bone cement with various bio-
particles such as MgO, hydroxyapatite (HAp), chitin (CT), chitosan (CS), Barium sulfate
(BaSO,4) and Silica (SiO,;) and alternative functional monomers such as glycidyl
methacrylate (GMA) on the mechanical properties was conducted. In chapter 3, MgO
was used to quantify the elastic properties of PMMA, PMMA with micro MgO particles
and PMMA with nano MgO particles cements. In chapter 4, experimental static test of
Ti-cement interface was conducted and finite element analysis was performed based on
the experiment test result to evaluate the effect of the cement holder on the static/fatigue
test of Ti-cement interface. In chapter 5, the fracture toughness of bone-PMMA, bone-
PMMA with micro MgO particles and bone-PMMA with nano MgO particles interfaces
was determined. In chapter 6, multiple fatigue test grippers have been designed and

validated to explore a suitable gripper for fatigue test of Ti-cement interface.



1.13 Figures
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CHAPTER 2

BIOACTIVE ADDITIVES AND FUNCTIONAL MONOMERS EFFECT ON PMMA
BONE CEMENT: MECHANICAL PROPERTIES[26]

2.1 Summary

The most common bone cement material used clinically today for orthopedic
surgeries is poly methyl methacrylate (PMMA). In general, poly Methyl MethAcrylate
(PMMA) beads are added to MMA monomer with bead and monomer ratio of 2:1 to
prepare the PMMA bone cement. Conventional PMMA bone cement has several
mechanical and biological disadvantages. To overcome these disadvantages, researchers
investigated several bioactive additives to PMMA bone cement, such as MgO,
Hydroxyapatite (HAp), Chitosan (CS). Additionally, functional monomer, such as
glycidyl methacrylate (GMA) was used in addition or substitution to MMA to enhance
the properties of PMMA bone cement. A comparative study is required to evaluate the
effect that different bio-additives and monomers have on the mechanical and biological
performances of PMMA bone cement. The goal of this study is to determine the most
suitable additives and alternative monomer for PMMA bone cement that can enhance the
mechanical and biological performances of PMMA bone cement. Cobalt™ HV bone
cement (referred as CBC), a commercial orthopedic bone cement, was used in this study
as PMMA bone cement. MgO, hydroxyapatite (HAp), chitin (CT), chitosan (CS), Barium
sulfate (BaSO,) and Silica (SiO,) were mixed with PMMA beads to prepare CBC-MgO,
CBC-HAp, CBC-CT, CBC-CS, CBC-BaSO, and CBC-SiO, specimens. Additives
included CBC were referred as composite specimen. CBC and composite specimens were
further grouped according to the application of GMA as replacement of MMA monomer.
Two groups of CBC and composite specimen were prepared. In the first group, CBC and
composite specimens were prepared using MMA monomer only, referred as without
GMA specimen. In the second group, CBC and composite specimens were prepared
using GMA and MMA monomers, referred as with GMA specimen. There are three

general research questions: (1) is there a significant difference in the mechanical
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performances between CBC (control) and different composite specimens that contain
GMA? (2) Is there a significant difference in the in the mechanical performances between
CBC (control) and different composite specimens that do not contain GMA? And (3) is
there a significant difference in the mechanical performances between specimens mixed
with and without GMA? Elastic and fracture properties of different CBC and composite
cements were calculated from three point bend experiments. This study found that
flexural strength and fracture toughness of the CBC specimens that contain GMA is
significantly greater than the flexural strengths of all other specimens that contain GMA.
In contrast, flexural strength and fracture toughness of the CBC-SiO, specimens that do
not contain GMA is significantly greater than the flexural strengths of all other specimens
that contain GMA.

2.2 Background and specification

2.2.1 Introduction

Bone cement is used in various orthopedic surgeries. For example, during total
hip replacement surgery bone cement is pressed between femoral stem and bone for
providing the stability to the implant. The most common bone cement material used
clinically today is poly(methyl methacrylate), or PMMA. PMMA cement is associated
with several drawbacks that limit its efficacy (such as strong exothermic reactions, weak
radiopacity and poor mechanical strength compare to host bone). The most challenging
issue associated with commercially available PMMA bone cements such as Cobalt
(Biomet, Inc.), Simplex (Stryker, Inc.), Palacos (Heraeus company) for the application of
total joint replacement is their poor osseointegration (incorporation of the cement with
surrounding bone tissues) [27]. Problems about infection and loosening of the bone
cements at the bone-cement interface have been reported in literature [19]. One way to
reduce loosening would be to increase mechanical interlock between bone and cement

[15, 28]. This can be done by enhancing the surface roughness of the PMMA cement.
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Several research groups found improvement of PMMA bone cements surface roughness
properties by incorporating different kinds of nanoparticle additives to PMMA cement
[19-23]. Ricker et al. [23] researched on the influence of nano MgO and BaSQ, particle
size additives on thermal, surface and cytocompatiblity properties of PMMA cement.
Authors reported that compared to PMMA with micro MgO and BaSO,;, PMMA with
nano MgO and BaSO, reduced harmful exothermic reactions of PMMA during
solidifications and increased radiopacity as well as increased osteoblast cell functions.
Serbetci et al. [29] study found that addition of HA into low viscosity cement
compositions caused an increase in compressive strength and compressive elastic
modulus (addition of 7.7% (w/w) and 14.3% (w/w) HA); but caused a decrease in tensile
strength. Tunney et al. [30] research found that incorporating chitosan into gentamicin-
loaded Palacos® R bone cement for use in revision surgery has no clinical antimicrobial
benefit and the detrimental effect on mechanical properties could adversely affect the
longevity of the prosthetic joint. Hong et al. [31] study found improved glass transition
temperature, surface hardness, flexural strength as well as impact strength of the silica-
nanoparticle reinforced PMMA compared to PMMA alone. According to author’s
knowledge, there is no study conducted on evaluating the mechanical and biological
functions of PMMA bone cement impregnated with chitin.

In general, PMMA beads were added to MMA monomer in a solid: liquid ratio of
2: 1 to prepare PMMA bone cement. Functional monomer in addition or substitution to
MMA is required for the appropriate preparation of additive incorporated PMMA bone
cement. Glycidyl methacrylate (GMA) has been investigated as a monomer for wide
variety of additives incorporated bone cements [32-35] .

A comparative study is required to determine the effect that different bio-additives
and functional monomers on the mechanical and biological properties of PMMA bone
cement. The suitability of inclusion of the bioactive additives and functional monomers
to overcome problems of conventional PMMA bone cement for the orthopedic
applications requires complete understanding of the influence of the additives and

monomers on the mechanical and biological properties compared to conventional PMMA
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cements. Also such studies are required for the design of novel PMMA based composite
bone cement.

ASTM 399 standard three point bend (3PB) flexural and fracture tests were
conducted on each specimen. Flexural strength and bending modulus of each specimen
will be calculated from 3PB flexural test. Fracture toughness and work of fracture of each

specimen will be calculated from 3PB notched specimen.

2.2.2 Research questions

This study was conducted based on three research questions: (1) Is there a
significant difference in the mechanical performances between CBC (control) and
different composite specimens that contain GMA? (2) Is there a significant difference in
the mechanical performances between CBC (control) and different composite specimens
that do not contain GMA? And (3) is there a significant difference in the mechanical

performances between specimens mixed with and without GMA?

2.2.3 Scope of work

The scope of work for this study was: (1) to determine the Flexural strength, o, of
CBC-MgO, CBC-HAp, CBC-CT, CBC-CS, CBC-BaSO, and CBC-SiO,, (2) to
determine the fracture toughness, K,c, of CBC-MgO, CBC-HAp, CBC-CT, CBC-CS,
CBC-BaSO, and CBC-SiO,, (3) to determine the Flexural strength, o, of CBC-GMA-
MgO, CBC-GMA-HAp, CBC-GMA-CT, CBC-GMA-CS, CBC-GMA-BaSO, and CBC-
GMA-SIO,, (4) to determine the fracture toughness, K,c, of CBC-GMA-MgO, CBC-
GMA-HAp, CBC-GMA-CT, CBC-GMA-CS, CBC-GMA-BaS0O, and CBC- GMA-SIO,,
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2.3 Material and method

2.3.1 Sample Preparation

Cobalt™ HV bone cement (CBC), a commercial orthopedic bone cement, was
used in this research as PMMA bone cement. MgO, hydroxyapatite (HAp), chitin (CT),
chitosan (CS), and Barium sulfate (BaSQO,) additives were used as the additives for the
PMMA bone cements. Particulate size of additives used in this research is shown in
Table 2.1.

Two groups of composite bone cements were prepared to find the effects of
additives and GMA monomers on the mechanical and cytocompatibility properties of
CBC. In the first group of composite cements, composite bone cements were prepared
using MMA only i.e. without GMA. In the second group of composite bone cements
were prepared with 90% MMA and 10% GMA. Group 1 specimen referred as CBC-MgO,
CBC-HAp, CBC-CT, CBC-CS, CBC-BaS0O,4 and CBC-SiO; specimens. Group 2 includes
CBC-GMA-MgO, CBC-GMA-HAp, CBC-GMA-CT, CBC-GMA-CS, CBC-GMA-
BaSO, and CBC- GMA-SIO, specimens.

According the Biomet, Inc. recommendation, 10 grams of poly Methyl
MethAcrylate (PMMA) beads was as added to 5 ml of MMA monomer to prepare the
CBC specimen. Selected 10 % (w/w) of the nanoparticulate additives were mixed with
PMMA beads and then the mixer was added into the MMA and MMA-GMA monomers
maintaining the same solid:liquid ratio of 2:1 for the preparation of group 1 and 2
samples, respectively. A mold was designed (using ProE solid modeling software, Figure
2.1(a)) and fabricated (using dimension elite 3D printer, Figure 2.1(b)) to cure the bone
cement block of dimension 20x8x10 mm. The mold was made of tough ABS plastic.
Glass slides were glued at the interior boundaries of the mold to avoid contact of PMMA
with ABS plastic during curing. Sets of weights were placed at the top of the mold to
provide total 60 kPa pressure (clinically achievable range[36]) to the bone cements

samples during the curing process. The pressure was initiated at exactly three minutes
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after the onset of mixing and was sustained throughout the curing period[37]. To prepare
samples for flexural and fracture tests, (20x4x2) mm blocks were cut from a (20x8x10)
mm block using Buehler isomet low speed cutter. To prepare the SENB test samples, a
center notch was cut at the middle of the (20x4x2) mm cement samples using the Buehler

isomet low speed cutter. A (4x.012x1/2) in. wafer blade was used for cutting the samples.

2.3.2 Experiments and analysis

Three-point bend (3PB) tests were conducted on bend and SENB specimens at
room temperature using Evex SEM tensile tester (300 N load cell) as shown in Figure 2.2.
The specimens were mounted on the 3PB holder in the test stage. All specimens were
loaded with a loading rate equal to 3um/s. The load and displacement were continuously
recorded until the failure of the specimens using Evex nano-analysis software.

During the SENB test, an optimal microscope (Nikon SMZ 1000
stereomicroscope with DS-Fi-1 camera and U2 controller) was used to align the notch
center of the specimen and the center of indenter round edge. Figure 2.3 shows alignment
of the SENB specimen notch center with the center of the 3PB indenter on the Evex test
stage. Nikon NIS BR visualization software was used for the alignment.

2.3.3 Data analysis

Several mechanical performance parameters were derived from the 3PB flexural
and fracture tests on various bone cement bend specimens. From 3PB flexural test load
and displacement data, stress and strain was calculated using c=3PS/2BW? and 6dW/S?
equations, respectively, where P is the incremental load, d is the incremental deflection, S
is the standard loading span for the 3PB specimen, B is the thickness, and W is the width
of the specimen. Flexural strength, o, was calculated using [38]: Gi=3PmaxS/2BW? where

Pmax IS the ultimate load (force at failure). The value of bending modulus, E for a three-

16



point bend specimen was measured from the slope of the stress-strain curve at the elastic
region. From SENB test, the maximum load, Pnax, at the onset of crack extension from
the notch tip was recorded from load-displacement data. Pnax Was used to calculate the
mode | fracture toughness, Kic using relationship [39] : Kic=PmaxS/(@)/BW?, where a is
the normalized initial crack length (a=a/W) and f(a) is a dimensionless geometric

function. The following equation can be used to calculate f(a) [39]:

3(a)"’[1.99 - (a)(1-a) x (2.15-3.93a + 2.7(a)?)]

fa)= 2(1+ 2(a))(1—-a)*"

(2.1)

2.3.4 Statistical Analysis

A two-factor (additive and GMA) analysis of variance (ANOVA) with
subsampling was performed in SAS version 9.1. No of cells on the substrate of interest
were also analyzed statistically using ANOVA techniques. For all statistical analysis,

statistical significance was considered as P<0.5.

