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Abstract

NONDESTRUCTIVE EVALUATION OF A POLYMER COMPOSITE HIP IMPLANT
USING LOCK-IN THERMOGRAPHY

Ehsan ur Rahim
Masters of Applied Science

Department of Mechanical & Industrial Engineering

Ryerson University, Toronto, Ontario, Canada, 2010

Lock-in thermography, combined with finite element analysis and experimental testing, was used
to investigate the stress/strain pattern in a novel composite hip implant made of carbon fibre and
polyamide 12 (CF/PA12). In this study, the geometry of the hip implant was first modelled and
analysed in ANSYS workbench 11. Different virtual loads of 800N, 1400N and 2200N were
applied on the finite element model of the hip stem at an adduction angle of 15°, thereby
replicating the present experimental setup. The values of strains obtained were confirmed by
replicating the experiment by using stain gauges. A Pearson’s correlation (R?=0.98) was
obtained, which indicated good agreement between the FEA model and experimental hip stem.
The hip implant was again subjected to similar loading conditions, and stresses were recorded by
using a thermal camera at corresponding vertices. The comparison of results showed good
agreement between the values of stress calculated from the strain gauge experiment and stress
obtained from thermography. This study showed that it was possible to find stresses in a hip

implant reliably by thermography.
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Abduction

Adduction
Arthritis
Arthroplasty
Articular
Biomimetic
Calcar
Cancellous Bone
Cortical Bone

CT or CAT

Diaphysis
Distal

Femur
Lateral
Medial

Osseointegration

Osteoarthritis

Osteolysis

Medical Terminology Used

outward movement, away from the median axis of the body

inward movement, towards the median axis of the body

acute or chronic inflammation of a joint, often accompanied by pain and
structural changes and having diverse causes, as infection, crystal
deposition, or injury

the surgical repair of a joint or the fashioning of a movable joint, using the
patient's own tissue or an artificial replacement

of or related to the joints

imitating biology and/or living tissue

Is the name given to a spur of cartilage arising from inner side of ankle and
running along part of outer interfemoral membrane

spongy bone tissue

hard, compact bone tissue

computer tomography or computed axial tomography; an X-ray technique
for producing cross-sectional image of the body

central section of a long bone, between the growth areas at each end.

situated away from the point of origin or attachment, as of a limb or bone;
terminal

thighbone; a bone in the human leg extending from the pelvis to the knee,
that is the longest, largest, and strongest in the body

direction away from the midline of the body or the sagittal plane

inward direction towards the midline of the body

is the direct structural and functional connection between living bone and the
surface of a load-bearing artificial implant

the most common form of arthritis, usually occurring after middle age,
marked by chronic breakdown of cartilage in the joints leading to pain,
stiffness, and swelling.

dissolution or degeneration of bone tissue through disease
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Osteoporosis

Physiologic

Prosthesis

Proximal

Resorption

Synovial

increase in bone porosity and subsequent decrease in bone density through
disease; usually occurs after osteopenia

relating to the way that living things function, rather than to their shape or
structure

an implant; a device, either external or implanted, that substitutes for or
supplements a missing or defective part of the body

situated toward the point of origin or attachment, as of a limb or bone
dissolution or removal of a substance, e.g. bone tissue

belonging to, or related to, the synovial joint or diarthrosis
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Nomenclature

Elastic modulus / Modulus of elasticity / Young’s modulus
Newton

Pascal

Heat flux

Thickness

Thermal conductivity

Surface area on which the energy is incident
Length

Width

Temperature

Phase value

Signal value

Coefficient of thermal expansion

Specific heat capacity

Stress

Microstrain (¢ x 10°°)

Strain

Poisson’s ratio

Density
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Chapter 1 . INTRODUCTION

1.1  Background

As human life expectancy continues to increase, the number of people undergoing joint
replacement surgery, e.g., total hip and knee replacement, is also increasing considerably [1].

The younger generation is more concerned with games and physical activities than the elderly
population, thus imposing larger and more frequent loads on the joint leading to joint failure [2,
3]. Due to this demographic characteristic of patients who undergo hip arthroplasty, the
durability and the longevity of the prosthesis is a challenge [4, 5].

Many patients with high levels of immobility and pain may opt to undergo major joint
replacement surgery relieving them of pain and restoring their physical independence [6]. It is a
common and highly successful method of treatment to replace a diseased hip with an artificial
joint. It must be taken under consideration that the implant provides long-term fixation and does
not need to be replaced prematurely in order to reduce trauma and the social cost to the patient. It

is necessary to lessen the possibility of this happening to a minimum [7, 8].

Surgically, both the femoral and acetabular bearing surfaces are replaced with metallic,
polymeric, and/or ceramic components during total hip arthroplasty. Since the last century,
research work has been undergoing on different combinations of materials to find an appropriate

candidate for total hip arthroplasty [9].

Biomaterials are those materials which are compatible with living tissue. These materials are
used to direct, enhance or substitute functions of living tissues of the human body and can be

either natural or artificial [10].

The phenomenon of using artificial biomaterial is not new, as artificial eyes, ears, teeth and noses
have been found on ancient Egyptian mummies. Waxes, glues and tissues were used to recreate
missing or flawed parts of the body by Indians and Chinese. The continuous improvement in
synthetic materials, surgical techniques and sterilization methods over the centuries allowed the

use of biomaterials in different ways.



In medical practice today, biomaterials are used in the form of implants (bone plates, joint
replacements, heart valves, intraocular lenses, dental implants etc.) and medical devices
(pacemakers, blood tubes etc.). These implants and devices help in restoring the function of
traumatized or degenerated tissues or organs, to aid in curing, to improve function, and to correct

abnormalities, thus improve the quality of life of the patients [11].

Orthopaedic pioneering researchers and surgeons have encouraged materials scientists and
engineers for many years to develop implants and devices to cure diseases and injuries involving
the skeleton. The surgical technique to relieve the pain and to restore the function by creating an

artificial joint is known as arthroplasty.

The biocompatibility and low rigidity of carbon fibre reinforced composite is comparable to that
of cortical bone, which makes it a candidate material for use in orthopaedic applications. For
total hip replacement and internal fixation, Christel et al. suggested these composites and

polymers as candidate biomaterials [12, 13].

The primary objective in cementless joint replacement surgery is fast osseointegration of bone
prostheses and long-term fixation. The physical, mechanical, or chemical properties of the ideal
joint replacement implant must match those of the host tissue for optimal osseointegration.
Scientists and engineers design robust and stiff implants for femoral components. They must
keep in mind that it will be subjected to millions of load cycles per year with load averaging four

times the body weight and lasting for 15 to 20 years.

Studies have shown that there is a difference between the stiffness of a proximal femur and high
stiffness implant, which results in the loss of proximal cortical bone stock. This phenomenon of
bone loss adjacent to an implant is known as ‘‘stress shielding’> which occurs due to a stiff
implant fixed distally. It is believed that the load transfer to the bone tissue through the implant
surfaces may be significantly different from the load originally applied on the same region before
implantation. In this situation, load is reduced in the proximal femur which subsequently leads to

bone resorption and implant loosening [14].

One of the leading causes of chronic disability is osteoarthritis (OA). It has been estimated that

symptomatic knee OA occurs in 13% of persons aged 60 years and above. As the population



ages this percentage is expected to rise. OA results are measured in many ways including patient-
relevant measures (measures of pain and function), structural measures (such as plain
radiographs and magnetic resonance imaging), and biomarkers in the form of molecules or

molecular fragments that are released as a result of joint tissue metabolism [15].

About 50-80% of the elderly population suffers from OA, and community-dwelling older adults
are unable to perform daily living activities due to arthritis. Daily activities such as walking,
climbing stairs and using the bathroom can be severely compromised because of the arthritis of
the knee or hip. OA is treated by exercise therapy, pharmacologic therapy, patient education and
surgical procedures [16]. The reasons for OA are complex, including genetics, biochemistry and
biomechanics. Biomechanical factors are the main cause of OA, and any hidden biomechanical

abnormality should be investigated for the conservative management of the disease [17].
1.2 Statistical Analysis of Hip Replacements in Canada

The Canadian Joint Replacement Registry (CJRR) is an organization managed by the Canadian
Institute of Health Information (CIHI) from where all the data have been obtained. Data for the

fiscal year 2008-2009 are the most recent Canadian data available.

There were 62,169 hospitalizations for hip and knee replacements in Canada on Canadian
residents in 2006-2007 as shown in Error! Reference source not found.. Since 1996-1997,
there has been a significant 10-year increase of 101% from only 31,043 to 62,196 as well as a
one-year increase of 6% from only 58,470 procedures in 2005-2006. In the year 2005-2006,
there was 12.5% increase in the number of procedures for hip replacement than it was a year
earlier in the fiscal year 2004-2005.
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Figure 1-1 Number of hospitalizations for hip and knee replacement procedures in Canada [18]

Primary and revision surgeries have generally increased since 1996-1997. In the year 2005-2006,
the number of hospitalizations for hip replacements was 23,634. In the year 2006-2007 there
were total 62,196 hospitalizations for hip (24,253) and knee (37,943) replacements performed
across Canada; the majority of Canadians were 65 years or older (63% for hip and 64% for
knee). Given these numbers, it is apparent that the social and economic cost of hip disease and
replacement, in Canada alone, is a primary motivator for orthopaedic biomechanics research.

1.3 Current Study: Research Question and Goals

This study is conducted to assess the validity of a nondestructive testing technique, i.e., infrared
thermography, for use in evaluating total joint replacements. Specifically, a composite hip
implant made of carbon fibre reinforced polyamide-12 (CF/PA12), with properties comparable to
cortical bone tissue, is used to conduct experimental and numerical analysis to measure the
strain/stress that is generated. The results obtained from these two experimental and numerical

models are then compared with the results obtained from lock-in thermography. As this



composite material matches the properties of a cortical bone, it may prevent loosening of the hip
implant due to stress shielding, which is a main cause for revision surgery for hip implant
patients. The main question that the present study will address is: Can the stress/strain results
from lock-in thermography and finite element analysis be validated by experimental testing

(strain gauges) on a composite CF/PA12 hip implant?

The distinct goals of this study are: 1) To carry out an experimental study on a composite hip
implant system using strain gauges and IR thermography utilizing loads within the elastic region
to avoid permanent damage to the implant; 2) To develop a 3D model of the hip implant system
using Solid Works and evaluate it using finite element analysis; 3) To compare all three

techniques mentioned above against each other with respect to strain and/or stress.

