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Abstract -
Surgeons‘may use a nurnber of cutting instruments such as osteotomes and chisels to
" cut bone during an or)erative procedure. The initial loading of cortical bone during, the
cutting procesa,resultsl'in the formation of rnicrocracks in the vicinity of the cutt_ing
zone with main crack propagation.to failure occurring with continued loading. When
;| material cracks, energy is emitted in the form of Acoustic Ernission (AE) signals
that épread“in all directioné, therefore, AE transducers can be used to monitor the
oc’currence and development of microcracking and crack prOp'agation in cortical bone.
ln this research, number of AE srgnals (hrts) and related parameters mcludmg
» ‘amplrtude duratlon andl absolute energy (abs- energy) were recorded during the
~1ndentatlon cuttlng process by a wedge blade on cortical bone specimens. The cutting:
force was also measured to correlate between load~displacement curves and the output
from the AE sensor. | |
The results from 'experiments shoyv. AE _signale. increaSe 'substantlally during tlle |
loading just orior to fracture. between 90%I and 100% of maximum fracture load
Furthermore an amplrtude threshold value of 64dB (w1th approxrmate abs- energy of
1500aJ) was established to separate AE Mgnals assocrated with microcracking (41-
64dB) from fracture related signals (65-98dB). The results also demonstrated that the
cornplete' fracture event which. had the highest,duratlon yalue can be distinguished
frorn other growing macrocracks AWl'nich did ,notllead to catastrophic fracture. It was
observed that the main crack 1n1t1auon may be detected by capturmg a high amplltude -
si gnal at a mean load valué of 87% of max1mum load and unsteady crack propagatlon :
.may occur just prior to final fracture event at a mean load value of, 96% of maximum .
load. The author concludes that'the.AE’m'ethod‘ is useful in understanding the crack

initiation and fracture during the indentation cutting ﬁrocess.
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Chapter 1: Introduction

1.1 Background of the research

Surgical procedures involving cutting of bone are complex processes. A nlvlfn\beri of

cutting instrumen.ts' su'éh as osteotomes may be used by surgeons to compiéte ihe

operative procedure. Application of a surgical cutting tool to cut bone may result in

microstructural damage such as. microcracking and »crackling. It has been observed by"
other researchers tﬁat miérocrackiﬁg processes qc;:ﬁr as pa& of a larger crack creation

process (Vashishth et al., 1997). .-

Little literature ex-ists regardiﬁg de\}elopmgnt of micrqcraéks and crack growtfl during .
thé cutting prdcess. During the indpntation loading of a bong sjjecimen u§ing a wedge

blade, it Qas difficult to distinguish c'léarly between stages of crack growtﬁ by use of
histologica]_ ,techni‘que-s (R'ei‘lly and Taylor, 2005a). 'I’heref:ore, itis worth deveiopiﬁg av 7
npn-destructive method such a$ acoustic >emissioAn technique for real-time monitoring

“of crack growth during the cutting process.

1.2 Bone surgery

Osteotomy isa surgical procedure which involvés the procesé of bone'cuttin.g énd can
be classified into three types corrgquﬁdiné ”to Speéiﬁc tasks (Giraud et al., 1991):
= Excision 'osteotorﬁy: To remove a pathological portion of bone;
*  Reparative os.teqto.my: To change the size or alignment qf a paﬁ of the bdne; . | o
n Osteotdmy fbr purpd.se_ éf approaéh: To cut: the Eone to .access the ope.ratic')n‘ |
sti and rctuming the bo‘nc to 611' ginal position.
Amputation is anorhéf Iypé éf Eone,surgery which involves the reﬁova] of an affééted a

limb to control pain or a disease process.



1.3 'Slirgical cutting instruments

) Dﬁring boﬁe surgery’, a number of susgical cutting tools fnay be used dependin‘g on
the shape of the cut.. These cuttmg tools are classified correspondmg to the drlvmg’
force into two groups of power and manua] cuttmg instruments.

: 1.3.1 Power cutting tools
In surgical power cutting, -drills and various types of saws such as oscillating,
reciprocating and circular saws ;are driven by a rﬁotor to cut the bone in different
shapes. The .m‘ain advantége of the power cutting process is minimising the cuttipg
time. A ncmber of key Vissues are concerned with the powef cutting pfocess iﬁcludilng
in_itie] deformation of bene, bone plasticity, chip ,fonﬁaticn,' heaf generation,and
ic'utting‘force measurement (Giraud et al., 1991). This study is not concerned with -.

these aspects of power cutting.