2.4 Results and Discussion

Figure 2.4 shows the typical stress-strain plot of bone cement samples found from
the bend experiment. The stress-strain characteristics of all bone cement specimens

exhibited a long elastic and inelastic region before catastrophic failure.

Table 2.2 shows the mean flexural strengths of various composite cements (MgO,
hydroxyapatite, chitin, chitosan, BaSO, and SiO, incorporated CBC samples) with
respect to the mean flexural strength of CBC. Figure 2.5 shows the line diagram of the
effect of inclusion of GMA with MgO, hydroxyapatite, chitin, chitosan, BaSO, and SiO,
incorporated CBC samples on flexural strength of those samples. In case of specimens
with GMA, results show that (1) the mean flexural strength of the CBC specimens is
significantly greater than the mean flexural strengths of all other specimens, (2) the mean
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flexural strength of the SiO, specimens is significantly greater than the mean flexural
strengths of the chitin and HA specimens, and (3) The mean flexural strengths of the
chitosan and MgO specimens are significantly greater than the mean flexural strength of
the chitin specimens. Rest of sample does not have significant differences. In case of
specimens without GMA, results show that (1) the mean flexural strength of the SiO,
specimens is significantly greater than the mean flexural strengths of all other specimens,
(2) the mean flexural strength of the BaSO, specimens is significantly greater than the
mean flexural strengths of the chitin and MgO specimens and (3) the mean flexural
strength of the chitin specimens is significantly greater than the mean flexural strength of

the MgO specimens. Rest of sample does not have significant differences.

Figure 2.6 compares the bending modulus of various composite cements (MgO,
hydroxyapatite, chitin, chitosan, BaSO, and SiO, incorporated CBC samples) with
respect to the bending modulus of CBC. Statistical analysis found that the influence of
additive and GMA on the bending modulus of different samples is not significant
(p=0.1108).

Figure 2.7 shows the typical load-displacement plot of a bone cement sample
found from a SENB experiment. The load-displacement response of all specimens is
characterized as initially elastic response, followed by a short inelastic region and then
stable descending response.

Figure 2.8 compares the fracture toughness of various composite cements with
respect to the fracture toughness of CBC. Also Figure 2.9 shows the effect of inclusion of
GMA with MgO, hydroxyapatite, chitin, chitosan, BaSO, and SiO, incorporated CBC
samples on fracture toughness of those samples. Results show that incorporation of
additives with CBC influences the fracture toughness of the CBC. Furthermore, result
shows that fracture toughness of GMA incorporated CBC samples were higher than the

fracture toughness of CBC samples without GMA.
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Table 2.3 shows the variation of the WOF of various composite cements with
respect to the WOF of CBC for specimens with and without GMA.. Figure 2.9 shows the
line diagram of the effect of inclusion of GMA with different additives incorporated CBC
samples on the WOF of those samples. In case of specimens with GMA, results show that
the mean WOF of the CBC specimens is significantly greater than the mean flexural
strengths of all other specimens. In case of specimens without GMA, results show that
the mean WOF of the chitosan impregnated CBC specimens is significantly greater than
the mean WOF of all other specimens.

2.5 Conclusion

This study found that flexural strength and fracture toughness of the CBC
specimens that contain GMA is significantly greater than the flexural strengths of all
other specimens that contain GMA. In contrast, flexural strength and fracture toughness
of the CBC-SiO; specimens that do not contain GMA is significantly greater than the
flexural strengths of all other specimens that do not contain GMA. Results also show that
the influence of additive and GMA on the bending modulus of different samples is not
significant (p=0.1108). The mean work of fracture of the chitosan impregnated CBC

specimens is significantly greater than the mean WOF of all other specimens.
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2.6 Figures
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Figure 2.1 (a) 3D solid model and (b) fabricated mold using 3D printer used for the
preparation of bone cement specimens

Figure 2.2 Experimental setup used for bone-cement interface study
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Figure 2.3 Alignment of SENB specimen on Evex tensile test stage
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Figure 2.4 Stress-strain plot of composite bone cement made with hydroxyapatite and
glycidyl methacrylate
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Figure 2.5 Line diagram of the variation of flexural strength of various bone cement
samples due to the variation of additives and GMA
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Figure 2.6 Variation of bending modulus of various bone cement samples due to the
variation of additives and GMA
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Figure 2.7 Load-displacement plot of composite bone cement made with hydroxyapatite
and glycidyl methacrylate
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Figure 2.8 Variation of fracture toughness of various bone cement samples due to the
variation of additives and GMA.. Each additive incorporated CBC samples was grouped
in two categories: samples without GMA and samples with GMA
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GMA: BaSO, MgO Chitin Si02 CBC HA Chitosan
177.87 260.80 273.71 356.86 373.76 420.62 463.03
a ab abc bcd cde de e
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Figure 2.9 Line diagram of the variation of WOF of various bone cement samples due to
the variation of additives and GMA



2.7 Tables

Table 2.1 Particulate size of PMMA additives

Bone cement additives Average particulate size
MgO 36 um
Hydroxyapatite less than 200 nm
Chitin N/A (fibrous)
Chitosan less than 50 um
BaSO, 0.85 pm ~1.05 um
SiO, less than 12 nm

Table 2.2 Variation of flexural strength of bone cements due to the variation of additives
and alternative monomer

Additives With GMA Without GMA | p-value
CBC 86.70 63.74 <0.0001
CBC-MgO 64.63 60.52 0.3824
CBC-HA 55.09 65.93 0.0255
CBC-Chitin 51.89 47.27 0.2889
CBC-Chitosan 61.62 63.06 0.7726
CBC-BaSO, 58.73 69.60 0.0251
CBC-Si02 66.69 82.56 0.0030

p-value <0.0001 <0.0001
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Table 2.3 Variation of work of fracture of different kinds of CBC and composite cement

specimens

Additive With GMA Without GMA | p-value

CBC 687.18 d 373.76 cde <0.0001
CBC-MgO 186.79 ab 260.80 ab 0.1416
CBC-HA 262.32 b 420.62 de 0.0031
CBC-Chitin 454.78 ¢ 273.71 abc 0.0009
CBC-Chitosan 279.85 b 463.03 e 0.0008
CBC-BasO, 238.62 b 177.87 a 0.2247
CBC-SiO2 138.71 a 356.86 bcd <0.0001

p-value <0.0001 <0.0001
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CHAPTER 3

MICRO AND NANO MGO PARTICLES FOR THE IMPROVEMENT OF
FRACTURE TOUGHNESS OF BONE-CEMENT INTERFACES[40]

3.1 Summary

The objective of this study was to determine whether inclusion of magnesium
oxide (MgO) in micro and nanoparticulate forms in poly Methyl MethAcrylate (PMMA)
cement has any influence on the fracture toughness of bone-cement interfaces. An
interfacial fracture mechanics technique was used to compare the values of fracture
toughness (K,c) among bone-PMMA, bone-PMMA with micro MgO particles and bone-
PMMA with nano MgO particles interfaces. This study found that the values of K¢ of
bone-PMMA with micro MgO particles and bone-PMMA with nano MgO particles
interfaces were significantly higher when compared to the values of K,c of the bone-
PMMA interface (p<0.0001). The results indicated that the addition of the micro and

nano MgO particles to PMMA improves the quality of bone-cement union.

3.2 Background and specification

3.2.1 Introduction

The fracture mechanics at the bone-cement interface is a critical issue for the
cemented implant fixation. Several research groups reported improvement of PMMA
cement strength, osteoblast cell growth, and surface roughness properties by
incorporating additives such as MgO, hydroxyapatite, chitosan to PMMA[19, 20, 22].
The effects of these additives to PMMA on the mechanical strength of bone-PMMA
interfaces are unknown. Our study found that MgO is one of the most suitable additives
to PMMA, since osteoblast cell adhesion to the MgO included PMMA specimens is
significantly higher than the cell adhesion to PMMA cement only specimens (P<0.001)
and no significant change of mechanical strength was observed due to the addition of
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MgO to PMMA [26]. Ricker et al. [23] demonstrated that compared to micro particles,
PMMA with nanoparticles of MgO reduced harmful exothermic reactions of PMMA
during solidification and increased radiopacity. The suitability of incorporating micro and
nanoparticles of MgO additives to PMMA for orthopedic applications necessitates

estimating the K¢ of the respective bone-cement interfaces.

3.2.2 Research questions

This study was conducted based on two research questions: (1) Do micron MgO
particles have any influence on the bonding strength between bone and cement? (2) Do
nano size MgO particles have any influence on the bonding strength between bone and

cement?

3.2.3 Scope of work

The scope of work for this study was: (1) to quantify elastic properties (Young’s
modulus and Poisson’s ratio) of PMMA, PMMA with micro MgO particles and PMMA
with nano MgO particles cements, (2) to determine the fracture toughness, K,c, of bone-
PMMA, bone-PMMA with micro MgO particles and bone-PMMA with nano MgO
particles interfaces. Several researchers investigated the nominal strength of bone-PMMA
interfaces where no defects were introduced in the test specimen [41, 42]. This study used
a fracture mechanics technique developed by Wang and Agrawal [43], since it iS more
fundamental and meaningful estimation of interface fracture toughness of bone-cement
than nominal strength measurement technique used by the previous authors. Cortical
bone was used in place of trabecular bone [37] in the test specimen to reduce variability

of test results due to bone porosity.
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3.3 Material and method

3.3.1 Sample Preparation

Cobalt™ HV bone cement (CBC) (Biomet Inc., Warsaw, IN) was used as the
PMMA cement. Micron MgO (Sial) and nanometer MgO (Aldrich) particles were
purchased from Sigma-Aldrich. Their size distributions were characterized by Microtrac
Inc. (Montgomeryville, PA) Nanotrac S3500 and Ultra instruments, respectively.
According to manufacturer recommendations, CBC specimens were prepared by hand
mixing 2.2 grams of PMMA powder with 1.1 ml of methyl methacrylate (MMA)
monomer using powder: monomer ratio of 2:1. Ten wt% (0.22 gram) of micro and nano
MgO particles were mixed with 1.98 grams of PMMA beads to prepare PMMA with
micro MgO particles (mCBC) and PMMA with nano MgO particles (hCBC) cements,
respectively. The mixers were added with 1.1 ml of MMA monomers maintaining the
same powder: monomer ratio of 2:1 for the preparation of mCBC and nCBC samples. All
samples were cured in a custom made mold (Figure 3.1) under 60 KPa pressure
(clinically applied pressure during orthopedic surgeries [36]) to a block of size (22x12x4)
mm. Each block was milled to a flat dumbbell-shaped specimen (Figure 3.2(a)) according
to ASTM EB855-90 standards [44]. This standard is suitable for the tensile test of a small
size biological sample [45]. Specially, the length to width ratio at the gage section of the
specimen is suitable for the tensile stage (accommodate maximum 24 mm long sample)

and the microscope used in this study.

To prepare the bimaterial specimen (Figure 3.2(b)), a fresh bovine femur of
unknown age and post mortem period was used. Cortical bone coupon was extracted
from the mid-diaphysis of the femur. The coupon was milled to bars of size (22x12x2)
mm using a constant cutting speed (1000 rev/min) and feed rate (50 mm/min) to ensure
consistent bone surface roughness. The longitudinal axis of the bars was parallel to the
longitudinal axis of the bone. The cement was packed and pressurized (60 KPa) on the
one bar in the mold (Figure 3.1), which was a fabricated mold used for the preparation of
cement and bone-cement specimens. The base plate contains (22x12x25) mm curing
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chamber, which has front, back and top openings. Two ABS plastic blocks were used to
cover the front and back sides of the chamber. A custom made clamp was used to restrict
the side blocks movement. The top plate can slide freely to the curing chambers using 4
round rods. The top plate has (22x12x23) mm extruded block at the center that can close
the top side of the curing chamber and apply pressure during curing. A set of weights
were placed at the top plate to provide 60 KPa pressure[36]. Variable thickness of cement
blocks (22x12x2~10 mm) were successfully cured using the mold. The mold was
covered (12x6) mm at one of the side edges by a thin plastic sheet. The plastic sheet was
accessed through the side blocks in the mold. The plastic sheet was pulled manually after
curing. Bone-cement samples were carefully glued with two ABS plastic holders (made
using Dimension 3D printer) by cyanoacrylate adhesive. The bone bars were maintained

wet in saline during sample preparation.