1.4 Current Thesis Outline

This thesis is divided into 6 main chapters. The statistics of primary orthopaedic replacements
carried out in Canada and the research question and goals of this study are explained in Chapter
1. Total hip arthroplasty, prosthetic hip implants and their failures, a brief introduction of
polymer composites as a candidate material, and the principle of IR thermography are described
in Chapter 2. Chapter 3 describes the experimental setup for IR thermography with a brief
description of the thermal camera used in this study. The use of strain gauges and their selection
and installation on the hip implant, the mechanical testing procedure, the geometric modelling of
the hip implant used to develop the finite element model, and the finite element analysis
conducted for the implant are also delineated in this chapter. The results from finite element
analysis, strain gauge experiments and infrared thermography are compiled in Chapter 4. Chapter
5 of this thesis discusses the results obtained in present study and those from previous studies.
Limitations and future work possible are also given. Chapter 6 is the last chapter of this study

which states conclusions. Appendices and references are given at the end of this thesis.



Chapter 2. LITERATURE REVIEW

2.1  Total Hip Arthroplasty
2.1.1 Background

The most flourishing intervention in orthopaedics is without doubt the total hip replacement
(THR) used in the surgical procedure known as total hip arthroplasty (THA) [19]. When it comes
to patient satisfaction, pain reduction, functional improvement and the absence of further surgery
of more than 90% at a minimum 10-year follow-up evaluation, several continued follow-up
studies have reported good clinical success rates in THA [20, 21]. Therefore THRs are largely
acknowledged as successful devices used in surgical arthroplasty procedures to improve chronic

joint pain and enhance functional ability [22].

The discovery and use of ultra-high molecular weight polyethylene (UHMWPE) as a bearing
surface for the acetabular component added an extra boost to the success of THA in the second
half of the 20th century [22].

THA is an orthopaedic procedure involving surgical excision of the head and proximal neck of
the femur and exclusion of acetabular cartilage and subchondral bone. In this procedure an
artificial canal is created in the proximal medullary area of the femur and a metal femoral
prosthesis, composed of a stem and small-diameter head, is inserted into the femoral medullary

canal [23] as shown in Figure 2-1

Figure 2-1 Schematic of a prosthetic device in total hip arthroplasty (THA) [24].



More than 55,000 hip replacement procedures are performed annually in the UK alone, and this
number is expected to increase [25]. Due to effective results, the hip prosthesis has been the most
active area of joint replacement research and development for decades. Arthroplasty devices for

hip joint have been in progress since the early 1900s.

A major improvement in the effectiveness of hip implants was made around 1960 by Charnley,
who introduced a THA device made of a metal femoral prosthesis connected to bone with
polymethyl methacrylate (PMMA), and an acetabular part made of UHMWPE, also attached to
bone with PMMA [26]. PMMA bone cement remains the most familiar mode of attachment of

the femoral component in THA, since it was introduced by Charnley 50 years ago [27].
2.1.2 Indications for the Replacement of Hip Joints

THA is usually suggested after failure of nonsurgical treatment and is generally performed in
patients with severe joint disease. Moreover, racial, socioeconomic and sex differences in the
rates of THA have been recognized. There are several reasons that are anticipated to explain this
variation, such as differences in health care systems, population demographics, frequency of the
disease, access to surgery, population awareness about THA, and/or willingness to consider
THA. Lastly, another reason for the disparities is the variability of orthopaedic surgeons’
opinions about the suitable time to perform surgery, and/or the availability of appropriate

patients to undergo the operation [28].

The use of THA is still a growing trend in developed countries; however, surgical rates vary
moderately across regions of countries such as the United States and elsewhere, a finding not
explained mainly due to the differences in the prevalence of hip disease. Variations in clinical
decision making may also account for this. Inexplicable variations in surgery rates, identification
of inappropriate care, and ever-increasing health care costs raise questions about potential
underuse or overuse of many medical and surgical procedures, including orthopedic procedures
[29, 30].

The most suitable candidate for THA is a young patient who is suffering from persistent medical
symptoms and pain that has failed to be addressed by most of the conservative methods of

treatment. A reasonable course of treatment comprises of cessation of irritating activities,



nonsteroidal anti-inflammatories, and a course of physical therapy that focuses on hip flexor and

anterior hip capsule stretching [31].

THA is a recommended option for almost all those patients who are suffering from diseases of
the hip that cause chronic discomfort and/or significant functional impairment. At a National
Institute of Health sponsored workshop, the following statement was issued: ‘“NIH Consensus
Statement concluded that candidates for THA should have moderate to severe persistent pain,
disability, or both, not substantially relieved by an extended course of non-surgical management

in association with radiographic signs of OA” [32].
2.1.3 Reasons for Prosthesis Failure

The huge majority of total hip replacements currently implanted are comprised of a hard metal or
ceramic femoral head articulating against an UHMWRPE acetabular cup. Over the last decade,
evidence has gathered to indicate that these implants are prone to failure largely due to late

aseptic loosening, and few tend to survive after 25 years [33].

Fragments that results from damage to the surface of polyethylene components of total joint
replacements has formerly been shown to give way to long-term problems such as loosening and
infection. Surface damage has been linked with fatigue processes due to stresses arising from

contact between the metal and polyethylene components in these implants [34].

It is documented quite extensively that widespread wear takes place at articular surfaces in total
joint replacements in vivo. This is so irrespective of whether one or both of the bearing
components are made of UHMWPE, a ceramic, or a metal. It has often been suggested that this

wear is associated with the stress at the contacting surfaces [35] .

UHMWPE has been the most extensively used bearing surface in total hip and total knee
replacements. However, in recent years it has been acknowledged that the wear of the UHMWPE
may be the limiting factor for the long-term success of prostheses [36].

2.1.4 The Need for Polymer Composites for Orthopaedic Implants

Over the last few decades, research and engineering efforts have been moving from traditional

monolithic materials to fibre reinforced polymer-based materials. This is mainly because of the



unique advantages of their high strength-to-weight ratio, their non-corrosive properties, and their
high fracture toughness. These composite materials are made of high strength fibres, such as
carbon, glass, and aramid, and a low strength polymeric matrix [37]. Efforts continue to focus on
the development of a “conservative” implant that could replace the femoral side of a total hip
arthroplasty. Such an implant favours physiologic bone remodeling. Proximally fixed femoral
components that are inserted without the use of cement to achieve these goals have been used in

a number of design concepts around the world [38].

Most of the composites aim at an improvement and perfection of mechanical properties such as
stiffness and strength [39]. The use of composite materials in orthopaedic surgery paves the way
for a variety of new implant designs. Exceptional mechanical properties; namely, radiolucency,
biocompatibility and low weight are the major benefits when compared with metals in clinical
use today [40].

Campbell et al. performed two studies using a novel composite made from carbon fibres and
polyamide (CF/PA12). The first study dealt with the manufacturing and properties of CF/PA12
hollow cylinders and hip implant femoral stems, while the other investigated the performance of
the femoral stems [41, 42]. They assessed the optimal manufacturing conditions for CF/PA12 in
order to attain a composite structure with the best consolidation quality possible and therefore the
maximum stiffness and rigidity. Actual femoral hip implants were manufactured with CF/PA12
in the form of braided sleeves of co-mingled CF and PA12 strands. The femoral implants were
made by inflatable bladder moulding, where six layers of braided sleeves of CF/PA12 yarns were

placed around a silicone bladder mandrel [41, 42] as shown in Figure 2-2.
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Figure 2-2 Mould used in inflatable bladder molding and resulting composite femoral stem [42]

Campbell et al. studied a number manufacturing conditions and found that optimal moulding
conditions could be achieved at a temperature of 250°C and a compression pressure of 480 kPa,
with a holding time of 5 minutes. A comparison was made between the compression
performance of femoral stems manufactured at different moulding conditions. The stress-strain
curves revealed that the femoral implants tended to experience linear stress-strain behaviour
when subjected to compression, followed by yielding and sudden softening until an area of
stability was reached. Their results were the same as those of previous studies [43-45]. Yielding
took place by shear deformation at +45° with respect to the loading axis, i.e., along the direction
of the carbon fibres. At failure, the maximum load (28-32 kN) was reported to be approximately

10 times greater than normal physiological loads experienced during gait (2.5-3 kN) [41, 42].

In their second published study, Campbell et al.’s experiments were performed on two
specimens made of CF/PA12; a hollow cylinder and a femoral hip implant. The composite was
tested for fatigue performance, and it was found that the CF/PA12 hip implant surpassed the

required fatigue performance [41, 42].

Hollow cylinders of CF/PA12 (22 mm outer diameter, 3 mm wall thickness) were subjected to
compressive and flexural (short-term) tests, while cyclic fatigue (long-term) tests were
performed on both cylindrical specimens as well as on actual femoral implant geometry. When a
maximum load of 28.6 kN was applied, the compression tests indicated a modulus of 12.2 GPa
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and an ultimate strength of 155 MPa. These values were almost identical to cortical bone tissue
values of 11.5-17 GPa and 133-193 MPa, respectively, as shown in Table 2-1. The flexural
modulus and ultimate strength of the CF/PA12 cylinder were measured as 16.4 GPa and 180
MPa respectively which was also within close range of cortical bone tissue properties of 14.3-
21.1 GPa and 178-250 MPa, respectively [46]. The comparison between CF/PA12 cylinders and
cortical tissue when subjected to compression is given Table 2-1. The bending stiffness
calculated was based on the product of the elastic modulus and moment of inertia. The bending
stiffness of the composite cylinders (22 mm outer diameter) was 180-425 N-m? which was
within the acceptable range of the cortical bone (with outer cortex diameter of 25-30 mm)
bending stiffness of 170-500 N-m? [47].