1.3.2 Manual cutting tools
Surgical manual cutting involves the use of surgical handsaws, chisels, osteotomes,
gouges. and etc. Different types of handsaws with specific blades may be used for

bone cutting during amputation surgery such as Satterelee saws (Figure 1.1).

Figure 1.1: An amputation saw which is used to cut a long bone
(www icre, org/emergency—ltems/Volume2)

Chlsels are cuttmg instruments whlch are used to cut, scrape and sculpt bone. The

sculptlng chisels are called osteotomes. The osteotomes may be used durmg a surglcal _



procedure such as removal of bony proltrusions, bunions and shaping of the bone such
as occurs in maxillofacial surgery. Figure 1:2 shows the varied tip geometries of

osteotome, chisel and gouge.

Sharp end
Tip Details
" Shaft
-osteotome . chisel’  gouge .
Handle o

Figure 1.2: Tip details of osteot'ome, scalpel and gouge (www.kmedicoem.com/pdf/surgical.pdf)

The cutting edge of an oétedbme is a 2D wedgé. The included angle of this wedge“
' ma&.vary from maﬁufacturer but it is norrﬁally in fhe raﬁge of 20° to 50° as shown in
Figure ].3..-The tip of th'e'cutting edge ‘may, aléo have a ciitting edge raéiius, especiai_ly
if thé_ blade becomes blunted. 1

[uiting Edge

wedge Angle 207

Figure 1.3: Tip geometry of wedge énglé type blade (Reilly et al., 2004) -



As shown in Figure 1.4, a surgical mallet is used to force the osteotome into the bone.
Damage processes during bone removal is the main issue with manual cutting which

is the focus of this research.

Osieotome

/

Mallet

'

Figure 1.4: Osteotome in use, impact with a mallet

1.4 Indentation fracture in cortical bone

As shown in Figure 1.5, when a cutting tool is applied to a material, a compacted zone
initially forms around the indenter tip that will create a main crack. Further loading
results in the advance of the main crack to the complete fracture (Lawn, 1975). Within
the compacted zone, the material is likely to be damaged in the form of microcracks

and fractures on slip planes as will be discussed in the following chapter.

Compacted zone

A growing crack /
| Complete
| fracture

st

Figure 1.5: Indentation fracture processes in materials (Lawn, 1975)
During the indentation cutting process on cortical bone specimens, a damage zone

with microcrack was observed around the main crack tip using a sequential




fluorescent labelling technique (Figure 1.6) however it was not possible to clearly

monitor the stages in the main crack growth (Reilly and Taylor, 2005a).

350pm

Alggement of

Cutting Backe

Figure 1.6: Labelled crack process during the cutting of cortical bone (Reilly and Taylor, 2005a)

1.5 Acoustic emission monitoring of bone damage

The Acoustic Emission (AE) technique is a dynamic test method providing a response
to ongoing change in a material during application of an external load. As shown in
Figure 1.7, the damage-related AE signals (hits) can be detected by AE sensors and
processed in a main AE instrument to extract AE features such as amplitude, duration

and energy of the AE signals.

Electronics

4

stmulus
(force)

stunulus
(force)

f.
-
s

Figure 1.7: Acoustic emission generation process (www._ndi.nevaniclefaz/ae_idx him)
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The AE technique Qas successfully 'used‘.to detect damage‘-re]ated AE sigfla]s a{ early
stagé of fracture process .in bbné specimeﬁs subjected 'tp a mechanical load (Hanaguq
et al., 1973). These early AE sigﬁals during yield phase were found to be associated
»With :mitial microc;racking (Zidﬁpos et al.,, 1994). It \;vas rgported by researchérs that
- during fracture processes, rﬁicrocracking produc‘e's lowgr energy AE hits, whereas

crack growth events generate higher energy signals (Akkus et al.; 2000).

1.6 Objective of the research

In this study, AE signals were recorded during the indentation fracture processes in
bovine cortical bone specimens and cutting forces were also measured simultaneously
~ using.a dynamometer. The main aims of this research were to detect crack initiation
and propagation phdses based on AE signals parameters such as amplitude, duration

. and absolute éner}gy as well as associating the different stages of crack growth to load-

deformation curves.



Chapter 2: Literature Review

. 2.1 Overview
This literature review focuses 6n key elements of research relevant to the main -
objectives of this research work. Iﬁ this regard, the review focuses on:
- 1. The cutting process
2. The srtructure of bone
3. Fracture and damage in bone
4 'i)al.nage detectioﬁ tec_hniqﬁes in bone

5. Acoustic emlissioh damage monitoring technique.”
-2.2 The cutting process in materials
The‘ cutting process is classified into two models of orthogonal and indentation
cuttihg. These two types of cutting process may be appliéd to the bone during surgical
procedures using osteotomes. As shown in Figure 2.1, in the orthogonal cutting

model, the cutting edge of the blade is aligned at a right angle to the line of cufting '

action {(Merchant, 1944),

Cutting Direction

Original Surface

New Cui_Surface/

Material .