3.3.2 Experiments and analysis

Tension tests were conducted on the flat dumbbell-shaped and wet bimaterial
samples at room temperature and loading rate 0.01 mm/sec using Evex tensile stage
(Evex Analytical Instruments Inc. , Princeton, NJ) as shown in Figure 3.2(a). Tension
test on a flat dumbbell-shaped cement specimen was to measure the Young’s modulus
and Poisson’s ratio of the cement specimen. Evex tensile stage, displacement variable
reluctant transducer, and Nikon stereo microscope was used to record load, longitudinal
displacement and transverse displacement during the experiment. Figure 3.2(b) is the
schematic diagram and dimension of the flat dumbbell-shape specimen. The depth of the
specimen is 4 mm. Figure 3.2(c) is the schematic diagram and dimension of the single
edge sandwiched bone-cement specimen. The depth of the holder and specimen is 12 mm.
Figure 3.2 (d) shows tension test setup for the measurement of the interface fracture
toughness of bone-cement specimen. Young’s modulus and Poisson’s ratios, were
calculated from three flat dumbbell-shaped CBC, mCBC, and nCBC samples in this

study. Load was applied to the cement specimen below elastic limit to measure E and v
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values of cements. A displacement variable reluctant transducer (DVRT) (MicroStrain,
Inc, Williston, VT) was secured along the gauge length (8~10 mm) to measure
longitudinal displacement. A Nikon SMZ stereomicroscope (10X magnification) was
used to sequentially capture images at 10 sec intervals to measure transverse
displacement at the center of the gauge section. The load from Evex tensile stage,
longitudinal displacement from DVRT and transverse displacement were continuously
recorded using Evex nanoanalysis, National Instrument LabView 10.0 and Nikon NIS
BR softwares, respectively. The slopes of longitudinal stress-longitudinal strain curves
were used to calculate E. The transverse strain was calculated directly by dividing the
transverse displacement by the initial width of the specimen. The transverse strains were
calculated at 30 and 60 sec test times. Two values of v were calculated from the ratio of

the transverse strains and longitudinal strains for the corresponding test times.

The load and displacement were continuously recorded until the failure of the bi-
material specimens. The K¢ values of bone-cement samples were calculated according to
Wang and Agrawal [43] for a 0° loading angle. In short, K,c of bone-cement interface

were calculated using [43]:

_RA"YVra

K
Ic BW (3.)

where K¢ is the mode | fracture toughness, P is the critical load that breaks the interface,

and A is a scale factor determined using:

A= =% (3.2)

where aand g are Dundurs parameters, which estimate the elastic mismatch across the

bi-materials interface [46], given by
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where E1, E,, and vy, v are elastic moduli and Poisson’s ratios of the cement and bone,

respectively. In Eq. (3.1), v is a correction factor determined using[43]:

5.506(h/W )%’

y=¢€ (3.4)

and Y is a shape function determined using [43]:

. 0.26 + 2.651L
Y = —P (3.5)
1=p{l14+055 2 _0.08(—~ )
1-p 1-p

where p=a/W. Initial crack length, thickness and width of the specimen are given by a, B,

and W, respectively.

The data were analyzed using SAS version 9.1 (SAS Institute, Inc., Cary, NC).
The statistical analyses (1-way ANOVA) were performed on the means of the 3 groups
for the p-values calculations of experimental parameters (E, v, and K,c). The groups were
CBC, mCBC, and nCBC for E and v, whereas the groups were bone-CBC, bone-mCBC,
and bone-nCBC for Kic. The average values of E and v of cements, dimensions and
fracture forces of bone-cement specimen were used for the calculation of K,c. The values
of E and v for longitudinal bovine cortical bone were considered to be 20.4GPa [47] and
0.33 [48], respectively. For all statistical analysis, p<0.05 was considered statistical

significant.
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3.4 Results and Discussion

Figure 3.3 and Table 3.1 show the particle size distributions and parameters of the
micro and nano MgO particles, respectively. It is clear that the sizes of MgO particles are
in the ranges of micron and nanometers, respectively. Figure 3.4(a) and (b) shows the
linearity of longitudinal stress-longitudinal strain and transverse strain-longitudinal strain
curves of CBC, mCBC and nCBC specimens, respectively. Figure 3.4(c) shows the
variation of v values of all tested cement samples. Plots show the two Poisson’s ratio
measurements for each sample at 30 sec and 60 sec test times. Table 3.2 reports the E
and v of cement samples. Results of the 1-way ANOVA indicate a significant difference
for the experimental parameters (E and v). It also shows that the variation of E is opposite
to the variation of v due to the incorporation of MgO particles to CBC. Decrease of E
values and increase of v was observed due to the addition of MgO particles to CBC.
Figure 3.5 compares the load-displacement curves of various bone-cement specimens.
The load-displacement response of bone-CBC specimens is characterized as elastic
response and then sudden failure of the specimen without noticeable inelastic region. The
maximum loads for the fracture of the bone-cement specimen were recorded for the
calculation of the fracture toughness of bone-cement specimen. Table 3.3 presents
statistics for K,c of bone-cement specimens. Results show the Kic (KPa.m*?
mCBC (25.05+5.00) and bone-nCBC (27.24+5.25) interfaces are significantly higher

(p<0.0001) when compared to the K,c of the bone-CBC (9.71£2.23) interface.

) of bone-

This observed result is due to the differences in surface roughness, modulus, and
residual stress at the interfaces of bone-cement with MgO in cement compared to that
without MgO. Our separate study found that PMMA that contained micro or nano MgO
particles possessed greater interface surface roughness as compared to those without
MgO [49]. Increase of surface roughness led to a decrease of micro movement of cracks
at the interface of bone-cement, and increased the load and elongation at the fracture
(Figure 3.5). This behavior is consistent with published research [50-52], where it was

found that increased surface roughness helped strengthen the interfacial mechanical

33



properties of bone-cement or implant-cement joints. Cements with micro or nano MgO
particles exhibited lower elastic modulus (Table 3.2) and higher exothermic temperatures
while curing [23] compared to those without MgO. The lower modulus cement can
diminish local contact stresses at the bone-cement interface [53]. The residual stresses,
which are caused by the exothermic temperature difference, can influence the fracture
energies at the bone-cement interface [54]. The accumulation of stresses due to modulus
and temperature differences at the interface of bone-cement with MgO can be lower than
without MgO, resulted in higher K¢ for bone-cement with MgO than without MgO.

There is no publication on E and v of CBC or K,c of bone-CBC interface to
compare our results. However, the value of E of CBC (740.41£16.41 MPa) in this study
is in close agreement with E of PMMA (674 MPa) found by Gillani et al. [55]. The value
of K,c of bone - CBC interface in this study was lower than that of Wang and Agrawal
[43] (about 0.4 MPa.m?) between bovine cortical bone and Great Lakes Orthodontic’s
Splint dental cement (E=2.5GPa, »=0.25). This difference was reasonable since the
cement used in this study is different from the test specimen used by Wang and Agrawal.

3.5 Conclusion

This study has demonstrated that the incorporation of micro and nanoparticles of
MgO to PMMA enhanced the fracture toughness of bone-PMMA interfaces. This finding
suggests that adding MgO particles to PMMA should be further investigated with respect
to applications in total joint arthroplasty (TJA). The results of the mechanical properties
(E, v, Kc) obtained from this study can be used in the finite element modeling of TJA.
The optimal concentration of MgO particles to PMMA to enhance mechanical and

biological performances is currently under investigation.
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3.6 Figures

Top plate

Base plate

- Front cover plate
Clamp

Thin plastic sheet

Stereomicroscope
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12mm
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Figure 3.2 (a) Tension test on a flat dumbbell-shaped cement specimen to measure the
Young’s modulus and Poisson’s ratio of the cement specimen, (b) schematic diagram and
dimension of the flat dumbbell-shape specimen, (c) schematic diagram and dimension of

the single edge sandwiched bone-cement specimen, and (d) tension test setup for the
measurement of the interface fracture toughness of bone-cement specimen
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Figure 3.4 (a)Longitudinal stress vs. longitudinal strain plots of a CBC, mCBC and nCBC
specimen (b) transverse strain vs. longitudinal strain plots of a CBC, mCBC and nCBC
specimen calculated at 30 sec and 60 sec test time (c) dot plots of the Poisson’s ratios of three
CBC, mCBC and nCBC samples
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3.7 Tables

Table 3.1 Some particle-size parameters and specific surface

of the two MgO powders used

Types D (101 Median D(90)° Particle size Particle size Particle size  [Specific surface
yp (10) size,D (50) (90) volume average|number average |diameter average| area (m?cc)
Micro  |1.458 (um)[2.778 (um)| 4.92 (um) 3.04 (um) 1.481 (um) 2.417 (um) 2.483
Nano 50 (nm) [ 382 (nm) [ 614 (nm) 362 (nm) 4.07 (nm) 116.2 (nm) 51.62

®D(10) means 10% of the powder particles are smaller than this value.

®D(90) means 90% of the powder particles are smaller than this value.

Table 3.2 Experimental parameters determined for the tensile test on the flat dumbbell-

shaped cement CBC (n=3), mCBC (n=3) and nCBC (n=3) specimen

Experimental

Specimen type

Significance

parameters test
CBC mCBC nCBC
Young' |
oung's modulus, ;. /. . 1641 696,93 + 16.83| 662,02+ 19.37|  p=0.0124
E; (Mpa)

Poisson's ratio,

§ 0.183+0.002| 0.196+0.006 | 0.239+001 | p<0.0001
1

Table 3.3 Descriptive statistics of the experimental single edge sandwiched bone-cement

specimen data

. . Interface fracture
Demension of the test specimen 2
No of toughness (KPa.m~°)
Specimen type ) Pre- k
P YPelspecimen|  width, Height, |Thickness,| < a¢ St. .
length, a |average Max. [Min.
W (mm) H (mm) B (mm) dev.
(mm)
Bone-CBC 6 2148+004 | 1.77+0.16 [ 11.94+0.03 | 538+0.15 9.71 223 |12.85]6.87
Bone-mCBC 6 2165+029 | 167+0.15 [ 11.95+0.04 | 533+0.18 25.05 5.00 | 30.04 |16.18
Bone-nCBC 6 21.59+0.13 169+0.10 | 11.98+0.07 | 5.27+0.15 27.24 525 | 35.24 120.71
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CHAPTER 4

EFFECT OF SPECIMEN HOLDER ON STATIC AND FATIGUE TESTS ON
TITANIUM/CEMENT INTERFACES

4.1 Summary

A tension or compression load was applied onto the Ti rod to test the fracture
strength and fatigue life of Ti-cement interface under static and fatigue loadings,
respectively. These tests are referred as static and fatigue in this study. A customized
holder for the cement is required for the static and fatigue experiments, since the typical
wedge, pneumatic, or hydraulic gripper are not suitable for static and fatigue tests on the
fracture tests of bi-material samples. The objectives of this study are (1) to evaluate the
effect of cement thickness on the fracture strength and fatigue life on Ti-cement union by
finite element analysis; (2) to evaluate the effect of plastic cement holder and aluminum
cement holder on fracture strength and fatigue life on Ti-cement union by experiment and
finite element analysis. Ti-cement union model with 0.22 inch and 0.11 inch cement, Ti-
cement-holder union with plastic and aluminum holders were created and validated using
ANSYS in this study to develop a suitable specimen holder for static and fatigue tests.
Experimental static tests of Ti-cement with both plastic and aluminum specimen holders
were conducted as well. The result clearly showed that both plastic and aluminum holders
can be used for static test whereas aluminum holder required much larger fracture load
compared to the fracture load on plastic holder. Plastic holder is not suitable for fatigue

test, because fatigue test required a stronger and more rigid holder such as aluminum.

4.2 Introduction

4.2.1 Static and fatigue tests specimen holder

The bond of an ideal implant with surrounding tissue must maintain certain

fracture strength, or, due to static loads (e.g. body weight, carry weight) as well as fatigue

40



life, N, due to cyclic loads (e.g. walking, running) [56]. Accordingly setup for fracture
strength and fatigue life test, especially the specimen holder, was needed in this research.
To the author’s best understanding, there were no static and fatigue test gripper for bi-
material samples that can be suitable for Test Resources Machines (UTM). Finite element
analysis on customized specimen holder for static and fatigue tests were executed in this

study to validate the application of the holder for these tests.