Specimen Material Maximum Compressive Elasticity Ultimate Strength
P Load (kN) Modulus (GPa) (MPa)
CF/IPA12 [41, 48] 28.6 £ 3.8 122+1.3 155 + 27
Cortical Bone [49] - 11.5-17 133-193

Table 2-1 Compression test results of CF/PA12 cylinders compared to cortical tissue

The cyclic fatigue tests showed that the CF/PA12 cylinders failed at 10° cycles at a maximum
fatigue stress of 101 MPa (load of 17 kN) and at 10" cycles for 95 MPa (18 kN). These results
indicate fatigue limits of 10° or more for loads that are at least 6 times more than the 3000 N
recommended by ASTM standards for hip arthroplasty femoral components. These results
provide realistic evidence that CF/PA12 is an exceptional choice of material for orthopaedic
applications in general [41, 42]. The main factors involved in the selection of a biomimetic

material are given in Table 2-2.
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Factors

Description

Chemical/Biological

characteristics

Physical characteristics

Mechanical/Structural

characteristics

1% Level material

properties

Chemical
composition (bulk &
surface)

Density

e  Elastic modulus

e  Shear modulus

e Poisson’s ratio

e Yield strength

e  Compressive strength

2" evel material

properties

Adhesion

Surface topology
Texture
Roughness

e Hardness
e  Flexural modulus
e  Flexural strength

Specific functional
requirements (based

on applications)

Biofunctionality
Bioinert
Bioactive
Biostability
Biodegradation
behaviour

Form & geometry
Coefficient of
thermal expansion
Electrical
conductivity
Colour aesthetics
Refractive index
Opacity or
translucency

e  Stiffness or rigidity

e  Fracture toughness

e  Fatigue strength

o  Creep resistance

e  Friction & wear
resistance

e  Adhesion strength

e Impact strength

e  Proof stress

e Abrasion resistance

Processing &

Fabrication

Reproducibility, quality, sterilizability, packaging, secondary process-ability

Characteristics of host: tissue, organ, species, age, sex, race, health condition, activity, systemic response

Medical/surgical procedure, period of application / usage

Cost

Table 2-2 Key factors for the selection of materials for biomedical applications[37]




2.2 Infrared Thermography
2.2.1 Introduction

The motivation for conducting thermal analysis during mechanical tests is to analyze a physical
phenomenon of the specimen, to categorize and authenticate the thermodynamic framework of a
macroscopic model, or to validate a hypothesis. The infrared images obtained with a thermal

camera are used to identify a heat source field by analyzing the surface temperature [50].

Thermography has been a part of diagnosis in various medical fields. Its use in angiography [51-
53], heart surgery [54, 55], and for prevention and early detection of breast cancer [56-63] is well
established. IR thermography has been used to observe and measure the temperature gradient of
bone [64-67] and dental implants [68, 69] when subjected to drilling. In aerospace engineering,
lock-in thermography is widely used to detect the defects of composites [70-75]. Thermographic
tests on composite materials for structural materials [76-81] and military applications [82, 83]

have also been performed.
2.2.2 The Principle of IR Thermography

The principle of IR thermography when used as a nondestructive testing technique is that when
heat travels through cracks, delaminations or other anomalies, the heat flow rate changes.
Fourier's law describes the heat transfer by means of conduction within a material as well as

from one material to another, which is described as:

K.AT
Q=——— Equation 2.1

t.A,

where Q is heat flux, k is the thermal conductivity of material, Ay, is the surface area on which the
energy is incident, t is the thickness, and AT is temperature gradient [84]. The rate of conduction
of heat is higher in materials with higher values of k, such as metals, than in an air gap (or
vacuum) whose k value is nearly zero. The heat flow rate is dependent on the medium in which it
is travelling and the presence of any anomalies in that medium. The thermal conductivity of fibre

reinforced polymer composites is much lower compared to metals.
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2.2.3 IR Thermography Techniques

IR thermography is effectively used for inspection of fibre reinforced polymer composites,
insulation materials, composites bonded to metals, composite-concrete bonds, and flaws in
concrete. As every material reacts differently to heat input, therefore, a variety of thermographic
methods have been developed to suit individual material and geometric configurations. The
energy sources can be broadly divided into distinct groups, namely, optical and mechanical. In
optical excitation, the defects are stimulated externally, and energy is introduced to the surface of
the test material until it reaches a flaw or discontinuity from where it is reflected back to the
surface as thermal wave. When mechanical excitation heats the imperfections internally,
mechanical fluctuations injected to the specimen pass through in multiple directions, dispersing

energy at the discontinuities in the form of heat, which then travels to the surface by conduction.

Three typical methods of thermography based on these two excitation modes are lock-in
thermography, pulsed thermography and vibrothermography.[85] The thermal excitation for the
detection of flaws, cracks or damaged zones is generally performed by three methods, which
belong to the category of externally applied thermal field (EATF). The principle of EATF
thermography is that heat is applied to the specimen surface, and the radiation emitted from the
surface, as a thermal gradient, is studied. The thermal gradient will be uniform, and the isotherms
will be straight lines if there is no defect in the specimen. In case there is a defect in the
specimen, the isotherms will be curved and a nonuniform temperature will be observed due to
disturbance in the heat flow [86].

EATF thermography can be divided into active and passive, depending upon the mode of
thermal excitation. In passive IR thermography, thermal excitation is done by an environmental
source of heating (the sun). Passive thermography is generally used to inspect large objects such
as an entire building whose thermal diffusivity can be effectively measured by using the sun as

heat input. However, it is a qualitative mode of inspection [81].

Active thermography is a better option for defect detection due to its capability for quantitative
measurement and classification of the defects. In this mode of thermal inspection, the specimen
is energised by an incandescent light bulb, heat gun, flash lamp or quartz lamp. The intensity and

duration of heat pulses from these sources are easily adjusted.
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On the basis of the orientation of flaws and discontinuities in the specimen, EATF is further
divided into parallel and normal modes [87]. Subsurface defects, such as delaminations, are
effectively detected by the normal mode of EATF, as the infrared radiation emitted from the
specimen surface may be interrupted due to the flaw and result in hot spots. The flaws of the
surface, such as cracks, disturb the heat flow parallel to the specimen surface producing
convexities in the isotherms or changes in surface temperature, which are efficiently detected by
the parallel EATF mode. The ability to detect a flaw in the parallel mode is governed by the

temperature difference across the crack and the duration for which the thermal pattern exists.
2.2.4 Lock-in Thermography
Introduction

One of the most widely used thermographic techniques is lock-in thermography, which is a
nondestructive examination method that uses the phenomenon of thermal waves. A thermal wave
is the reaction of a medium to an intermittent heat supply. Thermal waves are produced by
intermittent heating of the surface of an object. These waves transmit into the solid object, and
some of them are reflected back at the interfaces. The interfaces are the boundaries between
dissimilar materials. A pattern of harmonic oscillating radiation is created when the incident and
reflected thermal waves interfere on the surface of the specimen which can be recorded by
instruments. The detection of the heat waves can be done by various means. Infrared
thermography is one of the best and fastest methods for examination and defect detection of a
large region in field test. Lock-in thermography is a combination of IR thermography and the

thermal wave technique which allows for fast and remote nondestructive testing [88].
Principle of Lock-in Thermography

Lock-in thermography (LT), a quantitative technique, is used quite often for rapid and remote
recognition of subsurface structures. In addition, depth quantification by LT is performed simply
through the diffusion length equation. The principle of LT is established on the propagation and
reflection of thermal waves that are initiated from the surface into the examined component by
absorption of modulated radiation. Phase images are acquired by superposition of the initial

thermal wave and its internal reflection which display hidden thermal structures down to a
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certain depth below the surface. They are undisturbed by variation in emissivity of the surface

and nonuniform distribution of heat emitted by the source [89].

In other words, in lock-in thermography, with adequate time for periodic heating, the surface
temperature changes periodically in a sinusoidal pattern that develops from the transient state to
the steady state. The heat source is used together with an adjusted intensity of a continuous sine
wave source. The IR camera is utilized to detect the surface temperature of a thermal wave
transmitting into materials and then produces a thermal image that displays the local variation of
thermal waves in phase or amplitude [85].

Image Generation in Lock-in Thermography

The IR camera is an important component of lock-in thermography. The camera detects heat
waves at the surface of the object and generates a two-dimensional thermal image depicting the
temperature radiation on the surface. A phase image or an amplitude image can be generated by
the phases and amplitudes of heat waves at the surface of the object. These images are helpful in

indicating any variation in material properties and identifying subsurface structures.

Setup of Lock-in Thermography

The test specimen is exposed to sinusoidal thermal excitation, where input frequency controls its
magnitude and phase during lock-in thermography. A modulated laser beam is used to thermally
excite a specimen for a point inspection whereas heating is done by a modulated heating beam
for a surface area inspection. An oscillating thermal field is generated inside the specimen due to
this thermal excitation which is recorded by IR thermal camera from a distance. The setup is
shown in Figure 2-3. The input and output signals are synchronized by a lock-in amplifier and
thus the magnitude and the phase of the input and output heat waves can be calculated with
respect to reference modulation. With the advancement in technology of IR thermography, the
digitized data can be used to acquire the output signal in the absence of an amplifier. The local
optical and infrared surface feature is related to the magnitude of the signal, and the phase is
proportional to the transmission time delay. Due to the difference in the magnitude and phase of
the signals between defective and defect free areas of the specimen, the subsurface flaws can be
easily identified by monitoring the signals [90].
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Figure 2-3 Typical of setup for lock-in thermographic inspection[84]
Advantages and Disadvantages of Lock-in Thermography

Lock-in thermography is used for defect detection near the surface, determining material
properties and measuring the thicknesses of coatings. It is advantageous in the detection of
delamination and is a flexible tool for nondestructive examination. Unlike x-rays, it is not
harmful for humans and requires lesser time for examination. The lock-in thermographic
technique is able to conduct nondestructive testing over a large region in a small interval of time.
It is a noncontact technique, and the equipment is portable so that it can be used in almost any
field test. It is also used in the inspection of printed circuit boards, electric installations and

quality control in arc welding [91, 92].

Lock-in thermography has better depth resolution than pulse thermography [93]. It gives better
results for slow thermal response materials (such as carbon fibre reinforced polymers) as it uses
significant power optical excitation sources using a long pulse mode, even though it takes a
longer time than pulse thermography [84, 90]. This technique is still growing and offers some

advantages over other nondestructive techniques.

The subsurface defects and discontinuities can be successfully found by lock-in thermography,
which is more sensitive than pulse thermography. The sensitivity of lock-in thermography is
inversely proportional to the depth of the defect. In a specimen, the depth of penetration of low
frequency heat waves is higher than high frequency heat waves. As the frequency of heat waves

changes, the sensitivity of lock-in thermography also changes. When the depth of penetration for
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both high frequency and low frequency thermal waves is the same, lock-in thermography
responds more accurately to high frequency thermal waves. High detectivity is achieved in
inspection when more than one frequency of waves is used. A defect at a certain depth produces
a phase difference which is significantly influenced by inspection frequency. A very small, or no,
difference at all may be produced by a defect at a certain frequency. The defect generates

maximum positive and negative phase differences at two certain frequencies [94].

Medical Applications of Thermography

The idea of thermography for medical application is well established. The diagnosis and
treatment of many ailments is a well known concept where thermal imaging is used to capture
and display a heat pattern from the radiation emitted from a patient’s body. The setup of
thermographic equipment in a clinical setting is generally well controlled within a clean and cool
environment. Inflammation, metabolism, and vascularity are three major reasons of surface

changes in temperature [95].