- Figure 2,1: Orthogonal cutting process (Merchant, 1944)



During the indentation cutting " process, the ‘tip of the blade is _'perpendi'cularly ‘
penetrated-into the material énd_orientatidn of the wedge is symmetrical to the line of

cuiting action (Figure 2;2).

Applied Indentation
Cutting Force

Zone 1

Material

Figure 2.2: Indentation cutting process (Hill, 1953)

2.2.1 Models of fracture during.the cutting process |

It has beén descﬁbed that duﬁng the ‘indéntatipn .cut_ting proceés in a. ductile méterial'
as shown in Flgure 22,a small plastlc area forms at the sides of the tip of the blade
(zone 1) Further loading of the materlal results in a gradual spread of damage into the
rzgld area that leads to the separation of ‘lthe material underneath the indenter tip (zone
2) (Hll, 1953) | |

Similarly, a fracturé model was ‘ proposed by. Lawn (1975) for a brittle material -
subjected to the 1ndentat10n loadmg by a sharp indenter (Figure 2.3). In that model, it
was shown that the compacted area at the contact zone between indenter and materlal
(zone 1) was e_xpanded to create a mediar_l’vent crack undemeath the ind'en_ter tip. Asa
result of the further -inéreas'e in the -load; the crack prop-agatf.:d up to the ﬁhél

catastrophic fracture event. -



Figure 2.3: Lawn model of crack formation under indentation process in a
brittle material (Lawn et al., 1975)

2.3 Structure of bone

The hierarchical structure of cortical bone has an effect on the fracture events and
process occurring during loading of bone. Figure 2.4 shows the hierarchical structure

of bone proposed by Rho et al. (1998).

Collagen
molecule

Bone

Crystals

I nm

Figure 2.4: Hierarchical structure of bone (Rho e al., 1998)



2.3.1 Macroscopic structure of bone

At macroscopic level, the structure of bone is classified by shape into long, flat, short
and irregular bones. Humerus, femur and tibia are examples of long bones in the
human body. As shown in Figure 2.5, a long bone has a shaft which is called the
diaphysis with two rounded ends known as the epiphysis. The diaphysis is made up of
cortical bone surrounding the medullary cavity filled with bone marrow and the
epiphysis has cancellous bone which contains red bone marrow. The inner surface of
bone at the medullary canal is called the endosteum and the outer surface of the bone
is known as the periosteum. The periosteum contains surface bone cells including
osteoblasts, osteoclasts and lining cells. In short bones (wrist and ankle), the bone in
the centre is wrapped by a hard shell of cortical bone and in flat bone (scapula),

cancellous bone is sandwiched between two layers of cortical bone.

i

it

Figure 2.5: Schematic diagram of a long bone (Tortora and Derrickson, 2005)
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2.3.2 Cortical and cancellous bone

Bone can be either compact (cortical) or cancellous (spongy or trabecular). Figure 2.6
shows a portion of long bone containing cortical and cancellous bone, Cancellous
bone has a porous architectural structure (75%-95% porosity) and consists of may be
oriented struts (trabeculae) which are approximately 200um thick (Martin et al.,
1999). This type of bone may be found in flat bones and the epiphyses of long bones.
Cortical bone is very dense (5%-10% porosity) and can be found in diaphyses of long
bones or around the periphery of cancellous bone. As shown in Figure 2.6, different
bone structures may be found in an adult human cortical bone including secondary
osteons, layers of primary circumferential lamellae, and interstitial bone (fragments of
old existing osteons). In cortical bone, there are two main nutrient and blood supply
canals including longitudinal Haversian canals (or central canal) and transversal
Volkmann’s canals (or perforating canals). Volkmann's canals connect Haversian
canals to each other and to the bone surface. In addition to these canals, there are also

canaliculi networks which connect osteocytes (bone cells) to each other.

Figure 2.6: Diagram of a portion of a long bone shaft showing details of cortical and cancellous
bones (Tortora and Derrickson, 2005)
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2.3.3 Woven and lamellar bone |

At.the lewer, levei, cortica]- bc_me can exist either 'as>w'0v,en or lemellar bone."Woven
" boné is._f(v)rmed very quick-]yi(movre than 4um-a day) _durihg initial‘ olssificatio'n whenr
new be‘ne needs to be introduced (in embryo or fracture healing). This type of bone is
made of .randomlylorgani-sled collagen fibres and it is more highly mineraliseel bone. |
Lamellar bone is a well-arranged bone tﬁae 1s laid down s-lowly (less than Tum a day).
Lemellar bone is formed by the planar arrangement of coliagen fibres, -which are
called lemel]ae and it is less mineralised than woven bone.