4.2.2 Factors that affect Ti-cement interface

Cement holder material is one of the main factors to consider before the cement
holder design. The elastic properties of cement holder material may affect the fracture of
Ti-cement interface under the static tests. If the cement holder is not strong enough, the
damage will occur on the cement holder other than the Ti-cement interface. Cement
thickness is also an important factor that affects Ti-cement interface. Fisher et al. [57]
found out increasing cement mantle thickness caused substantial strain reductions in the
distal cement which may eventually increase the fatigue life of a bone-implant system. In
this study, effects of the cement holder material and cement thickness on the fracture of
Ti-cement interface were investigated to determine a suitable cement holder design for

the static and fatigue test of Ti-cement interface.

4.2.3 Motivation and Objectives

The objectives are (1) to evaluate the effect of cement thickness on the static and
fatigue tests on Ti-cement union by finite element analysis; (2) to evaluate the effect of
plastic cement holder and aluminum cement holder on static and fatigue tests on Ti-

cement union by experiment and finite element analysis.
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4.2.4 Scope of work

The scope of work for this study was: (1) to conduct static experiment test of Ti-
cement with plastic holder and aluminum holder; (2) to determine the frictional
coefficient of Ti-cement interface and cement-aluminum holder interface based on the
experiment result; (3) to determine the cement thickness by comparing the deformation of
Ti at Z axis, Von-Mises stress of cement and fatigue life of cement in models of Ti-
cement union with 0.11 inch cement and 0.22 inch cement through ANSYS; (4) to
evaluate the effect of the cement holder on the fracture of Ti-cement interface by
comparing the deformation of Ti at Z axis, Von-Mises stress of cement and fatigue life of

cement in models of Ti-cement-holder union with plastic and aluminum holder.

4.3 Material and Method

4.3.1 Static Test Experiment

Titanium (Ti) bars (6Al-4V ELI, ASTM B 348 standard, grade 23, biocompatible)
of dimension (3” length and 3/8” diameter) were purchased from Titanium Metal Supply,
Inc., Poway, CA. Cobalt™ HV bone cement (Biomet Inc., Warsaw, IN) [58] was used as
the polymethyl methacrylate (PMMA) cement. The titanium rod is encapsulated by a 3D
printed (Dimension elite 3D printer) [59] cylindrical holder or aluminum holder in order
to cure the rod to the cement without being contaminated. Figure 4.1 shows these two
holders for the production of titanium/cement sample. Static and fatigue tests were
performed under static compression load condition using Test Resources 800LE4
universal testing machine (UTM) [60] to test the breaking load of the Ti-cement
specimen under static test. During the test, Ti rod samples were fixed in the UTM. After
that, the PMMA cement was prepared and poured into the bottom holder as shown in
Figure 4.2(a). According to Biomet HV PMMA cement preparation protocol, PMMA
cement was prepared by hand mixing 1.25 grams of PMMA powder with 0.625 ml of
methyl methacrylate (MMA) monomer using powder: monomer ratio of 2:1. PMMA was
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poured on top of the different titanium samples during doughy phase in the mold. A
60Kpa weight (clinically achievable range[36]) was placed onto the top of the cement
and cured for 15 minutes (Figure 4.2(b)). After cured, the weight was taken out and run
the static test to find of of TI/PMMA samples at strain rate 0.05 mm/sec. The maximum
push-down force was determined and fracture strength was calculated by dividing the
force at the point of failure by the surface area of the implant in contact with the cement.
The surface area of the implant, A, was calculated using: A=2zrl . r refers to the
diameter of the Ti rod which is 3/8” and | is the height of the Ti implant surrounding

with the cement, which can be obtained from the height of the cement.

4.3.2 Finite Element Analysis

Finite element 3D models of a cemented Ti rod and a cemented Ti rod with a
cement holder surrounding the cement were created to study the debonding process of the
stem-cement interface according to the dimension of the experimental model. The
geometric FEA model was modeled and analyzed in ANSYS Workbench R15 [61]. The
deformation of Ti rod at Z axis, Von-Mises stress and fatigue life of Ti-cement union
with two different cement thicknesses and Ti-cement holder with two different materials
were used to find the suitable cement holder thickness and material for static and fatigue
tests. Deformation of Ti rod at Z axis was applied in the FEA model, which is the
experimental displacement of Ti rod break from the cement in the direction normal to the
Ti rod top surface. Von-Mises stress, also referred as equivalent tensile stress, is used to
check whether the design will withstand a given load condition. This is accomplished by
comparing the Von Mises stress to the material’s yield stress. Fatigue test in this
simulation was analyzed for the Ti-cement model as shown in Figure 4.2(a) under static
structural analysis. Fatigue life suggests the number of cycles of fluctuating stress and
strain that a material will sustain before failure occurs. Modified Goodman theory was
used for the prediction of life in this study. Materials used in the analysis were titanium

alloy (rod), PMMA cement, ABS plastic which corresponds to the 3D printer holder and
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aluminum alloy which corresponds to the CNC machining holder in the experimental
model. Table 4.1 shows the properties of materials used for FEA analysis. A normal
stiffness factor of 1 was used for the Ti-PMMA interface, and ANSYS program
controlled stiffness factor was used for PMMA-ABS plastic interface.

Huiskes [62] recommended a non-uniform thickness of cement ranging from 3 to
6mm (0.118inch to 0.236inch) for the proximal part of the canal. Ti-cement models with
two different cement thicknesses 0.22 inch and 0.11 inch were created and analyzed in
this study to evaluate the effect of cement thickness on the fracture of Ti-cement interface.
It is assumed that there is no momentum of Ti rod and the outside surface of the cement
is fully constrained. Figure 4.3(a) shows the meshed FE models of Ti with 0.22 inch
cement with the element size of 0.8E-3 meters. There were 174205no0des and
41501elements for Ti-cement model. For Ti-cement models, a compression load that
corresponds to the failure load for the experimental model discussed in the section 4.2.1
was applied on the top surface of the Ti rod. Only displacement normal to the top surface
was allowed for the Ti rod. The outside surface of the cement was constraint in all

directions (Figure 4.6(a)).

Ti-cement-holder models with two different holder materials (plastic and
aluminum) were created and analyzed to evaluate the effect of cement holder on the
fracture of Ti-cement interface. Figure 4.3 (b) shows the Ti-cement-holder model with
the element size of 3.0E-3 meters, which has 8242.6nodes and 8002elements. It is also
assumed that there is no momentum of Ti rod and the outside surface of the cement
holder is fully constrained. Only displacement normal to the top surface was allowed for
the Ti rod and the bottom surface of the cement holder was constraint in all direction
(Figure 4.6(b)). A compression load that corresponds to the failure load for the
experimental model discussed in the section 4.2.1 was applied to the top surface of the
titanium rod. The contact of the plastic holder and the cement was set as bonded while
the contacts of aluminum-cement interface and cement-Ti interface were both set as

frictional contacts. The frictional coefficient would be analyzed based on the experiment
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result of displacement-load plot. According to displacement-load plot, the maximum
failure load was applied on to the Ti rod in the model of Ti-cement and multiple frictional
coefficient of Ti-cement interface would be input to find out the corresponding
displacement of Ti-rod. When the displacement of Ti rod in Ti-cement union obtained
from the ANSYS simulation result matched the experiment result, the input frictional
coefficient was set as the frictional coefficient of Ti-cement interface and used to
continue test the frictional coefficient of aluminum-cement. Similarly, the load was
applied onto the Ti rod of Ti-cement-holder model and multiple frictional coefficients of
aluminum-cement were input to find out the displacement of Ti rod matching the

corresponding experimental result.

4.4 Results and discussion

4.4.1 Control Experiment

Based on our observation of the force required to break the cement and Ti rod, the
fracture load of Ti-cement interface with aluminum holder is much higher than the
cement with plastic holder (Table 4.2). The most likely reason may be the difference of
contact load applied from the holder to the cement. From Table 4.1, Young’s modulus
and shear modulus of ABS plastic is 2.2GPa and 0.81481, while aluminum has 71GPa for
Young’s Modulus and 26.692GPa for Shear Modulus. Thus it can be seen that ABS is
more elastoplastic material and when the load applied on the Ti rod transferred to cement
and the plastic holder, the holder deformed more. From load-displacement result for Ti-
cement interface with the aluminum holder has a higher stiffness comparing the result
with the plastic holder. The other possible reason to explain the different fracture load
would be the different thermal conductivities between plastic and aluminum holders. As
reported by Nuno, N. A., G. [63], time-temperature profiles of bone cement were
sensitive to the mold material. Poor conductive material, like ABS plastic, decreases the

cement heat transfer generating from PMMA cement curing and have higher thermal
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expansion of the cement. The thermal expansion of the cement would have generated
large residual stress which would affect the cement stress distributions at the stem cement
interface [64]. Thus the difference of thermal expansion of the cement can be presented
for different holders that may produce different the preload value during static tests.
Figure 4.4(a) and (b) show the example of preload of the static test with plastic holder
and the aluminum holder. Table 4.2 shows the observation of preload during the
experiment. With the plastic holder, the maximum preload before the test was from 110N
to 150N, which is around two times more than the preload of the test with the aluminum
holder.

4.4.2 Finite Element Analysis

4.4.2.1 Mesh sensitivity analysis

Two models of Ti-cement union with the cement thickness 0.22 inch and 0.11
inch were designed. Different element size of 0.8mm, 0.9mm, 1mm and 2mm were
analyzed since the nodes number with element size 0.8mm is the maximum nodes

number the academic version of ANSYS R15 can go.

Table 4.5 shows life and stress at different element size. Figure 4.8 compares the
fatigue life result with different meshing sizes. The mesh size at 0.8 mm is used due to

the limitation of the ANSYS academic version.

Two models of Ti-cement union with the cement thickness 0.22 inch and 0.11
inch were created and analyzed with different element size of 2.8mm, 2.9mm, 3mm and
4mm. Table 4.6 shows convergence of FEA results. Figure 4.12 compares the fatigue life
result with different meshing sizes. The mesh size at 3mm is used since the node number

with 2.8mm mesh size is the maximum node number of ANSY'S academic version.
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4.4.2.2 Frictional coefficient for stem-cement and holder-cement interfaces

The frictional coefficients of Ti-cement and cement-aluminum were calculated
based on the experiment load-displacement graph (Figure 4.5). The failure load of
241.14N has corresponding displacement 0.03002mm for plastic holder. In finite element
analysis, the load of 241.14N was applied onto the Ti rod and frictional coefficients from
0 to 10 was tried to find the displacement of 0.03mm in Z axis. Table 4.3 showed the
corresponding displacements for the frictional coefficients 4 to 10. From Figure 4.7(a),
frictional coefficient 7 is the best fit for the coefficient because the Z-displacement of it
0.029703mm is the closest to the experimental displacement 0.3002. The frictional
coefficient 7 was used in the continuing the frictional coefficient analysis of the
aluminum holder and cement. Also, Ti-cement-aluminum holder was analyzed under the
load similar to the load applied for the model of Ti-cement-plastic holder. From the
original data recorded and the experiment load-displacement graph for aluminum holder
(Figure 4.5), under 240N load the displacement of the cement from Ti was 0.016444mm.
In the same way, the load of 240N was applied onto the Ti rod and a frictional coefficient
from 10 to 50 was tried to find the deformation closest to 0.016444mm in Z axis. From
the result shown in Table 4.4 and Figure 4.7(b), the frictional coefficient was found as 14
because the Z-displacement of it 0.01649 is the closest to the experimental displacement
0.016444.

4.4.2.3 FEA static and fatigue results for cement with different thickness

Since the objective of the FEA was to evaluate the effect of the cement thickness
on the fracture performance of Ti-cement interface, constrains applied on the Ti-cement
model should be the same for different cement thickness. A downward load of 240N that
was closest to the minimum experimental failure load of the Ti-cement-holder model was
applied to the top surface of the titanium rod. The frictional coefficients of Ti-cement

were input as 7 and the static and fatigue simulations were performed.
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For the 0.22 inch cement, the Ti rod slipped from the cement 0.008mm (Figure
4.9(a)) under the maximum Von-Misses stress of 8.8166 MPa and minimum Von-Misses
stress of 0.042002 MPa (Figure 4.10(a)). The Ti rod has displacement of 0.0091945mm
at Z-axis from the 0.11 inch cement, 0.00lmm more than result of the thicker cement
(Figure 4.9(b)). The Von-Mises stress of the 0.11 inch cement has the maximum value of
13.719MPa and the minimum value of 0.029224MPa (Figure 4.10(b)). The minimum
fatigue life of the 0.22 inch cement is 1.6949e9 while the life of 0.11 inch cement is
2.5623e8 (Figure 4.11). Thus the Ti-cement with less cement would fracture faster, which
is actually more suitable for observation in the experiment. However, if the cement is too
thin, more loads would be transferred to the cement holder. In this case, the impact of the
cement holder on the fracture of implant-cement interface will become stronger.
Furthermore, a thin cement holder is also a big challenge for the experimental machining.
Thus the 0.22 inch cement model was used to continue the analysis in the following

analysis.