Patients with heart diseases have achieved many benefits from the advancement of
thermographic technique applications. Thermal angiography [51-53] is used to check the cooling
effects of cardioplegia liquids. Patients undergoing bypass [54, 55] surgery also take advantage
of intraoperative thermography for the detection of coronary graft flow restrictions [96].

Infrared imaging is better than the standard method of mammography for early detection of
breast cancer [56-63]. The temperature of cancer cells are elevated due to their high metabolic

activity making it easier to capture by thermography [97].

In order to investigate the results of Chinese medical therapy of acupuncture and Qi-gong (a
system of deep breathing exercises), the thermographic method is used to measure the
temperature of the hand and arm [98].

Thermal abnormalities during physical exercises or due to diseases, such as malignancies,
inflammation, infection, dermatological and rheumatic disorders, can also be detected by skin-

contact thermography [86].
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Chapter 3. METHODS AND MATERIALS

3.1  General Approach

The current study developed an FE model of a composite hip implant, which was virtually
loaded using axial static forces of 800 N, 1400 N, and 2200 N. An actual composite hip implant
was mounted in a mechanical tester and subjected to sinusoidal cyclic loads (average forces, 800
N, 1400 N, and 2200 N) and the surface strains were measured using strain gauges that were
mounted on the hip implant. The composite hip implant was then retested without strain gauges
using the same cyclic loading regimes as above and its temperature distribution was recorded
using an infrared lock-in thermographic camera. All strain gauge values and thermographic
temperature values were converted to stress values and compared among the three techniques,

namely, FE analysis, strain gauges, and lock-in thermography.

3.2  FE Modeling and Analysis
3.2.1 Geometry

A composite hip implant made of CF/PA12 and its components are shown in Figure 3-1. The hip
implant was hollow with an oval cross-section moulded in a shape similar to a human femoral
bone, a shaft angle of 135°, a wall thickness of 3 mm, an overall length of 230 mm, a maximum
diameter at the proximal base of the neck of 30.3 mm, and a minimum diameter at the distal tip
of 15.8 mm as shown in Figure 3-1 (a). The femoral head was made of cobalt-chrome (Figure
3-1b), and the acetabular cup indenter (Figure 3-1 c¢) was made of stainless steel which was used
to apply cyclic loading on the femoral head. The block, as shown in Figure 3-2, was made of

cement in which the implant was fixed.
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(@) (b) (c)

Figure 3-1 Composite (CF/PA12) Hip Stem and its components. (a). Hip Stem, (b). Femoral Head, (c).
Acetabular Cup Indenter

Figure 3-2 Solid works diagram of Cement Block

The front and cross-sectional view of the actual composite hip implant at various locations are
shown in Figure 3-3.
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Cross-
section view

Figure 3-3 CF/PA12 composite femoral stem [41]

3.2.2 Composite Hip Stem Material

In this study, the composite (CF/PA12) material comprising the hip implant material is strong,
durable, resilient, biologically inert and has mechanical properties that match the properties of
bone. This helps overcome some of the problems being faced by surgeons in implant surgery
[99]. Artificial ligaments and fracture fixation devices made of carbon fibre have been used in

humans with some success due to its theoretical advantages of flexibility over metallic implants.

Carbon fibre composites have been used in arthroplasty due to their natural tendency to minimize
stress shielding, since the material properties match that of human bone. The present composite
hip is previously developed to have properties (Table 3-1) identical to that of the contiguous
bone into which it can potentially be inserted; this helps in the reduction of bone loss due to

stress shielding in the neighbouring femur [45, 100].

21



Properties Values

Carbon Fibre Volume Fraction 0.55
Carbon Fibre Weight Fraction 0.68
Density of C F/PA12 (g/cm®) 1.43
Density of Carbon Fibre (g/cm?®) 1.78
Density of PA12 (g/cm?®) 1.03
Diameter of Carbon Fibres (um) 10
Diameter of PA12 Fibres(um) 26
Tensile Strength (MPa) 85
Elongation (%) 13
Flexural Strength (MPa) 130
Flexural Modulus (GPa) 164+15

Ultimate Strength in Compression (MPa) 155 + 27

Maximum Load in Compression (kKN) 28.6 + 3.8
Modulus of Elasticity (GPa) 145
Specific Heat Capacity (J/kg.K) 485
Thermal Expansion Coefficient (1/°C) 7.64x10°
Elasticity Model Linear elastic

Table 3-1 CF/PA12 composite material properties [42]

It has been observed that the composite materials used in orthopaedic applications have good
biocompatibility with human tissue and outstanding mechanical properties when surrounded by

body fluids. The exceptional handling qualities of fibre and the matrix system, the mouldability
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of the composite, the environmental friendly aspects, and the accessibility of light curable matrix
systems have contributed to the usage of fibrous components [101]. From prior experimental
studies it is observed that the mechanical properties of the currently-used CF/PA12 material for
the hip implant are identical to the properties of cortical bone in the femur [41].

3.2.3 Cement Block

In this investigation, the composite hip implant specimen was prepared by fixing its distal tip
into a block of cement, i.e. concrete. The concrete block was modelled flexible with properties
provided by the material library in the ANSYS Workbench software. Concrete properties are
given in Table 3-2.

Properties Values
Density (g/cm®) 2.3
Elastic Modulus (GPa) 30
Yield Strength (MPa) 0
Ultimate Compressive Strength (MPa) 41
Poisson’s Ratio 0.18
Elasticity Model Linear elastic
Isotropy Isotropic

Table 3-2 Properties of concrete
3.2.4 Assembly of the components

The distal tip of hip implant was fixed in the cement block. The stainless steel acetabular cup
indenter was attached to replicate axial cyclic loading on cobalt-chrome femoral head. Solid
Works 2009 was used to draw the CAD model of this assembly in order to simulate the
experiment precisely. The geometry was then saved in parasolid file format and was exported to
ANSYS Design Modeller where the body operations were executed to assure that no components
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overlapped within the assembly. This assembly was exported to the simulation window of
ANSYS Workbench 11.0 (ANSYS, Inc., Canonsburg, PA, USA) for analysis. The assembly of

composite hip implant in solid works is shown in Figure 3-4.

Acetabular Cup
Indenter

Composite
Hip Implant

Cement Block

Femoral Head

Figure 3-4 Assembly of Composite Hip Implant
3.2.5 Boundary Conditions

The cement block embedded with the composite hip implant was placed in a fixed support, and
the acetabular cup indenter was restricted to move in the uniaxial direction only as shown in
Figure 3-5. Three different axial forces were applied at a hip implant adduction angle of 15° on
the acetabular cup indenter to reproduce the same loading conditions as experienced by the hip

joint during regular gait.
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. Fixed Suppart

Displacerment

Figure 3-5 Boundary Conditions on the Composite Hip Implant Assembly

All contact surfaces were considered to be bonded, except the region between the acetabular
indenter and femoral head was set to ‘no separation’ in order to avoid slipping at that interface. A

model of the hip implant assembly was created in ANSYS software for FEA as shown in Figure
3-6.
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. Bonded - Implant For composite right-1 To Block For composite

. Bonded - Implant For composite left-1 To Block For composite
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Figure 3-6 Contact locations in the composite hip implant assembly
3.2.6 Meshing Properties and Convergence

Meshes were generated by ANSYS Workbench 11.0 automatically according to input
parameters. The number of nodes and elements for the composite hip implant were 88,003 and
58,158 respectively. In order to balance any difficult geometry, the mesh was adjusted
accordingly. For the implant, 10-node quadratic tetrahedron structural elements were used. Every
element had three degrees of freedom in nodal x, y, and z directions, and the displacement
behaviour was quadratic in nature which was able to model irregular geometries imported from

CAD software appropriately.

The structural elements for composite hip implants used 10-node quadratic tetrahedron mesh.
Four vertices were selected as shown in Figure 3-11. Vertices 1 and 2 were selected on the lateral
side, and vertices 3 and 4 were selected on the medial side of the hip stem. Seven meshes were
created at 0, 20, 40, 60, 70, 80, and 90% of relevance as shown in Figure 3-7. The ‘relevance’
utility in ANSYS Workbench was used to carry out refinement until such time that the solution

converged adequately. This is a global mesh control utility that permits control of the mesh
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fineness and ranges from high speed mesh (-100 setting) to high accuracy (+100 setting). The

mesh with a relevance of 90% showed the convergence was achieved in the results.
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Figure 3-7 Mesh relevance for the composite hip stem (from left to right): 0%, 20%, 40%, 60%, 70%, 80%,
and 90%.

The axial loads of 800 N, 1400 N and 2200 N were applied at the hip implant adduction angle of
15° as would be replicated in the experiments which were meant to mimic one-legged weight

bearing during the stance phase of walking gait. Von Mises equivalent strains were then recorded

after each mesh refinement.

The values of von Mises strains are tabulated in Table 3-3 for different relevance meshes and

difference in percentage from the preceding mesh is given within brackets.
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Locations of Von Mises Strain Readings with FE strain values (ug)

Mesh Nodes || Elements (% difference between consecutive relevance values)
1 gel Relevance
Vertex 1 Vertex 2 Vertex 3 Vertex 4
90 88003 | 58158 133 (1.68) 199.4(1.17) 682.9(2.28) 785.9(1.87)
80 78521 | 52368 | 130.8(4.66) | 197.1(1.08) 698.8(1.04) 771.5(2.02)
70 70266 | 47105 | 137.2(1.40) 195 (2.60) 691.6 (1.83) 787.4(1.73)
800N 60 63376 | 42719 135.3(5.21) | 200.2(5.81) 704.5(7.20) 774(1.02)
40 51286 | 35265 | 128.6(2.13) | 189.2(4.35) 657.2(3.60) 782(0.18)
20 42488 | 29825 | 131.4(1.39) | 197.8 (0.40) 681.7 (2.54) 783.4(3.93)
0 37238 | 26543 129.6 198.6 699.5 753.8
90 88003 | 58158 226.2(3.86) | 345.9(1.93) 1216.2(2.23) 1372.5(0.01)
80 78521 | 52368 217.8(1.76) | 352.7(8.06) 1244(1.46) 1372.7(0.72)
70 70266 | 47105 221.7(0.27) | 326.4(2.71) 1226.1(86.4) 1382.7(0.47)
1400N 60 63376 | 42719 | 222.29(7.18) | 335.5(0.42) 1227(89.67) 1389.2(0.71)
40 51286 | 35265 207.4(6.66) | 334.1(1.88) 1228.9(0.22) 1399.2(2.33)
20 42488 | 29825 222.2(7.60) | 340.5(1.07) 1231.6(1.05) 1367.3(1.56)
0 37238 | 26543 206.5 344.2 1218.8 1346.3
90 88003 | 58158 361.3(2.47) | 540.4(1.17) 1840.9(2.88) 2172.7(0.88)
80 78521 | 52368 352.6(2.17) | 546.8(0.11) 1895.5(0.005) | 2153.8(0.29)
70 70266 | 47105 345.1(5.44) | 547.4(7.14) 1895.6(2.37) 2160.1 (0.42)
2200N 60 63376 | 42719 327.3(8.24) | 510.9 (6.14) 1941.6(0.50) 2169.3(0.62)
40 51286 | 35265 356.7(6.16) | 544.3(0.58) 1931.9(0.15) 2156 (0.50)
20 42488 | 29825 336(5.93) 547.5(0.33) 1929.1(0.09) 2145.2(0.22)
0 37238 | 26543 317.2 549.29 1930.7 2140.4

Table 3-3 Mesh Characteristics, Elements, Nodes and Associated Vertex Microstrains
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3.3  Strain Gauge Experimental Setup
3.3.1 Strain Gauge Selection

The first step towards the installation of strain gauges is the selection of a suitable gauge for the
required job. The main element which determines the operating features of a strain gauge is the

strain-sensitive alloy used in the foil grid [102].