4.4.2.4 FEA static and fatigue results for plastic and aluminum holders

Based on the static experiment setup and the result, the bottom surface of the
cement holder model was constraint in all direction (Figure 4.6(b)). A downward load of
240N that corresponds to the failure load for the experimental model was applied to the
top surface of the titanium rod. The frictional coefficients of Ti-cement and cement-
aluminum holder were input as 7 and 14 and the static and fatigue simulations were

performed.

Figure 4.13 and Figure 4.14 show the displacement contour plot of the Ti-cement-
holder union model and the cement only under the compressing load of 240N. Figure
4.15(a) & (b) display the Von-Mises stress contour plot of cement for both plastic and
aluminum holders. For plastic holder, Ti rod has displacement of 0.030457mm at Z-axis

from the cement (Figure 4.13(a)) under the minimum stress of 0.5967kPa and maximum
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stress of 8.9579MPa (Figure 4.15(a)). Under the same load as plastic model, the
deformation and the stress was lower for aluminum holder. The displacement of Ti rod
was 0.01649mm (Figure 4.13(b)) under the minimum stress of 0.25352kPa and maximum
stress of 7.5824 MPa (Figure 4.15(b)). Comparing the results of plastic holder and
aluminum holder, Ti rod of the plastic holder transfer more load to the cement so the
cement of the plastic holder has a displacement of 0.013529mm (Figure 4.14(a)), which
is much larger than that of the cement with aluminum holder 0.0088523mm (Figure
4.14(b)). According to the analysis, the fracture strength of Ti-cement interface with
plastic holder has a lower value than the result of Ti-cement in aluminum holder, which is

consistent with the experiment result.

For plastic or aluminum holders, the cement holder has the minimum design life
of the whole setup (Figure 4.16). Plastic holder has only 8242.6cycles (Figure 4.16(a)),
which suggested the plastic holder is the most subject to damage. The cement in the
plastic holder has the minimum design life of the 1.0443e8 cycles (Figure 4.17(a)). For
the aluminum holder, the cement holder also has the minimum design life of the whole
setup, 1e8 (Figure 4.16(b)), much more than the plastic holder. Moreover, the cement of
the aluminum holder has a longer fatigue life of 2.9317e9 cycles (Figure 4.17(b)), around
20 times more than the cement of the plastic holder. Based on the result, plastic holder is
not suitable for fatigue test. To avoid the cement holder damaged before the fracture of

the Ti-cement interface, aluminum is the better option as the cement holder.

4.5 Conclusions

This study evaluated the effect of cement thickness and cement holder material on
the fracture of Ti-cement interface by experiment and FEA. This result shows the

following:

1. The cement thickness of 0.22 inch has more fracture strength and fatigue life
than the cement thickness of 0.11 inch.
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2. Either plastic or aluminum holder can be used for static test. However, the
fracture strength result got from the model with plastic holder was much less than the
result with aluminum holder. The plastic holder is the most subject to damage during the
fatigue test. Thus plastic holder is not better that aluminum holder for fatigue test.
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4.6 Figures

Figure 4.1 Fabricated aluminum and plastic cement holder using CNC machining and 3D
printer

-—

RESOURCES RESOURCES

Figure 4.2 (a) Static tests setup in UTM before curing; (b) during curing
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Figure 4.3 (a) Meshed model of Ti-cement samples with element size of 0.8mm; (b)
meshed model of Ti-cement-holder samples with element size of 3mm
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Figure 4.4 Load vs displacement plot before static test to determine preload caused by
curing (a) with plastic holder; (b) with aluminum holder
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Figure 4.6 (a) Boundary conditions of the Ti-0.11 inch cement model; (b) boundary
conditions of the Ti-cement-holder model
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Figure 4.8 Ti-cement union fatigue life variations with different meshing element sizes
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Figure 4.9 (a) Displacement contour plot in Z direction of Ti-0.22 inch cement interface;

(b) displacement at Z axis contour plot of Ti-0.11 inch cement interface
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Figure 4.10(a) Von-Mises stress contour plot of 0.22 inch cement; (b)VVon-Mises stress
contour plot of 0.11 inch cement
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Figure 4.11 (a) Fatigue life contour plot of 0.22 inch cement; (b) fatigue life contour plot
of 0.11 inch cement
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Figure 4.13(a) Displacement contour plot in Z direction of the Ti-cement-plastic holder
union; (b) displacement contour plot in Z direction of the Ti-cement-plastic holder union
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Figure 4.14(a) Displacement at Z axis contour plot of cement in plastic holder; (b)
displacement at Z axis contour plot of cement in aluminum holder
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Figure 4.15 Von-Mises stress contour plot of cement in plastic holder; (b) Von-Mises
stress contour plot of cement in aluminum holder
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Figure 4.16(a) Fatigue life contour plot of the Ti-cement-plastic holder union; (b) fatigue
life contour plot of the Ti-cement-aluminum holder union
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Figure 4.17 (a) Fatigue life contour plot of the cement in plastic holder; (b) fatigue life
contour plot of the cement in aluminum holder
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4.7 Tables

Table 4.1 Material Properties used for the fatigue test of bi-material samples

Properties Titanium PMMA ABS. Aluminum
alloy Cement plastic
Young's Modulus (GPa) 116 33 2.2 71
Poisson's ratio 0.32 0.39 0.35 0.33
Shear Modulus (GPa) 43.939 1.1871 0.81481 26.692
Density (kg/m?) 4507 1190 1040 2770
Compressive Ultimate Strength (MPa) 120 120 50 310
Compressive Yield Strength (MPa) 970 120 65 280
Tensile Ultimate Strength (MPa) 950 69 40 0
Tensile Yield Strength (MPa) 880 70 43 280

Table 4.2 Static result of plastic and aluminum fatigue holders (n=3)

Contact . Fracture Max
Sample Fracture | Stiffness
Groups Method | L (mm) area load (N) | (KN/mm) strength Preload
(mm?) ((N/mm?) (N)
. . P;ifr:‘;n 10.233 | 307.344+ | 298.619 | 1.679+ | 0.967+ 300~0
P £0.170 | 5.106 | +13.350 | 0.041 0.025
holder
Aluminu 0~110
) m 10.208 | 306.810% 617;531 7.89312. 2.014+
. N +
specimen | +0.035 1.051 168.483 602 0.485
holder

Table 4.3 Relations between implant-cement contact frictional coefficient and
displacement

Frictional

Coefficient ° ’ °

Displacement 14 130777 | 0.020703 | 0.029151
(mm)
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Table 4.4 Relationship between cement-aluminum holder frictional coefficient and
displacement

Frictional 10 12 13 14 15 20 50
Coefficient
Displacement | 0.01656 | 0.016513 | 0.016491 | 0.01649 | 0.01649 | 0.016491 | 0.016492
(mm)
Table 4.5 Mesh sensitive of FEA model at the Ti-cement union
Element Life Alternating Stress (MPa)
. Element Node — -
size (cycles) | Minimum | Maximum | Mean
number | number
(mm) (e9) Stress Stress Stress
2 1274 6446 12 0.10 3.9442 2.0221
1 19855 84825 8.1803 | 0.041997 7.3591 3.7005
0.9 22944 98232 1.6949 | 0.042002 8.8166 4.4293
0.8 41501 174205 1.0942 0.05221 9.5146 4.7834

Table 4.6 Mesh sensitive of FEA model at Ti-cement-holder union

Element . Alternating Stress (MPa)

. Element Node Life — -

size Minimum | Maximum | Mean

number | number | (cycles)
(mm) Stress Stress Stress
4 2490 3793 10000 6.5206e- 46.569 23.284
16 5

3 8002 82476 82476 0.00;)596 8.9579 4.4792

2.9 8486 16557 8071.5 0'0?5%623 8.1314 4.0660

2.8 9360 17733 8869.7 0'0?5(;253 7.5824 3.7913
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CHAPTER 5

EFFECT OF FIBER ARCHITECTURE ON THE FRACTURE STENGTH OF
IMPLANT/CEMENT INTERFACES

5.1 Summary

Titanium (Ti) and Ti-based alloys are widely used as implants for hard tissue
repair. However, the optimal surface properties for ideal integration of Ti implant with
native tissues have not yet been achieved. The goal of this study was to improve the bio-
mechanical performances of titanium (Ti) implant by implant surface modification such
as coating fiber on the implant surface. It is hypothesized that deposition of fiber with
certain architecture can increase mechanical interlock of Ti surface which leads to the
increment of in vitro bonding of Ti-cement interfaces. It is common facts in electrospun
fibers technique the implant translation and rotation controls fiber deposition (i.e.
topography) of the coating on Ti. In addition, fiber material and temperature controls the
coating material (i.e. stiffness) and thickness. There is no study conducted for evaluating
the fiber topography and thickness on the fracture strength of Ti-implant interface. The
research objectives were to (1) test the fracture strength of Ti-cement with one round, two
rounds and five rounds of PCL fiber under static load to determine the topography effect
of electrospun fiber material on the Ti/PMMA cement interface; (2) test the fracture
strength of Ti-cement with PCL fiber and PCL-PMMA fiber, with and without heating up
Ti before fiber under static load to determine the stiffness effect of electrospun fiber
material on the TiI/PMMA cement interface; (3) test the fracture strength of Ti-cement
with PCL fiber and PCL-PMMA fiber, with and without heating up Ti before fiber under
static load to determine the thickness effect of electrospun fiber material on the
Ti/PMMA cement interface.

PCL and PCL-PMMA fibers coated on the Ti surfaces were produced by
electrospinning technique using PCL-acetone fiber solution and PCL-PMMA-acetone

solution respectively. Under static conditions, Ti/PMMA union specimen with and
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without fiber were tested to determine the fracture strength. The result showed one round
of PCL fiber has higher fracture strength than two rounds and five rounds of fiber, which
suggested that more fibers on the surface were not beneficial to the fracture strength of
Ti-cement interface. With PMMA added into the polymer fiber solution, the fracture
strength of Ti-fiber-cement increased. Heating up the Ti implant to 50°C before coating
PCL fiber can help the PCL fiber become stickier to the Ti implant which leads to the
increasing of the fracture strength of Ti-cement interface. However, for PCL-PMMA
fiber, heating up Ti implant before fiber doesn’t help improve the quality of Ti-cement
interface as PCL fiber.

5.2 Background and Specification

5.2.1 Joint replacement implant

In the United States of America, five types of total joint replacement devices are
currently used with different bearing surfaces [65] which are: metal-on-polyethylene,
ceramic-on-polyethylene, metal-on-metal, ceramic-on-ceramic and ceramic-on-metal.
Various hip implants have different drawbacks and attributes. A more suitable hip
implant device which decreases the number of risks is needed [66]. As an effective
implant, it primarily should have enough surface energy and mechanical interlock [25,
67-69] to ensure long lasting bond between implant and cement interface. Specifically,
the fracture strength, o7, under static loads (e.g. body weight, carry weight) of an implant

with cement interface should maintain certain values.

Our previous research [40] has reported the addition of micron- or nano-size
magnesium oxide particles to poly(methyl methacrylate) (PMMA) can increase the
fracture toughness of bone-cement union through increasing the surface roughness. Based
on this, we were assuming deposition of micron fibers on an implant, similar to
incorporation of micron particles, can improve the fracture strength of implant-cement

interfaces by changing micro architecture at the interface. Moreover fiber may increase
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the bonding strength of metal/cement since the fiber increases surface area of the implant.
In addition, research [11] showed that fiber could prevent imperfections of implants:
toxic particles and loosening/breakage. In this chapter, the effect of micro-fiber on the
bio-mechanical performances of conventional Ti implant was studied. To the best of the

present author’s knowledge, no study of this aspect has been published.

5.2.2 Electrospinning

Electrospinning technology is used to fabricate fiber with different morphologies
and multidimensional structures and the fiber are widely applied in medical diagnosis,
tissue engineering, replica molding and other applications [1]. By electrospinning, fibers
have a high surface area to volume ratio, which have numerous engineering applications.
The present study was based on the hypothesis that the differences of the surface
properties at implant/cement interface due to incorporation of micro and sub-micron
diameters fiber may have significant influence on the quality of implant-cement union.
Polycaprolactone (PCL) is one kind of synthetic polyesters and compatible with many
types of polymers. It is bio-compatible, cheap, easy to process, thus PCL is being
considered as bio-materials for bone tissue [70], nerve tissue [71] and drug delivery
systems [72]. Poly(methyl methacrylate) (PMMA) is known for its good mechanical as
bone cement material. It is also being tested as a fiber material to achieve long-term
mechanical stability after implantation [73].

5.2.3 Factors that affects the quality of fiber coatings on implant

Fiber architectures, particularly fiber topography, stiffness and thickness, may
control the union between Ti and joint biomaterial. Firstly, topography of the fibers was
varied with different quantities of the fibers. Different coating time can produce different
amount of the fibers, which makes different fiber topography. The motor used to control

the Ti rod moving forward and backward was also used to control the coating time. Ti
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rod moving forward and backward was considered as one round of fibers in this study.
Secondly, the stiffness of the fiber depends on the fiber solution material. PCL-acetone
fibers and PCL-PMMA-acetone fibers were produced and studied in this research.
Thirdly, the thickness of the fiber is basically referred to the width of the fibers. It may
depend on the environment and Ti rod temperature, the electrospinning needle diameter
and the fiber solution. Heating up Ti rod before fibers and without heating up were

studied in this research.

5.2.4 Motivation and Objectives

Optimal surface properties for an ideal implant with native tissues have not yet
been achieved. The objective of this thesis was to evaluate the fiber architecture
(topography and thickness) that will improve the bio-mechanical performances of
conventional Ti implant. In vitro static test has been conducted on Ti/biomaterial

interfaces with different architecture of fiber.

5.2.5 Scope of Work

The scope of work was two-fold. Firstly the topography and diameter of the fiber
coated on Ti implant was observed and measured. Secondly in vitro static tests were
conducted on Ti/biomaterial interfaces to determine the effect of fiber with different
architecture (topography, stiffness and thickness) on the fracture strength of cement-

implant interface.
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5.3 Material and Method

5.3.1 Material

Ti rods (6Al-4V ELI, ASTM B348 standard, grad 23, bio-compatible) were
purchased with 3”length X 3/8” diameter from Titanium Metal Supply, Poway, CA, USA.
There were three Ti rods for each group of experiment. All Ti rods samples were polished
before experiment using a custom polishing disc (Figure 5.1 (a)) with the polishing pads
around the disc. Buehler isomet low speed cutter (Figure 5.1(b)) at speed level 6 was
used to provide and control the rotation speed of the Ti rods. Ti rods were fixed in a
customized holder and provided voltage of 6.8V (Figure 5.1(c)). The polishing process
was recommended by Buehler. There were three steps for polishing all the Ti rods. The
first step was to polish using Buehler CarbiMet 2 Abrasive Discs for 5mins. During the
first step polishing, 9um MetaDi Supreme Diamond Suspension was used to spray on the
contact surface of the Ti rod and the polishing disc. The second step of polishing was
using Ultra Pad with 0.05um MetaDi Supreme Diamond Suspension from Buehler for
5mins as well. The last step was using MicroCloth and MasterPrep Alumina for 5mins as

well. After each step, Ti rods were cleaned by Ethanol.

PMMA bone cement was prepared by hand-mixing the PMMA powder and
methyl methacrylate monomer (MMA) with the powder: monomer ratio of 2g: 1ml.
PMMA powder was bought in a gas-permeable packet. It consists of 40 g powder
(copolymer) with the following composition: 1) 33.42-33.86grams of Methylmethacrlate-
methylacrylate copolymer with FD&C Blue No. 2 Aluminum Lake; 2) 0.20- 0.64grams
of Benzoyl peroxide, hydrous 75%; 3) 5.94grams of Ziroconium dioxide; 4) 0.84grams of
Gentamicin sulfate (equivalent to 0.50g Gentamicin). MMA monomer was supplied in a
flexible pouch. It consists of 20ml of liquid (monomer) with the following composition: 1)
18.424grams of Methylmethacrylate (stabilized with hydroquinone); 2) 0.376grams of
N,N-dimethyl-p-toluidine.
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PCL fiber solution was mixed with PCL beads which were purchased from
Sigma-Aldrich (St Louis, MO, USA) and acetone. The amount of PCL beads and acetone
were 0.5g and 6ml. SONIC Vitro-Cell (Figure 5.2(a)) was used to mix the PCL beads and
acetone for 30minutes with the amplitude 60%. To produce PCL-PMMA fiber solution,
firstly PMMA powder and acetone was mixed with the amount of 0.5g and2ml using
Sonicator for 2 hours and with the amplitude of 40%. Then PCL beads and acetone was
mixed using the same ratio and process as making the PCL fiber solution. After that, the
two kinds of solution was blended together using the stirring cell (Figure 5.2(b)) for
1hour with the speed of 85.

5.3.2 Fiber Deposition

The schematic process of electrospinning fiber is shown in Figure 5.3(a). A
customized electrospinning unit (Figure 5.3(b)) was fabricated to deposit PCL and PCL-
PMMA fiber on Ti rod on a motor. The solution was poured into a glass syringe in an
infusion pump (PHD Ultra™; Harvard Apparatus, Holliston, MA, USA) (Figure 5.3(c))
for fiber production. Fiber was injected from the glass syringe via charged needle (23 G
blunt needle, aluminum hub, 1” length). The needle was charged by a high-voltage power
source (ES 30 series; Gamma High Voltage Research, Ormond Beach, FL, USA) (Figure
5.3(d)). The fiber was hitting onto a grounded custom-made drum collector and then
collected on Ti rod on a motor. The Ti rod was mounted on a motor. A direct-current
motor with the drum was mounted on a precision linear stage (model 426; Newport,
Irvine, CA, USA). The motion of the stage was controlled by a linear actuator (LTA-HS;
Newport) to produce fiber on the Ti rods. SMC Tool was used to control the Ti rods
moving forward and backward. The fibers were collected on the Ti surface area. A
carbon tape was attached around the rod. Carbon tapes were used for the visualization of
fiber distribution and measurement of fiber dimension using a Nikon (Tokyo, Japan)
SMZ stereo-microscope and a Hitachi (Tokyo, Japan) TM3000 scanning electron
microscope (SEM), respectively.
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5.3.3 Static Test

Six groups of samples were prepared and tested with the process shown in Figure
5.4. To evaluate the effect of the fiber topography on the fracture strength of Ti-cement
interface, samples of group #1 to group #4 (without fiber, 1 round, 2 rounds and 5rounds
of fibers) were tested. Moving forward 35mm and backward 35mm controlled by SMC
tool was referred as 1 round in this study. To evaluate the effect of the fiber thickness on
the fracture strength of Ti-cement interface, fracture strength of group #1, group #5 and
group #3 (heating up before PCL_acetone fiber and without heating), group #6 and group
#7 (heating up before PCL-PMMA-acetone fiber and without heating), group #6 and
group#3 (PCL-acetone fiber and PCL-PMMA-acetone fiber) were compared and
analyzed. Since the melting point of PCL fiber is 60°C, Ti rods were only heated up to
50°C.

Topography and thickness of the produced fiber samples coated on the carbon
tape were observed and measured using Hitachi TM 3000 scanning electron microscope
(SEM). A custom made mold was used for the fabrication of the samples, as shown in
Figure 5.5. Pulling static and fatigue tests were performed using Test Resources 800LE4
universal testing machine (UTM). During static test, Ti rod samples with or without fiber
were fixed in the UTM, as shown in Figure 5.6(a). After that, prepare the PMMA cement
and pour it into the bottom holder. A 60Kpa weight was placed onto the top of the cement
and cured for 15 minutes (Figure 5.6(b)). After cured, the weight was taken out and run
the static test to find or of TI/PMMA samples at strain rate 0.05 mm/sec. The maximum
push-down force was determined and fracture strength was calculated by dividing the
force at the point of failure by the surface area of the implant in contact with the cement.

For all statistical analysis, statistical significance was considered as p-value<0.5.
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5.4 Results
5.4.1 Relation between fiber topography and interface fracture strength

During the experiments of coating PCL-acetone fibers, it was found that the fiber
were not sticky to the Ti rods and very easy to go to the bottom when pouring the cement
into the bottom holder. Experiment has also shown that heating up the Ti rods makes the
fiber stick to the Ti rods better. Fiber distribution was measured using Scanning electron
microscope (SEM) images (Figure 5.7). The topography of 5rounds fibers is denser than
that of 5rounds fiber. The result (Table 5.1) showed that the ranges of diameter of fibers

and distances between two adjacent fibers are mainly micrometer ranges.

Figure 5.8 shows the typical load-displacement plot of Ti-cement samples found
from the static experiment. The load-displacement characteristics of all Ti-cement
specimens with or without fiber exhibited a long elastic and inelastic region before
catastrophic failure. Table 5.2 shows the effect of deposition of fiber on the fracture load
of Ti-cement interface. Specifically, the Ti-cement without fiber, which is called control
experiment as well, has the fracture load of 298.619N + 13.350N (n=3) while with 1
round of fibers, the load increased to 345.896N + 46.157N (n=3). Figure 5.9 compares
the fracture loads of Ti-cement and Ti-PCL fiber-cement with different amount of fiber, 1
round, 2 rounds and 5 rounds respectively. The fracture strength of Ti-cement interface
with 1 round of fibers is much higher than the result with 2 rounds and 5 rounds coating
fibers. Thus PCL-acetone fibers can increase the fracture strength of Ti-cement union,

however, the effect is not significant (p-value=0.225).

5.4.2 Relation between fiber thickness and interface fracture strength

Figure 5.11 exhibits the typical load-displacement plot of Ti-cement samples with
Ti heated up before coating PCL fiber. The load-displacement characteristics of all Ti-
cement specimens with PCL-PMMA fiber exhibited less elastic comparing to the result
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without fiber. Figure 5.12 and Table 5.3 shows the fracture strengths of Ti-cement
interface with heating up Ti rods before coating fiber has around two times more than the
result without heating up (p-value=0.0000183). According to the result, heating up the Ti

before coating the PCL fiber can obviously help improve the quality of Ti implant.

Same as PCL fiber, heating up Ti rod before PCL-PMMA fiber was trying as well

to test the fracture strenght of Ti-cement union. Figure 5.12 and

Table 5.6 compares the fracture strengths of Ti-PCL-PMMA fiber-cement with
and without heating up. Different from PCL only fiber, heating up the Ti-rods didn’t help
increase the fracture strength of Ti-PCL-PMMA fiber-cement (p=0.0544).

5.4.3 Relation between fiber stiffness and interface fracture strength

Fiber distribution was measured using Scanning electron microscope (SEM)
images (Figure 5.10). The results (Table 5.4) show that the ranges of diameter of fibers

and distances between two adjacent fibers are mainly micrometer ranges.

Figure 5.11 also demonstrates the typical load-displacement plot of Ti-cement
samples with PCL-PMMA fiber coated. Only 1 round fiber was tested for PCL-PMMA
fiber. Results show that with PMMA added, fiber can significantly increase the fracture
strength of Ti-cement union. Table 5.5 shows the static result of Ti-cement without fiber,
with PCL and PCL-PMMA fiber. Figure 5.12 compares the fracture strengths of Ti-
cement, Ti-PCL fiber-cement and Ti-PCL-PMMA fiber-cement. The PCL-PMMA-
acetone fibers has the larger fracture strength comparing to the result with PCL-acetone
fibers (p=0.0399). With PMMA added into the fiber solution, the fracture load of Ti-
cement union increases from 298.619+13.350 (n=3) to 542.610+£26.449 (n=3), which is

about two time increased.
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5.5 Conclusions

This study evaluated the fracture strength of Ti-cement interface without and with
fiber, PCL-fiber and PCL-PMMA fiber. This result shows the following:

1. Compared to Ti-cement without fiber, PCL fiber can slightly increase the
fracture strength of Ti-cement interface. However, more fiber on the Ti surface makes the
fracture strength of Ti-cement interface less. Heating up Ti before fiber can greatly help

increase the fracture strength, which is around 2 times increasing.