Name Description

Model CEA-06-125UW-350

Description Universal General Purpose Strain Gauges
Resistance 350.0 2+ 0.3%

Strain Range +3%

GF Sensitivity (1.2 +0.2) % /100°C

Gauge Factor, GF (at 24°C) 2.120 £ 0.5%

Temperature Range -75°C to 175°C

Transverse Sensitivity (0.7+£0.2) %

Overall Length and Width 0.325x0.180 in (8.26x4.57 mm)

Table 3-4 Vishay® general purpose strain gauge specifications [102, 103]

BACKING
/ ENCAPSULATION

= / \ A /
<l | 2
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A

Figure 3-8 Vishay® general purpose linear pattern strain gauge [102]

29



Sensitivity and precision are the two main reasons considered for the selection of a suitable strain
gauge. In general, the measurements respond quicker with high accuracy if more strain gauges
are used as in a full bridge circuit instead of a quarter bridge. The price also plays an important
role in determining the type of strain gauge that is used. The price of full bridge strain gauges are
considerably higher than half and quarter bridge gauges [104].

Selecting a suitable strain gauge depends upon the problem under investigation and the type of
specimen on which the gauge will be installed. Other factors playing an important role in gauge
selection are temperature sensitivity, high strain sensitivity, and electrical resistivity of the foil
[105]. In the current study, the in vitro experiments were at room temperature and the specimen
had a high elasticity modulus, such that large strain was not possible when the specimen was

subjected to compressive loads (up to 2200N).
3.3.2 Strain Gauge Mounting

High resistance gauges (ideally 350 Q) work better for materials having lower thermal
conductivity, such as simulated bone [105]. The loading was done axially as shown in Figure
3-11, and the direction of the strain was also along the same axis, hence uniaxial gauges were
considered appropriate. As such, Vishay® 350-Ohms general-purpose uniaxial linear pattern
gauges (125UW, model CEA-06-125UW-350, Vishay Micro-Measurements & SR-4, Raleigh,
NC, USA) were employed in this study as shown in Figure 3-8.

The first step in installation of strain gauges was degreasing, which was done by wiping the
specimen with a sterilized cotton gauze dipped in CSM 2 Degreaser (Vishay Micro-
Measurements, Raleigh, NC, USA) [106].

After degreasing, the surface was abraded by using 400-grit silicon-carbide paper to remove any
loosely bonded debris such as rust or paint from the surface of the specimen and making it rough

for perfect bonding.

A pencil was then used to mark the layout lines on the composite hip implant where the strain
gauges were to be installed. This step was followed by applying an ample quantity of M-Prep
Conditioner A (Vishay Micro-Measurements, Raleigh, NC, USA) and scrubbing the surface
continuously by cotton tipped swab. It was then dried by cotton gauze. The solution was not
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permitted to dry on the specimen surface. This was done to remove any contamination from the

previous installation step.

The conditioner used was acidic in nature, so in order to neutralize the surface M-Prep
Neutralizer 5A (Vishay Micro-Measurements, Raleigh, NC, USA) was applied for rinsing. This
was again scrubbed with a cotton tipped swab. Finally, it was dried again [106]

A pair of tweezers was used to remove the gauges from their envelopes and to place them on a
piece of PCT-2A cellophane tape (Vishay Micro-Measurements, Raleigh, NC, USA). The taped
gauges were positioned on the specimen such that the alignment marks on the gauge matched
with the layout lines. For each gauge, one end of the tape was adhered to the surface of the
specimen while the other was lifted to expose the bonding side of the gauge. M-Bond 200
(Vishay Micro-Measurements, Raleigh, NC, USA) was applied to the bonding side of the gauge,
followed by the addition of a few drops of M-Bond 200 (Vishay Micro-Measurements, Raleigh,
NC, USA). The other end of the tape was then placed down on the specimen so that the gauge
was perfectly positioned over the layout lines, and firm thumb pressure was applied to ensure
that the M-Bond 200 adhesive adhered well. The tape was not removed from the specimen until

the wires were soldered to the gauge.
3.3.3 Strain Gauge Measurement

Two strain gauges were connected to one DSub-15-pin connector (ACC/DSUB-UNI2, IMC
Mess-Systeme GmbH, Berlin, Germany), as shown in Figure 3-9, in a manner that completed a

Wheatstone bridge for strain measurement.

The wiring from the gauges was inserted into numerous labelled slots in the DSub-15-pin
connector shown in Figure 3-9. The colour-coded lead wires were separated into three different
wires, and 10-15 mm of the insulation was stripped from each coloured wire. The red wire was
connected to the +VBL1 slot, and the black wire was connected to the 11_1/4B1 slot. A small
piece of wire of about 50 mm was taken, and both the ends were stripped. One end of this small
wire was inserted into the SENSEL1 slot, and the other end of the wire was twisted with the white
wire and inserted into the +IN1 slot. This completed the quarter bridge wiring necessary for one

strain gauge.
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Figure 3-9 A Two-channel Dsub-15-pin connector wired from 2 strain gauges

The same procedure was repeated for all four strain gauges, which were then connected to two

separate DSub-15 connectors.

The CRONOS-PL as shown in Figure 3-10 was equipped with a UNI2-8 eight-channel amplifier
(IMC Mess-Systeme GmbH, Berlin, Germany), which was connected to one of its posterior slots
that served as the interface to hook up two DSub-15 connectors.

Figure 3-10 DSub-15s Connected to the CRONOS-PL unit (Left) and UNI2-8 eight-channel amplifier (Right)

A laptop computer used to collect data installed with signal analysis FAMOS V5.0 (IMC Mess-
Systeme GmbH, Berlin, Germany) was connected to the CRONOS-PL unit by a LAN network.
When the strain gauge was configured to the quarter bridge option, a supply of 5 volts was
selected in FAMOS V5.0. The gauge factor, resistance and sampling frequency was set at 2.12,

350 Q and 1.0 millisecond as per the manufacturer’s specifications. All strain gauge circuits
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were balanced by an option in FAMOS V5.0. The graph of measured strain (in microstrain) was

plotted against time for all strain gauges.

The composite hip implant was installed with four 350 Q general purpose linear pattern strain
gauges whose locations are illustrated in Figure 3-11 along with the virtual axial force on its

femoral ball.

Figure 3-11 Strain gauge locations with virtual force on femoral head
3.4  Cyclic Loading

An Instron 8874 mechanical tester was used to generate the force patterns on the hip implant for
all experiments (Figure 3-13). The load cell had an axial capacity of +25 kN, a resolution of 0.1
N and an accuracy of £0.5%. The mechanical tester had a stiffness of 260 kN/mm, which was far
greater than was expected for the composite hip implant. Thus, no correction factor was

necessary to accommodate for mechanical tester compliance.

The composite hip implant equipped with a metallic femoral ball was cemented into a square-
channel steel chamber using commercially-available anchoring cement. This was accomplished
by mounting the hip stem onto a chemistry stand using an adjustable multi-axial clamp. The

lateral surface was aligned vertically using levelling gauges. The distal tip was lowered and
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inserted into the centre of the hollow square-channel steel chambers (88 mm wide X 88 mm wide
X 160 mm high). Anchoring cement (Flow-Stone, King Packaged Materials Company,
Burlington, ON, Canada) was mixed according to the manufacturer’s instructions and poured
into the square potting chamber until it was filled to the brim. The cement was allowed to dry 24
hours prior to the specimen being removed from the clamping system. The resulting working
length of the hip stem from the top of the potting chambers to the top of the femoral ball was 115
mm. The steel chamber was then distally secured to the base of the tester with an industrial vice
at hip implant adduction angle of 15° (Figure 3-11). This angle simulated one-legged weight

bearing during the stance phase of gait.

A stainless steel indenter in shape of an acetabulum-like cup was fixed to the machine. A preload
of 100 N was applied to prevent any slippage between the femoral ball and the loading cell.
Vertical cyclic loads of 800N, 1400N and 2200N (average) were applied to the hip implant at a
frequency of 5Hz as shown in Figure 3-12. The waveform was sinusoidal in shape in order to

mimic human walking gait loading patterns on the hip joint.

FORCE

CYCLIC LOADING
Fmax

Favg

Fmin

TIME

Figure 3-12 Sinusoidal cyclic load application on the hip implant

FastTrack 8800 interface software was used to set the loading rate to 100 N/s. It also recorded
displacement from the actuator at every 0.01 seconds in addition to controlling the loading rate
and maximum load. The data of actual applied load versus time on the hip implant could then be
plotted. The cyclic loading was carried out for 30 seconds, and the FAMOS V5.0 software
permitted the plotting of graphs of the strain measurements simultaneously, that were saved for
the analysis. Then the actuator was elevated and the pressure was released from the test
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assembly. Three test runs were carried out for each loading condition, and a mean reading was

calculated for each load.