2. Compared to Ti-PCL-cement, PCL-PMMA fiber can improve the quality of Ti
implant much more than PCL fiber. The fracture strength of Ti-PCL-PMMA fiber-
cement is around 2 times as the value of Ti-cement without fiber. Different from PCL

fiber, heating up Ti before fiber doesn’t help increase the Ti-cement interface.
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5.6 Figures

Figure 5.1 (a) Customized made dis used for polishing round sample using Buehler
isomet low speed cutter; (b)Buehler isomet low speed cutter; (c) polishing setup

Figure 5.2 (a) Sonic vitro & sonication device used for sonication; (b) Corning heating &
magnetic stirring cell
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&

High-voltage source
./

Figure 5.3 (a) Schematic representation of the electrospinning process; (b)
electrospinning unit; (c) infusion pump; (d) power supplies
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Figure 5.4 Flowchart showing the steps of determining the topography, stiffness and
thickness effect on the fracture of Ti-cement interface
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Figure 5.5 Universal Test Resources (UTM)

RESOURCES RESOURCES

Figure 5.6 Static test setup in UTM (a) before curing; (b) during curing
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Figure 5.7 (a) Scanning electron microscope images (SEM) of with 1 rounds of PCL-
acetone fiber sample (sample #1); (b) SEM of 2 rounds of PCL-acetone fiber sample; (c)
SEM of 3 rounds of PCL-acetone fiber sample
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5.7 Tables

Table 5.1 SEM image of produced PCL-acetone 1 round fiber distribution

Sample number
Description
1 2 3
Number of fibers intersects 500um
length line (PCL-Acetone) 3 3 5
Range of diameter of fibers (PCL- 2.88um~ 1.89um~ 1.17um~
Acetone) 4.55um 2.30um 1.30um

Table 5.2 Static results of Ti-cement union with and without PCL-acetone fiber (n=3)

Sample Method L (mm) Contact area | Fracture Stiffness Fracture strength
Groups (mm?) load (N) (KN/mm) (N/mm?)
+
1 Without Fiber 10.233+0.170 307.34415.1 298.619 1.679+0.041 0.967+0.025
06 +13.350
With PCL 276.640%9.0 345.896
+ + +
2 fiber_1 round 9.490+0.235 58 +46.157 2.114+0.208 1.195+0.379
177.036
i + +
3 . With PCL 9.211+0.114 285.01947.0 4+95.06 1.0165:0.12 0.6603+0.3588
fiber_2 rounds 58 97
156
. 225.911
+ +
4 . With PCL 9.445+0.147 283.66816.1 9+108.0 0.93075£0.1 0.7564+0.3555
fiber_5 rounds 25 264 5435

Table 5.3 Static results of Ti-cement union with and without heating up Ti before PCL-
acetone fiber (n=3)

Sample Method L (mm) Contact area Fracture | Stiffness Fracture stren
Groups (mm?) oad (N) (KN/mm) gth (N/mm?)
Without 345.896+
+ + + +
1 Heating Up Ti 9.49+0.235 | 285.019+7.058 46.157 2.114+0.208 1.195+0.379
Heat up Ti 577.484+
2 (50°C) + PCL- | 9.267%0.29 | 278.31218.71 34.085 7.848+1.936 2.074+0.058
acetone fiber )
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Table 5.4 SEM image of produced PCL-PMMA-acetone fiber distribution

L. Sample number
Description
1 2 3
Number of fibers intersects 500um length
line (PCL-PMMA-Acetone) 12 9 5
Range of diameter of fibers (PCL-PMMA- 1.44um~ 2.07um~ 1.44um~
Acetone) 5.94um 6.56um 4.07um

Table 5.5 Static results of Ti-cement union with PCL or PCL-PMMA fiber and without

fiber (n=3)
Sample Contact Fracture Stiffness Fracture
Groups Method L (mm) area load (N) (KN/mm) strength
P (mm?) (N/mm?)
Without 269.021 542.610 8.580+0.0 | 2.013+0.
+
1 Heating Up Ti 8.995£0.108 +3.257 +26.449 41 074
Heat up Ti
419.005
(50°C) + PCL- 270.933 5.862+2.3 | 1.54810.
+ +
2 PMMA- 9.016+0.019 +0.584 _103.35 58 389
acetone fiber

Table 5.6 Static results of Ti-cement union with and without heating up Ti rod before
PCL-PMMA fiber (n=3)

Contact . Fracture
Sample Fracture lo Stiffness
Grouns Method L (mm) area ad (N) (KN/mm) strength
P (mm?) (N/mm?)
10.233+ | 307.344+ | 298.619+13 0.967+0.
. . .
1 Without Fiber 0.170 5.106 350 1.67910.041 025
With PCL 9.490+0 | 276.640+ | 345.896+46 1.195%0.
+i
2 fiber_1 round .235 9.058 .157 2.114:0.208 379
With PCL-
8.995+0 | 269.021+ | 542.610+26 2.013+0.
+
3 . PMMA .108 3.257 .449 8.580£0.041 074
fiber_1 round
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CHAPTER 6
DESIGN OF GRIPPERS FOR FATIGUE TESTS ON BI-MATERIAL INTERFACES

6.1 Summary

Apart from fracture strength, the bond of an ideal implant with surrounding tissue
must maintain certain fatigue life, N, due to cyclic loads (e.g. walking, running)[56].
Fatigue failure of the bone cement is the primary cause of loosening of cemented implant.
The research goal was to determine the fatigue life of the Ti and PMMA cement
interface. Based on the analysis in chapter 4, the cement holder is more prone to deform
and damage during the fatigue test. Thus a suitable gripper for fatigue test is essential.
Various fatigue test setups have been tried in this study. Cyclic tests (amplitude = 50 N)
were conducted to find fatigue life of Ti/PMMA samples at 1 Hz using stepwise load
(100 N) for 1000000 cycles starting from 250 N until the failure of the interfaces. Based
on the observation during the experiment, using a customized gripper to avoid clamping
one end of Ti rod directly with the load cell could effectively overcome the preload issue.
However, the results of the fatigue life were still very inconsistent, which may be due to

the variable surface property of Ti rods.

6.2 Specification and Background

6.2.1 Introduction

Fatigue failure of the cement mantle in terms of cement cracking is one of the
causes of aseptic loosening in cemented hip reconstructions[74]. Under the influence of
dynamic loading, it has been demonstrated that the implant—cement interface is a
debonded interface, which enables gapping and sliding between the implant and
cement[13, 14]. Fatigue test for Ti-cement interface is essential to understand the

debonded mechanism and develop a solution for improve the fatigue performance of Ti-
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cement interface. To author’s best knowledge, there is little study about the fatigue test

gripper.

6.2.2 Problems of conventional gripper

Conventional UTM grippers (wedge, hydraulic, pneumatic) are designed for
signal material, where alignment of gripper center and center of specimen is not critical
for static and fatigue tests. It is very crucial to have perfect alignment of sample with
gripper in case of bi-material samples. Multiple gripper designs have been tested and
analyzed. There are two parts of the test gripper, gripper to clamp the Ti rod and cement
holder. The load cell of Test Resources 800LE4 universal testing machine (UTM) will be
used to provide the cyclical load for fatigue test in this study. The gripper connecting
from the load cell to the Ti rod should be able to transfer the load to Ti rod without much
preload. From the finite element analysis in chapter 5, the cement holder used in static
test is more prone to fatigue fail than the Ti-cement interface. A sufficient cement holder

design should have higher fatigue life than the Ti-cement interface fatigue life.

6.2.3 Motivation and Objectives

The goal of this project is to develop a more efficient fatigue test solution for Ti-
cement union. The objectives of this research were: (1) to design a suitable gripper for
fatigue test on bi-material samples; (2) to conduct the fatigue tests to evaluate the
suitability of the gripper for fatigue test on biomaterial sample; (3) to conduct the fatigue
test for polished Ti rod to evaluate the effect of polishing technique on the fracture of Ti-

implant interface.
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6.3 Material and Method

6.3.1 Material

Surgical Simplex P Radiopague bone cement (Distributed by Stryker Howmedica
Osteonics) was used as the polymethyl methacrylate (PMMA) cement. Titanium (Ti) rods
(6Al-4V ELI, ASTM B348 standard, grad 23, bio-compatible) were purchased with
3”length X 3/8” diameter from Titanium Metal Supply, Poway, CA, USA. There were
three Ti rods for each group of experiment. All Ti rods samples were polished using
Geared Head Milling & Drilling Machine (Figure 6.1(a)) at high speed before experiment.
Ti rods were fixed in a geared head. The polishing pad was fixed by the vice of the
machine (Figure 6.1(b)).

Two kinds of different polishing technology have been tried in this study. The
polishing process was recommended by Buehler. For the first technique, there were three
steps for polishing all the Ti rods. The first step was to polish using Buehler CarbiMet 2
Abrasive Discs for 3mins. During the first step polishing, 9um MetaDi Supreme
Diamond Suspension was used to spray on the contact surface of the Ti rod and the
polishing disc. The second step of polishing was using Ultra Pad with 0.05um MetaDi
Supreme Diamond Suspension from Buehler for 3mins as well. The last step was using
MicroCloth and MasterPrep Alumina for 3mins as well. After each step, Ti rods were
cleaned by Ethanol. For the second technique, only the first step and the second step have
been conducted for 1 min for both. Before testing, the surface roughness of Ti rod for two

different polishing technique was measured by Leica DCM8 microscope.

6.3.2 Fatigue Test

The titanium rod is encapsulated by a cylindrical holder in order to cure the rod to
the cement without being contaminated. Multiple holders based on the different setup
design discussed in chapter 5.3.3 have been tried for the production of titanium/cement

sample. The test setup was placed in the Test Resources 800LE4 dynamic universal
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testing machine to be put the titanium/PMMA specimen under cyclic loading for a
fatigue test. According to Surgical Simplex P Radiopaque bone cement preparation
protocol, PMMA cement was prepared by hand mixing 1.25 grams of PMMA powder
with 0.625 ml of methyl methacrylate (MMA) monomer using powder: monomer ratio of
2:1. PMMA was poured to surround different titanium samples during doughy phase in
the mold. Cyclic tests (amplitude = 100 N) were conducted at 1 Hz using stepwise load
(100 N) for 1000 cycles starting from 350 N until the failure of the interfaces.

6.3.3 Setup Design Concept Evaluation

6.3.3.1 Concept |

The first setup was designed based on the static test discussed in Chapter 4. A
customized rectangular plastic holder with a cylinder in the middle (made from 3D-
printer) was shown in Figure 6.2(a). There were three holes which were used to fix with
the top. The testing procedure is similar as the static test. Firstly, the Ti rod is held into
the plastic test setup and fixed in the test resource machine as Figure 6.2(b). Secondly,
PMMA and MMA was mixed and poured into the holder and press the top plate. Then a
metal plate with 60KPa pressure was placed on top of the cement for 30mins to help the

cement cured (Figure 6.2(c)). After 30mins of curing, the fatigue test started.

6.3.3.2 Concept Il

Given that the cement holder was not usable at the first concept, concept Il was
modified from concept I. The cylinder hole of the cement holder was drilled through. A
channel was cut at the bottom side to allow an aluminum plate placed in to support the
cement when the cement became solid (Figure 6.3(a) and (b)). Similar to concept I, the Ti
rod is held in the cement holder with the plate at the bottom and clamped at the top in the
test resource machine as Figure 6.3(c). PMMA and MMA was mixed and poured into the
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holder and press the top plate. Then a metal plate with 60KPa pressure was placed on top
of the cement (Figure 6.3(c)). After 5mins, the aluminum plate was taken out and the

cement was continued curing for 25mins more before running the test.

6.3.3.3 Concept 11

Concept 11l was using aluminum for the top and the bottom holder which were
made by CNC. Even so, the cement holder was still not fixed enough. When the load
applied, the whole setup displaced other that breaking the Ti rod from the cement. The

cyclic load was applied on the three bolts which were used to fix the cement holder.

To get rid of these three bolts of the cement holder, the cement holder was
combined by two pieces (Figure 6.4(a)) using three bolts in concept Ill. The hollow
cylinder at the rear (Figure 6.4(b)) was used for clamping into the test machine through
three corner support (Figure 6.4(c)). The surface of hollow cylinder was grooved to
increase the roughness so that it can be clamped tighter. In addition, the aluminum plate
was difficult to take out during the previous trial because the Ti rod pined on the plate. To
solve this problem, two aluminum plates were used to hold the cement at the bottom. The
bottom plate was added a handle (Figure 6.4(d) and Figure 6.4(f)). After taking out the
bottom plate, it became very easy to take out the top plate which wouldn’t affect the
cement curing. Both of the plates were taken out after the cement got Sminiutes cured.

The total curing time will still be 30miniutes.

6.3.3.4 Concept IV

Consolidating the concepts above, the preload was still the main problem. The
preload was considered coming from the cement curing and the clamping at the top of the
Ti rod. When cement was curing, the Ti rod will displace when the cement became solid
so that a force will transfer to the load cell of the machine. This preload was in a range,
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normally from 150N to -150N, which can’t be offset. To overcome the preload, the Ti rod
can’t be directly clamped by the gripper of the machine. A customized gripper (Figure
6.5(b)) was used to hold the Ti rod with a drill hole (Figure 6.5(a)) at the top. This top
specimen holder includes two hollow cylinders. The smaller cylinder was fixed in the
machine gripper while the bigger cylinder was holding the Ti rod at one end (Figure
6.5(c)). A through hole was drilled in the bigger cylinder of the cap with the same
diameter as the hold drilled at one end of the Ti rod. A pin was hung through these two
holes to assemble the Ti rod and the cap together. The bottom specimen holder is same as
the design of concept Il (Figure 6.4 (a) and (b)).

6.4 Results
6.4.1 Surface Roughness for different polishing technique

Figure 6.6 and Figure 6.7displayed the surface roughness of Ti rod with different
polishing technique. Table 6.1 present the R, of Ti rod with 2-step polished is around two
times of that with 3-step polished.

6.4.2 Control Experiment

6.4.2.1 Concept |

During the fatigue test, the cyclical load was applied on the Ti rod. However, the
whole setup was lifting up instead of the Ti rod. The Ti rod didn’t break from the cement,
which suggested the bottom of the setup was not fixed enough. The other concern was the

3D printer plastic holder. It was not reusable, which would cost a lot of material.
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6.4.2.2 Concept Il

After the test, the cement was pushing out since the cylinder was a through hole.
In spite of that, the cement was still stick to the side of the cylinder. Likewise, this
concept didn’t solve the problem that the displacement happened at the whole setup.
Besides, the rectangular side of the cement holder bended after many cycles of load,

which may be caused by the channel at the bottom surface of the holder.

6.4.2.3 Concept 11

This concept works better. When load was applied, the Ti would be broken from
the cement. However, the preload every time was inconsistent which lead to inconsistent

result.

6.4.2.4 Concept IV

Through employing this setup, the preload problem has been solved successfully.
Various compression cyclical tests based on all the concepts mentioned above have been
performed. Comparing to the Cobalt HV bone cements used in the previous chapters,
Simplex bone cement takes more working time because of the lower viscosity. Based on
our observation, concept IV can be the suitable fatigue test solution because it overcame
the preload issues. Table 6.2 shows the fatigue test results for the Ti rod of 3-step
polishing using concept IV. From the result, the Ti rod with 3-step polished is too smooth
to attach with the cement. Thus, 2-step polishing is used for the control experiment in this

chapter.

There were three out of ten tests failed. Moreover, from the result got from
concept IV (Table 6.3) is very inconsistent, for example, fatigue life was varied from

39128cycles to 67cycles. Furthermore, there were some tests which the bone cement
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cracked at the interface between cement and aluminum specimen holder other than the

interface of Ti-cement. Thus the fatigue test tried in this study was not working.

The failure of the fatigue test was possibly initiated by a few reasons. The factors
affecting the fatigue fracture strength include the stress concentration, surface roughness,
surface condition and environment [75]. In a stress concentration, firstly the fatigue
strength is reduced considerably in a place where the stress is concentrated, such as
notches, holes, keyways and places where there are sudden changes in cross-section. For
this test, the surface roughness of the inside surface of aluminum cement holder is not
enough which lead to the bonding strength between the holder and cement is not strong
and eventually the cement will break from aluminum holder. Secondly, the fatigue
strength is reduced considerably in a place where the stress is concentrated, such as
notches, holes, keyways and places where there are sudden changes in cross-section. The
aluminum holder is reusable, which is possible to generate stress concentration areas.
Besides, the surface roughness and surface condition of the Ti rod samples was variable
which leads to different fracture strength of Ti-cement union, even though all the Ti rods
were bought at the same batch. Moreover, the test machine has the alignment problem. If
the machine is misaligned, either at a small angle, the machine will exert a bending force
on the specimen. This is especially bad for brittle materials, because it will dramatically
skew the results. The initial portion of the stress—strain graph we got was curved and not

linear, which indicates the specimen is misaligned in the testing machine.

6.5 Conclusions

Aluminum cement holder can be a suitable cement holder for fatigue test because
it is reusable and not prone to deform as plastic. The customized gripper used in concept

IV can successfully get rid of the preload issue.
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6.6 Figures

Figure 6.1(a) Geared Head Milling & Drilling Machine; (b) polishing setup
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RESOURCES

Figure 6.2 (a) Top side of the cement holder of concept I; (b) bottom side of the cement
holder of concept I; (c) fatigue test setup before cemented; (d) setup during curing the
cement
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Figure 6.3 (a) Bottom side of the cement holder of concept I1; (b) fatigue test setup before
cemented; (c) setup during curing the cement

Figure 6.4 (a) Top side of the aluminum cement holder of concept Il1; (b) bottom side of
the cement holder of concept I1; (c) corner support for the cement holder; (d) fatigue test
setup before cemented; () setup during curing the cement
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Figure 6.5 (a) Titanium rod sample with a drill hole; (b) fabricated top specimen holder
for fatigue test; (c) fatigue test setup of Concept IV

ISO 4287
Amplitude parameters - Roughness profile
Rp 0.749240 pum  Gaussian flter, 0.8 mm

Ry 111342 pm  Gaussian filter, 0.8 mm
Rz LBEZEE pm  Gaussian filter, 0.8 mm
Rc 0515059 pm  Gaussian filter, 0.8 mm
Rt 251734 pum  Gaussian filter, 0.8 mm

Ra 0.229791 um  Gaussian filter, 0.8 mm
Rq 0.295264 pm | Gaussian filter, 0.8 mm

Rsk  -0.714306 Gaussian filter, 0.8 mm
Rku 352522 Gaussian filter, 0.8 mm

Material Ratio parameters - Roughness profile
Rmir B1e548 % ¢ = 1 um under the highest peak, Gaussian..
Rdc 0486056 um p - 20%, g — 80%, Gaussian filter, 0.8 mm

Exfracted profile

Figure 6.6 Surface roughness respond to Ti with 2-step polished using Geared Head
Milling & Drilling machine generated by Leica
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Extracted profle

IS0 4287

Aamplitude parameters - Roughness profile
Rp 0.372044 prn Gavssizn flter, 0.8 mim
Ry 0.506368 pm Gavssan flter, 0.8 mm

Rz 127841 um  Gaussian filter, 0.8 mm
RC 0.240261 pym Gaussian Giten 0.8 mm
Rt 127841 pm  Gaussian filter, 0.8 mm

Ra 0.0988855 pm  Gaussian flter, 0.8 mm

Rg 0.132893 pm Gaussian flten 0.8 mim

Rsk -1.09617 Gaussian filter. 4.8 mm

Rku 8.07555 Gaussian filter, 0.8 mim

Material Ratio parameters - Roughness profile

Rrnr 997297 % ¢ = 1 um under the highest peak, Gaussian..
Rdc  0,184731 pm o = 20%, q = 80%. Gaussian filter, 0.8 mm

Figure 6.7 Surface roughness respond of Ti with 3-step polished using Geared Head
Milling & Drilling machine generated by Leica
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6.7 Tables

Table 6.1 Surface roughness for different polishing technique

2 step 3-step

Properties polishing | polishing

R.(um) | 0.229791 | 0.0988855
Ry(um) |[0.295264 | 0.132893

Table 6.2 Control experiment result of fatigue test_3 step polishing using concept IV

Control_3 step
polishing
Sample
# Breaking Fat'igue
load (N) lite
(cycles)
1 60 9
2 40 14.5
3 60 9.5
4 80 11
5 60 33

Table 6.3 Control experiment result of fatigue test for Ti_2 step polishing using concept

v
Sample # L (mm) Contact 2area Br:e:ak(;ng Fatigue life si::::ti
(mm?) (N) (cycles) (N/mm2)
1 10.07333 | 302.5386235 250 39128 0.826340773
2 9.803 294.4196334 220 3283.5 0.747232776
3 9.63 289.2238161 350 8221.5 1.210135475
4 10.18 305.7423103 350 17034 1.144754874
5 10.3 309.3463454 420 67 1.357701509
6 10.01 300.6365939 350 4866 1.164196266
7 10.08333 | 302.8389597 350 33332.5 1.155729766
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CHAPTER 7
CONCLUSION AND FUTURE WORKS

7.1 Conclusions

The goal of this research is to develop an efficient bond interface between the Ti
and PMMA through micron architectural modification by applying micron particles to
the surface of the cement mantle and electrospinning fibers to the surface of the implant.
For research question (1), the study found that flexural strength and fracture toughness of
the CBC specimens that contain GMA is significantly greater than the flexural strengths
of all other specimens. For research question (2), CBC-SiO, specimen that do not contain
GMA is significantly greater than the flexural strengths of all other specimens. For
research question (3), it has been demonstrated that the incorporation of micron size or
nanosize particles of MgO to PMMA enhanced the fracture toughness of bone-PMMA
interfaces. For research question (4), the result showed that the fracture strength and
fatigue life of 0.11 inch thick cement is much less than 0.22 inch thick cement. For
research question (5), the FEA analysis and static test showed that the fracture strength of
Ti-cement interface using plastic cement holder has less value that using aluminum
cement holder. Additionally, plastic holder is not suitable for fatigue test due to its poor
fatigue life. For research question (6) to (8), it has been manifested that the adhesion and
strength of fiber is controlled by the type of the electrospinning material. The static test
results showed one round of fibers coated on the surface can improve the quality of Ti
implant surface more than two rounds or 5 rounds of fiber. The fracture strength of Ti-
cement interface with coating PCL-PMMA-acetone fibers on Ti surface is more than that
of Ti-cement interface with coating PCL-acetone fibers. Heating up Ti rod before coating
PCL-acetone fibers can significantly increase the fracture strength of Ti-cement interface.
However, heating up Ti rod before coating PCL-PMMA-acetone is not benefit to increase
the fracture strength of Ti-cement interface. For research question (9), concept IV
discussed in chapter 6 is the suitable fatigue test fixture which can conduct the fatigue

test on bi-material interface such as Ti -cement interface. In conclusion, micron
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architectural modification can be an effective solution to improve the fracture properties

of implant-cement interface.

7.2 Future works

The future works of all the chapters are listed. (1) The future work for chapter 2 is
to develop alternative bone cement using the optimal nanoparticles and alternative
monomer. The result on chapter 3 shows the fracture toughness of bone cement with
nanosize MgO added is significantly higher than the result of bone cement without MgO
and bone cement with micron MgO. Based on this result, the suggestion is to use the
nano-size particles instead of micron size particles to modify the bone cement. (2) The
future work for chapter 3 is to see the effect of MgO and other nanoparticle on bone-
cement interface and implant-cement interface. Specifically, HA, CT, Chitosan, BaSO,
and SiO, can be added into the PMMA beads to modify the bone cement and then the
interface between the modified cement and bone as well Ti implant can be tested to see
the effect of these particles on the bone-cement interface and implant-cement interface. (3)
The future work for chapter 4 is to validate the FEA frictional coefficient values for Ti-
cement interface and Aluminum-cement interface using experiment. (4) The future work
for chapter 5 is to evaluate the effect of the PCL-acetone nanofiber and PCL-PMMA-
acetone nanofibers on the fracture of Ti-cement interface. It is assumed the fracture
strength of implant-cement interface can be increased by coating nano-fiber on the
implant surface according to chapter 3. The main concern is the electrospinning process
because the nano-size needle will be used. If the viscosity of the fiber solution is too
higher, it may block in the needle without fibers coming out. Thus the primary object
may be finding a suitable fiber solution with sufficient viscosity. The other concern is the
cleaning of the needle due to the small hole of the needle. A high pressure pump may be
able to clean the needle. (5) The future work for chapter 6 is to conduct the fatigue test
for Ti-cement interface using the gripper of concept IV. It has been proved that the
customized gripper in concept IV can overcome the preload issue, which is the main
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issue for the fatigue test. It is believed that the inconsistency of fatigue result is caused by
the varying of the surface roughness of Ti rod surface. The suggestion for it is using a
higher polishing technique. As discussed in chapter 6, higher polishing leads to the
implant-cement fracture before the testing. In this case, increasing the height of the

cement mantle or the cement thickness can be considered.
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