Figure 3-13 Instron® FastTrack™ 8874 (Left)[107], Instron® FastTrack™ 8800 Controller Panel (Right)
[108]

3.5  Lock-in Thermography Experimental Test Setup

The current test setup of IR thermography is shown in Figure 3-14. The setup included an IR
camera with a spectral window ranging from 3.6 um to 5.1 pum, a function generator supplying
the reference signal, an Instron® FastTrack™ 8874 mechanical tester that applies mechanical
loads of varying magnitude on the specimen, a power supply, a lock-in device that synchronizes
the infrared frames with the reference signal, and a computer. The measurements were taken
with a Silver 420 infrared camera. The ALTAIR-LI software (Cedip Company) installed in a
laptop computer was used to monitor the camera. The lock-in box (synchronizing device) helped
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in calculating the demodulation of every pixel of the infrared frame. It also stored and displayed
the images of the phase shift and front face temperature.
Computer

Sample
Infrared Camera

Instron

Machine \ Functional

Generator

Figure 3-14 Schematic setup of lock-in thermography

The specimen hip implant fixed in a concrete block was gripped in a vice at an angle of 15° at
the bottom of the Instron® mechanical tester. Loads of 2200N, 1400N and 800N were applied by
the machine. The setup and load application was done in the same manner as described earlier
(section 3.4). The only difference was that there was no strain gauge attached to the implant. The
thermal camera was mounted on a tripod stand and placed at a distance of about 3 feet (0.91 m)
from the specimen. The heat produced in the implant by mechanical excitation was recorded by

the thermal camera.

Figure 3-15 Laboratory setup of lock-in thermography
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During the inspection, the IR camera was used to record the oscillating surface temperature of
the object by taking a series of IR images, on which every pixel represented the average
temperature of the matching spot. The camera generated stress maps while averaging the applied
force on the sinusoidal waveform. The image recording was synchronised with the modulation
frequency, and the IR thermography camera took four images within one cycle as shown in
Figure 3-17.

load signal

Sampling

¢ 1o frequeng
[;mmmgny IR camera

.,\\Lf/;,

Figure 3-16 Signal analysis of lock-in thermography[109].

Signal §
(inone pixel)

% d -H\‘\\\

Time
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Figure 3-17 Signal acquisition during a thermal wave cycle[90]

The lock-in system obtained four signal values S;, S;, Sz and S, in every pixel of the image. The
indices refer to the recording time. From these values, the system calculated a phase value (®)
according to the following basic equation:
S-S, :
d=arctan | —— Equation 3.1
S,-S,
Using the @ values obtained with the above equation, the system produced a phase image.
Thermo-elastic stress analysis used in the IR analysis was based on the principle that when a

body is compressed, its temperature increases. When the pressure is released, it returns to its
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original shape and temperature. The thermo-elastic equation used by the camera to generate

stress fields is given below:

AT=T-% Ao Equation 3.2
PC,

where AT is change in the temperature, T is the ambient temperature, « is the coefficient of

thermal expansion, p is the density, Cp is the specific heat capacity and Ao is the stress. This

equation assumed adiabatic conditions i.e. no significant heat loss. The Altair software used

Equation 3.2 to calculate stresses on the surface of the specimen.

The thermal camera used in this study is a Silver 420 Infrared Camera. Its sensitivity, precision
and speed are optimal for conducting thermal and radiometric measurements. The camera had
320 X 256 pixels, each of which corresponded to a pixel of the image. The size of each pixel was
30um X 30um and was at a distance of S5um from the adjacent pixel. This resolution gave high
sensitivity and at the same time offered an adequate dynamic range with perfect linearity. The
frequency of the image could be programmed, and subwindowing modes were uncomplicated

and flexible.

This camera had a power driven built-in auto focus 27 mm lens and the focusing of the object
was done by control buttons in the program software. In order to examine a specimen, it was
necessary to make sure that it was located in the middle of the image and focusing was done
appropriately. A BNC 75 ohms cable was used to connect the camera to a video monitor in order

to control the image [110]. A picture of the camera used is given in Figure 3-18.

Figure 3-18 Silver 420 thermal camera[110]
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Technical data are given below for the camera used in this study (Table 3-5).

Parameters Values

Spectral Response (Wavelength) 3.6 um —5.1 um

Subwindow

160 x 120 pixels / 80 x 60 pixels / 64 x 8 pixels

Frame Rate

5 Hz to 170 Hz full Frame

Image Capture

Snapshot Integrate then Read mode (ITR)

Number of Pixels

320 x 256 pixels

Pitch 30 umx30 um
Cooling Type Integral stirling Cooler
Cooling Time <7mn @ 25°C ambient
Frame Rate Resolution 1 Hz step

Resolution 1 MPa

Power Supply 12 VDC/5A

Power Consumption

50W in cool down mode, 30W in steady state mode

Digital video

USB / Cam LINK

Analogue Video

PAL (50 Hz) or NTSC (60 Hz)

Remote Control

USB / Cam LINK

Overall dimension (mm)

310 x 141 x 159

Weight

3.8 kg

Operational Temperature range

-20°C +55°C

Table 3-5 Technical data for the Silver 420 infrared camera [110]
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Chapter 4 . RESULTS

4.1  Finite Element Analysis Results

The static strain values calculated from the finite element analysis model are tabulated in Table
4-1. The locations are identified and correspond to the gauge locations as mounted during strain
gauge experiments. It was evident from the results that the lateral side of the implant experienced

tension while the medial side was under compression. All the strain values are given in um/mm.

_ Calculated strain (ne) from FEA State of load
Vertex Location P —
2200 N 1400 N 800 N P
1 Lateral 361 226 133 Tension
2 Lateral 540 345 199 Tension
3 Medial 1840 1216 682 Compression
4 Medial 2172 1372 785 Compression

Table 4-1 Microstrain values calculated by Finite Element Analysis
4.2  Strain Gauge Results

The measured cyclic strains from the experiment are tabulated in Table 4-2, and the position of
each gauge is identified. The trend for the state of load experienced by the implant was identical

to that of the FE model, with tension on the lateral side and compression on the medial side.

Measured strain (pe) from
Vertex Location Experiment i;?gr?;:g:g
2200 N 1400 N 800 N
1 Lateral 450 275 190 Tension
2 Lateral 475 275 200 Tension
3 Medial 1400 800 580 Compression
4 Medial 520 325 220 Compression

Table 4-2 Microstrain values obtained by strain gauges
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4.3

Stress Values obtained from IR Thermography

The values of cyclic stress obtained from lock-in thermography for 800 N, 1400 N and 2200 N

are tabulated in Table 4-3. The same tension and compression trends of stress distribution on the

lateral and medial sides, respectively, were observed from thermography.

4.4

Measured stress (MPa) from IR
. State of load
Vertex Location Thermography .
experienced
2200 N 1400N 800 N
Lateral 8.44 4.19 35 Tension
Lateral 7.46 4.21 1.58 Tension
Medial 20.3 12.09 7.1 Compression
Medial 11.73 4.97 3.1 Compression

Table 4-3 Stress values obtained from IR thermography

Comparison of Strain from Strain Gauge Experiments and FEA

The strain values from FEA and strain gauges for the axial loads of 800N, 1400N and 2200N are

given in Table 4-4. Vertices 1 and 2 located on the lateral side of the implant experienced tension

while the vertices 3 and 4 located on the medial side were under compression. Actual strain

readings from FEA are given in Appendix 1 as Figure A1-1, A1-2 and Al1-3.

Von Mises Strain (ug)

. . Vertex 3 :

Vertex1(Tension) Vertex 2 (Tension) (Compression) Vertex 4 (Compression)
Load - . . .
Strain Strain Strain Strain
0 0, 0, 0,
e Gauge % = Gauge . = Gauge . = Gauge -
2200N 361 450 19.78 540 475 -13.68 | 1840 1400 -31.43 | 2172 520 -317.69
1400N 226 275 17.82 345 275 -25.45 | 1216 800 -52.00 | 1372 325 -322.15
800N 133 190 30.00 199 200 0.50 682 580 -17.59 785 220 -256.82
. Experimental Strain — FEA Strain
%Difference = (Exp ) x100

Experimental Strain

Table 4-4 Comparison of equivalent Von Mises Strains obtained from FEA and Strain gauges.
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The strain values obtained from the finite element analysis were compared to the strain values
measured from the strain gauge experiments to verify if FEA could be used to predict the strain
distribution in the composite hip implant. Eight of the twelve readings from strain gauge
experiment agreed well with FEA predicted results (within 0.5- 31%). The reading for strain
gauge (vertex 4) installed near the distal tip of the implant had high disagreement. A correlation
graph was plotted by considering only three gauge locations. A slope of greater than 1 showed
that FEA overestimated the strain values when compared to the experimental results (Figure
4-1). The correlation coefficient R=0.98 showed very good agreement between the two sets of
values of the strains from FEA and strain gauges. The slope of the graph is the measure of
reliability which indicates the accuracy of the results and R? is the measure of repeatability
which indicates the precision in the results.There was a nominal experimental 'offset’ strain value

due to experimental preload, which corresponded to the zero FE strain.

Correlation for Strain Measurement
2000 -
1800 A R2=0.98
1600 4 Slope= 1.44
_ 1400 -
g 1200 A *
p 1000 -
'S 800 -
=
& 600 -
w 400
L 200
0 T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600
Experimental Strain (us)

Figure 4-1 Correlation graph for all values of strain (excluding vertex 4) at 2200N, 1400N and 800N from
FEA and Strain Gauges.

45  Comparison of Stress from Strain Gauge Experiment and IR Thermography

Hooke’s law was used to calculate stress values from strain gauge results by using modulus of
elasticity of the composite as 14.5 GPa. The stress values calculated from the strain gauge results
for axial loads of 800 N, 1400 N and 2200 N are given in Table 4-5, and compared with the
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corresponding stress values obtained by lock-in thermography with the help of a thermal camera.
The actual stress readings are labeled on two-dimensional thermograms obtained from lock-in
thermography for individual load at each location and are given in Appendix 2 as Figure A2-1,
A2-2, and A2-3.

Stress
Reading from %
Vertex ALO?;Z q Strain Gauge Ithig:)S >
. (MPa)

1 6.53 8.44 -29.25
2 6.89 7.46 -8.27

2200N
3 20.30 20.33 -0.15
4 7.54 11.73 -55.57
1 3.99 4.19 -5.01
2 3.99 4.21 -5.51

1400 N
3 11.60 12.09 -4.22
4 4.71 4.97 -5.52
1 2.76 35 -26.81
2 2.90 1.58 45.52

800 N
3 8.41 7.1 15.58
4 3.19 3.1 2.82

%6 Difference — (Strain Gauge_Stress — IR Stress) <100
Strain Gauge

Table 4-5 Comparison of stresses obtained from Strain Gauges and IR

The values of stress at vertex 3 are higher in both cases. From FEA, strain gauges and

thermographic results it was evident that vertex 3 was located in an area of stress concentration.
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The correlation graph of the results from thermography and strain gauges showed strong
correlation with a slope = 1.01 and a correlation coefficient of R® = 0.96 (Figure 4-2). The slope
of the graph showed IR thermography overestimated the stress values when compared to strain
gauge results. There appeared to be no nominal 'offset' stress value when comparing strain gauge

stresses versus IR stress measurements, since during both tests a preload was applied on the hip
implant.

25 H
= 207 R = 0.96
% Slope =1.01
x 15
IS
o
= 10 -
[%2)
&
s
(7p] 5 4

L 2
O T T T T 1
0 5 10 15 20 25
Stress from strain gauge (MPa)

Figure 4-2 Correlation graph for all values of stress at 2200N, 1400N and 800N from strain gauges and IR.
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Chapter 5. DISCUSSION

5.1  General Findings from the Current Study

The present FEA and strain gauge experimental studies suggested that thermography could be
used to investigate the stress/strain distribution in a composite hip implant with confidence. The
results obtained by these methods were comparable with strong correlation. Thermography, like
FEA, gave full stress maps making it easier to locate stress concentration points at a glance

which was not possible in strain gauge experiments.

5.2  Comparison of Strain from Strain Gauges and FEA

Three out of four strain gauge readings agreed well with the FEA results and were within 30%
for all three loading conditions, while for vertex 4 the readings differed exponentially. The strain
value at vertex 3 was very high for both FEA and strain gauge experimental study for all loading
conditions. It was most likely due to the geometry of the hip implant, as this location was
extremely curved where strain gradients may be expected to change rapidly. The size of the
strain gauge foil was comparatively large, which made it difficult to obtain consistent uni-axial
readings over a curved surface. At the level of microstrains, a similarity within 30% is a
convincing validation of the FE model. The FEA predicted very high values of strain at vertex 4.
This location was nearest to the cement block constrained from all sides providing high stiffness

which could be the reason for such high values.

A slope of greater than 1 showed that FEA overestimated the strain values when compared to the
experimental results (Figure 4-1). The correlation coefficient R?=0.98 showed very good
agreement between the two sets of values of the strains from FEA and strain gauges. The slope
of the graph is the measure of reliability which indicates the accuracy of the results, and R? is the

measure of repeatability which indicates the precision in the results.

Strain gauges are ideally meant to measure the value of strain on a flat surface. It gives the
average value of strain under the foil while the FEA gives a nodal value of strain at a particular

point. Slight misalignment of the gauge with the vertical axis of the specimen may also have
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influenced the present results. The correlation graphs showed strong agreement between the

values of strain obtained from the FE model and the experimental strain gauges.

The force displacement graphs for the applied loads of 800N, 1400N and 2200N indicated that
the hip implant remained within the linear elastic limit. No permanent damage ocurred to the hip
implants during mechanical testing. The value of the linearity coefficient remained at R* = 0.99

for all three loads utilized.

5.3  Comparison of Stress from Strain Gauges and IR Thermography

The value of stress was high at vertex 3 as compared to the other three values. This was true for
all three applied loads. This was due to the curved geometry of the neck of the implant. The
strain gradient was expected to change rapidly in this area. Only 4 out of 12 readings showed a
high degree of disagreement between the stresses. The correlation graph showed excellent
agreement (R? = 0.96, slope = 1.01) between the values of stress obtained from lock-in
thermography and experimental strain gauges.

54  Comparison of Present FEA Results to Prior Studies

Bougherara et al. [45] conducted FE analysis on three solid models of the implant, namely, an
intact femur, a titanium-based alloy hip implant (Young’s Modulus, 110 GPa; Poisson’s Ratio,
0.3), and a biomimetic composite hip implant (CF/PA12). A load of 3000N was applied on the
femoral head at an adduction angle of 20°. Peak maximum stress in the composite implant was
observed to be 72 MPa. Bone resorption and implant loosening could be minimized if the
composite hip implant was used. In the current study, the maximum stress was 52.74 MPa when
a load of 2200N was applied at an angle of 15°. At present, by interpolating the stress value for
3000N, the result achieved was 71.9 MPa, which was almost identical to the value observed by

Bougherara et al.

Rohlmann et al. [111] used FE modelling to determine stress distribution in a hip implant and
studied the influence of design and material properties of implants, cement, and surrounding
bone. The modulus of elasticity of the implant was 200GPa, and Poisson’s ratio was assumed to

be 0.33. A force of 2670 N was applied on the femoral head of the implant. Geometric and
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material data were taken from the actual bone. They conducted the same test and used 34 strain
gauges to validate the results. Reasonable agreement (difference of 12.7%) was found between
experimental and analytical results on the outside of the femur. In the current study, the modulus
of elasticity for the implant was very low at 14.5 GPa and good agreement (difference of 30%)

was observed between FEA and the experimental measurements.

Viceconti et al. [112] used two hip implants made up of Ti6A14V (E=110GPa) and installed 7
strain gauges on the lateral side. The stems were cemented in a steel cup and loaded with a force
from 30 to 3300N. The tensile stresses were measured as 436 MPa and 405 MPa respectively on
both stems. Then 3D CAD models were exported to a finite element program and analyzed. The
experiments were simulated and the results for tensile stresses were 466 MPa and 438 MPa
respectively. The strain calculated was 0.00423 mm/mm. The agreement between the results of
experimental tests and FE analysis were within 7 to 8 %. At present, considering the axial load of
2200N, it was concluded the strain value was 0.00363 mm/mm, which was close to the results of

the study conducted by Viceconti et al.

Helgason et al. [113] used FE analysis to assess the risk of implant failure during walking gait.
The implant was made from Ti-6Al-V, and Young’s modulus and Poisson’s ratio were set as
110GPa and 0.3 respectively. They set the value of failure at 493MPa which was equal to a Von
Mises equivalent stress of fatigue failure of ASTM grade 5Ti-6Al-4V alloy. Varying forces
were applied in the range of 803 N to 1014 N. It was found that a maximum stress of 47.2 MPa
was present around the implant on the outer posterior surface of the bone at the proximal end of
the implant, whereas a 61.5 MPa Von Mises stress were found in the proximal part of the
diaphysis. The measured strain for the proximal part of the diaphysis was 558 pe. In the current
study, the value of strain was predicted to be 682 e at the corresponding location for the applied
load of 800 N. There was a difference of 18% in the results.

Overall, in most previous studies, FE analysis was used to conduct analysis on metallic hip
implant models, which was likely the cause of most discrepancies when comparing prior results
to current stress and/or strain data. Bougherara et al. [75], however, used a composite hip
implant model, thereby yielding results that were similar to the present study.
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5.5  Comparison of Present Experimental Strain Gauge Results to Prior Studies

Khursheed [114] conducted similar tests on a CF/PA12 composite hip implant. The implant was
subjected to an axial load of 3000 N at an adduction angle of 0°. It was observed that the lateral
side of the implant experienced microstrains in the range of 1017-1274 ne and the medial side
experienced microstrains between 2352 to 4178 pe. In the present study, the trend of the strain
experienced on lateral and medial was similar to this prior study, i.e., tension on the lateral side
and compression on the medial side. The values of microstrains were higher on the medial side
ranging from 580 to 1400 pe and lower on the lateral side ranging from 450 to 475 pue when an

angular load of 2200 N was applied on the femoral head.

Akay et al. [115] used a CF/PEEK composite implant (E=16.4 GPa) and subjected it to 3000N
load at an angle of 20° to the shaft of the femur. Six strain gauges were positioned on the lateral
site of the implant and five strain gauges on the medial side. The maximum tensile stress on the
lateral side of the stem was 30 MPa, and the maximum compressive stress on the medial side of
the stem was 45 MPa. Presently, the compressive stresses on the medial side were also higher
than the tensile stresses on the lateral side. The compressive stress of 20.3 MPa on the medial
side of the implant is in good agreement for the 2200N load.

Otani et al. [116] studied the impact of flexible carbon composite femoral component (E=18.6
GPa), a titanium alloy implant (E=100GPa), and a stainless steel implant (E=200GPa) in a
proximal composite femur (fibre glass reinforced epoxy). In their study, strain gauges were
installed at 8 locations on the proximal femur and subjected to axial loads of 1000 N and 2000 N
at an adduction angle of 9°. Due to this axial loading, it was observed that the compressive strain
at the calcar region was considerably higher in the intact femur and the carbon composite hip
implant in comparison with two other hip implants. There was not a big difference between the
strains measured in the femur and carbon composite hip implant. In the current study, however,
the implant was not fixed in the femur and force was applied directly on the femoral ball

attached to the implant, making direct comparison of results to the prior study problematic.

O’Connor et al. [117] measured in vitro strains in the cement mantle around a hip implant by
using strain gauges fixed inside the cement mantle. The hip stem was implanted into a cadaveric

human femur that was subjected to physiologic loads replicating both single-limb posture (800
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N) at an adduction angle of 15° to the vertical and stair-climbing (1780 N) at an abduction angle
of 20°. It was observed that the highest values of the strain were at the most proximal section of
the cement mantle near the tip of the hip implant. These two areas were known to experience
high strain, cement debonding, and cement mantle failure. From the strain gauge data, it was
concluded that during stair climbing the cement mantle in the proximal section experienced
highest value of the strain while the tip of the implant experienced high strain in both gait and
stair-climbing. In the current study, the strain distribution was measured for the hip implant itself
and not the surrounding area, making direct comparison of the results to the previous

investigation difficult.

Sim0Oes et al. [118] used 5 Freeman’s prosthetic hip implants made of steel (E=210GPa),
aluminum (E=70 GPa), composite (E=12 GPa) and polyurethane to conduct tests. The replicas of
intact and implanted femur models of the human femur were made from glass fibre-reinforced-
epoxy and polyurethane foam. Four strain gauges were installed at lateral, medial, anterior and
posterior parts of the femur, and a force of 1000 N was applied. It was observed that the strain
distribution at the lateral and medial parts of the implanted femur was the same as in intact
femur. The stiffer prostheses promoted higher strain variation in the calcar region of the femur.
In the current study, however, only one implant made of composite material was analyzed that
was potted directly into a cement block without a femur, and strain was measured on its surface
directly. Thus, a direct comparison of surface strains and stresses on the hip implant with Simdes
et al. is problematic.

5.6 Clinical Relevance

The current results showed that the highest strains and stresses occurred in the proximal region
of the hip implant, especially in the neck region. This suggests that this zone would be
particularly susceptible to failure if this composite hip implant were to ever be inserted into a
human femur in vivo and subjected to physiological loading conditions over a long period of
time. This potential failure site of high stresses has been noted by Bougherara et al. in a prior FE
and experimental study that used metallic hip implants virtually mounted into an FE model of a
synthetic femur representing healthy bone stock [119]. They reported FE peak stresses of 190

MPa and 141 MPa in two different hip prostheses in the superior region of the neck, whereas the
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peak stresses on the bone at the distal site of implant insertion into femurs were 11 MPa and 22

MPa, respectively.

As such, the good bone stock of healthy human femurs could provide a rigid fixation which
would allow high stresses to develop in the composite hip implant's neck region, predisposing it
to potential failure. Conversely, the poor bone stock arising from severe osteopenia or
osteoporosis may not permit the composite hip implant to be anchored firmly, thereby causing
the site of implant failure, loosening, or migration to be in the distal region where the implant is
in direct contact with the bone. To prove these suggestions, future biomechanical tests in vitro
would need to be done in which the composite hip device is implanted into synthetic or human

cadaveric femurs mimicking high and low quality bone stock.

As this composite material matches the properties of a cortical bone, it may prevent loosening of
the hip implant, which sometimes occurs due to “stress shielding”, being one cause for revision

surgery for hip implant patients.

Lock-in thermography can be successfully used for quality assurance of a polymeric composite
hip implants. It gives a full stress map on the surface of the specimen for cyclic loading regimes.
This technique is easy to use and should, therefore, be explored more comprehensively for

clinical application.
5.7 Limitations and Future Considerations

The FE study was based only on static analysis of the hip implant, while the strain gauge and
thermographic experiments were carried out with cyclic loading of the implant. EI’Sheikh et al.
[120] reported that dynamic effects provided 10% to 20% more loading on an implant.
Moreover, cyclic loading is a more clinically and physiologically realistic scenario that
represents the walking gait, which can generate forces of 3 to 4 times body weight at the hip joint
[121, 122].

The composite hip implant was considered to be linear and isotropic in order to simplify the FE
analysis. However, future studies may wish to consider taking into account any non-linear and

visco-elastic properties of the hip implant.
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The concrete block with a potted hip implant was gripped in a vice during the experimental and
thermographic study, which provided rigid constraints only on two faces of the block. However,
the FE model developed had rigid constraints on all sides of the block. Also, the square steel
chamber which housed the cement and the distal portion of the hip implant was not incorporated
into the FE model; it was assumed this would only add negligible stiffness to the distal boundary
conditions. These differences might have been the cause for any discrepancies in the results

when comparing FEA with the experimental test modalities.

The experimental tests were limited to the linear elastic limit of the material. Fatigue failure
should also be considered in order to understand more comprehensively the behaviour of

implants under dynamic conditions that simulated long-term use by a patient.

Only one hip implant sample was tested for the current study which could be increased to a
number of samples so that a more thorough statistical comparison could be carried out.

The composite hip implant was tested in isolation, without being mounted in a cadaveric or

synthetic femur, which would have been a more clinically realistic scenario.

The complex geometry of the implant near the neck produced stress concentrations during the
manufacturing process. Moreover, strain gradients could be expected to change rapidly in this
curved area. The size of the strain gauge foil was comparatively large, which made it difficult to
get consistent uni-axial readings over a curved surface. These factors might have led to higher

values of stress and strain at vertex 3.

Linear strain gauges do not work optimally on curved surfaces because they are ideally meant for
flat surfaces in order to yield normal strain values. Moreover, they are physically fragile and may
peel or unglue easily, thereby yielding unstable voltage signals and unstable strain results. Both

of these factors may have influenced the present results.

The femoral head of the implant was covered with tape so that slippage could be avoided
between the acetabular cup indenter and the femoral head when load was applied by the Instron
machine. The friction characteristics of this interface, however, were not measured and may have

affected the results.
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The blurry images from the camera might be due to lack of focusing and environmental thermal
noise around the specimen. The acetabular cup indenter geometry prevented thermographic
images from being taken on the medial side of the implant. The cup can be optimised and
redesigned so that the images can be recorded from any side to provide a more comprehensive

investigation of the hip implant.

The load versus displacement graphs from cyclic experiments showed some data scattering and
drift, which could have been caused by vibration of the load cell actuator of the Instron
machines, slippage of the femoral ball inside the metal acetabular cup, slippage of the cement
block inside the industrial clamping mechanism used to fix the specimen distally, and/or a drift
in the stiffness of the composite hip implant material with each subsequent cycle of load. Even
so, the linear correlation coefficient for these graphs was close to 1, indicating that the specimen

was kept within the linear elastic region during tests.

The waveform used in this experiment was sinusoidal to mimic human walking. However,
future studies may wish to consider triangle or other cyclic waveform to study its effects on

stress distribution on the specimen surface.
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Chapter 6 . CONCLUSION

Lock-in thermography can be used effectively for nondestructive evaluation of a polymer
composite (CF/PA12) hip implant. The results achieved by this method were comparable to
those of strain gauges and FEA. It is a noncontact technique which can cover a large test area

with minimal effort.

The mechanical properties and behaviour of the composite hip implant were first analyzed by
using strain gauges and FE analysis when it was subjected to different axial loads. The FE model
results and strain gauge results were comparable within 9% for three out of four vertices. The
fourth vertex, however, demonstrated a higher degree of discrepancy. Pearson’s correlation and

slope between the two techniques showed good agreement.

The experiment was repeated using the IR thermal camera to record thermal images. Stresses
were measured directly with the help of a thermal camera and software. These stresses were
compared to stresses already measured from the strain gauges. The correlation graph between the
two sets of values yielded R?=0.96.

Lock-in thermography is a new technique which yields full stress maps, whose results are
comparable to the local strain results obtained through conventional techniques employing strain

gauge measurements.
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APPENDICES

APPENDIX 1: Results from Finite Element Analysis

Figure Al- 2 Von Mises strain values (mm/mm) for 1400N
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Figure Al- 3 Von Mises strain values (mm/mm) for 2200N
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Figure Al- 4 Bar chart for microstrain values obtained by Finite Element Analysis
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Load Maximum stress (MPa)
calculated from FEA
800 N 19.17
1400 N 33.56
2200 N 52.74

Stress = StrainxYoung's Modulus

Table Al- 1 Stress values calculated from FEA strain
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1000 -
800 - = 2200 N

600 - N 1400N
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Figure Al- 5 Bar chart for microstrain values obtained by strain gauges
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APPENDIX 2: Results from Infrared Thermography
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Figure A2- 1Thermograms obtained from IR thermography for 800N
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APPENDIX 3: Comparison of Strain values from FEA and Strain Gauge Experiments

Strain
Vertex FE Model (pe) Strain gauge (ue) %
1 133 190 30
2 199 200 0.5
3 682 580 -17.59
4 785 220 -256.82
%% Difference — (Experlmenta! Strain — FE_AStraln) <100
Experimental Strain

Table A3- 1 Comparison of strain gauge and FE strains for 800N.

R?=0.99

Load 800 N Slope =1.34

800 -
700
600 -
500 -
400 -
300 -
200 -
100 -
0 T T T T T T 1
0 100 200 300 400 500 600 700

FEA

Strain Gauge

Figure A3- 1 Correlation graph of strain gauge and FE strains for 800N, excluding vertex 4.
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Strain

Vertex FE Model (ue) | Strain gauge (ue) %
1 226 275 17.82
2 345 275 -25.45
3 1216 800 -52
4 1372 325 -322.15

(Experimental Strain — FEA Strain)
Experimental Strain

%Difference = =x100

Table A3- 2 Comparison of strain gauge and FE strains for 1400N.

Load 1400 N

1400 -

1200 1 R?=0.99

1000 A Slope=1.7
< 800 -
L
L 600 -

400 - P

200 *

O T T T T 1
0 200 400 600 800 1000
Strain Gauges

Figure A3- 2 Correlation graph of strain gauge and FE strains for 1400N, excluding vertex 4.
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Strain
Vertex FE Model (ug) | SUain gauge %
(ne)
1 361 450 19.78
2 540 475 -13.68
3 1840 1400 -31.43
4 2172 520 -317.69
%% Difference — (Experlmenta! Strain — FE_AStraln) <100
Experimental Strain

Table A3- 3 Comparison of strain gauge and FE strains for 2200N.

Load 2200 N
2000 -
1800 + R2=0.99
1600 Slope=1.48
1400 H
< 1200 -
w 1000 -+
L
800 A
600 -
400 é
200 H
O T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600
Strain Gauge

Figure A3- 3 Correlation graph of strain gauge and FE strains for 2200N, excluding vertex 4.
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APPENDIX 4: Comparison of Stress values from IR and Strain Gauge Experiment

Stress
Reading from Strain IR Stress 0
VA gauge (MPa) (MPa) 2
1 2.76 3.5 -26.81
2 2.90 1.58 4552
3 8.41 7.1 15.58
4 3.19 3.1 2.82
%% Difference — (Strain Gauge.Stress — IR Stress) <100
StrainGauge
Table A4- 1 Comparison of strain gauge and IR stress for 800N
8 -
7 -
< 6 - R2=0.93
é Slope=0.79
x ]
£ 41
o 4
% 3
5 2
N 4
1 -
O T T T T 1
0 2 4 6 8 10
Stress from Strain gauges (MPa)

Figure A4- 1 Correlation graph of strain gauge and IR stress for 800N.

There is little or no 'offset’ in stress due to preload in this comparison, since IR and strain gauge tests used

the same preload.
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Stress

Vertex Rea;;zggr(c;\r;l Pi;rai n IR Stress (MPa) %
1 3.99 4.19 -5.01
2 3.99 421 -5.51
3 11.60 12.09 -4.22
4 4.71 4.97 -5.52

(Strain Gauge Stress — IR Stress)
Strain Gauge

%Difference = x100

Table A4- 2 Comparison of strain gauge and IR stress for 1400N
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Figure A4- 2 Correlation graph of strain gauge and IR stress for 1400N.

There is a negligible 'offset’ in stress due to preload in this comparison, since IR and strain gauge tests used
the same preload.
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Stress
Reading from Strain IR Stress 0
VAL gauge (MPa) (MPa) L
1 6.53 8.44 -29.25
2 6.89 7.46 -8.27
3 20.30 20.33 -0.15
4 1.54 11.73 -55.57
%% Difference — (Strain Gauge_Stress — IR Stress) <100
StrainGauge
Table A4- 3 Comparison of strain gauge and IR stress for 2200N
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R?2=0.96
20 A1 Slope=0.85
g
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o
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Figure A4- 3 Correlation graph of strain gauge and IR stress for 2200N.

There is only a small "offset’ in stress due to preload in this comparison, since IR and strain gauge tests used
the same preload.
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APPENDIX 5: Load vs Displacement graphs for all three applied loads

Applied Load (N)
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Figure A5- 1 Load-displacement graph for 800N (average)
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Figure A5- 2 Load-displacement graph for 1400N (average)
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Applied Load (N)
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Figure A5- 3 Load-displacement graph for 2200N (average)
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