Larhellar bene may be found in twd forms; plywood and helicoidal structure (Martin
et éll 1999). In the plywood structure, in each lame]lae sheet col]agen fibres are
: parallel and orlented approxnmately in the same direction, whlle the fibre or1entat10n'
in each lamellae changes to the next lamel}ae sheet. as shewn m.Flgure 2.7. In the
: ‘hehemdal structure, there is a sﬁlall and constant change in angle between lamellae
sheets that makes it difficult éo distingﬁish between.individual lamellae. ‘At this level
there is another type of bone between woven- end lamellar bone V;Jlth collagen fibres

: arranged in a well- orgamsed manner called paIal]el fibred bone.

—® Parallel fibres in one

Change in fibre orientation in lamellae sheet .

different lamellae

_Figure 2.7: Fibre arrangements in lamellar bone
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2.3.4 Primary and secondary bone

Both woven and lamellar bones were found in human and animal cortical bone in two
forms of primary and secondary bone. There are two primary bones including
circumferential lamellar in immature human bone and fibrolamellar (plexiform) in
bovine bone. The secondary bone which is found in mature human bone is called
Haversian bone.

In circumferential lamellar bone, beneath the surface of the bone (periosteum)
concentric lamellae wrap the blood vessels to form the primary osteons. Fibrolamellar
bone is a mixture of lamellar and woven bone. As shown in Figure 2.8, during the
formation of fibrolamellar bone, the network of blood vessels at the surface are

surrounded by quickly formed woven bone. This woven bone then will be replaced by

concentric lamellae to form the primary osteons (Currey, 2002).

Figure 2.8: Diagram of fibrolamellar bone formation process (Currey, 2002)

The secondary Haversian bone is formed as a result of remodelling process (Figure
2.9). During the resorption phase of remodeling process, a tunnel like cavity is eroded

by osteoclasts which is called “cutting cone” and it is approximately 200um in
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: bdialmetél.' and 300um in lengtil (Martin et él., _199_9). When» fhe cuttiﬁ‘g cone is forme_d,
osteoblasts b_egih to réfiﬂ the .'intemal s'urfgces by forming concentric lam(:llée duﬁng
a refilling phase. A Qemenf sheatﬁ (cemeﬂt line) around th,é osteon is formed dﬁring a
vtranéi;ion phase (réversal) between resor.ptior'l land refilling proce‘sses. The Hé\;ersian
canal is not completely filled and there is,a‘4v0—5'0um diameter tunnel ca\}ity in the

middle which acts as a vascular passage (Martin et dl., 1999).

QOsteoclasts
eroding a cavity .
’ . Ostecblasts -

. < filling in cavity ' © L 200 um C . ’
{5 days bweeks | . oo } =t @ | Osteon
' N : H ’ N ‘

A 1 =

: S " " . - Haversian

; I : L @ canal .
1Dweeksi . .

O

]
| 3 weeks
' o

Havérsian canal . " . Haversian
- at its widest canal complate
' (5 lamellae)

Figure 2.9: Diagram of osteonal bone formation as a result of remodelling process (Cﬁrrey? 2002)

235 Molecular level of bone

vAt the‘m.oleculér level, bone is cqniposed of type IA coIlagén, non—_C(‘)llage‘h proteins,
calciqﬁl pﬁ_osphatp r.ninerai (hydroxyl-apatite) and water. As séen in Figu_re 210
mincral crystals are deposited in. the gap (approximatg size of ,67nm) between
) éollagen m(')lecu-les to form the collagen ﬁbfils (Curre'y,-2002). These fibrils aggregate
_fo form the collagen fibres Whic.}‘1 are kno.wn as the.'basic u_ﬁit in woven and:laméllar

" bone.
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Figure 2.10: Schematic diagram of collagen molecules-mineral crystals interactions (th et al., 1998)

2.3.6 Bone cells
During bone formatioh process, osteoblasts, 6steoéiasts, _and osteocytes are the ﬁaih '
cell .features. Osteoclasts are large cells which are originated froﬁ cells in.the blood to
deStfoy organic apd mineral combonents (old existing bone) from 'thé bone surface. .
Osteoblasts are derived from liining cells and arej responsib]e.for llaying‘down the
osteoid which is calqifiéd dﬁring miﬁeralisation 'process to form' the new bone. Thésé
célls are not buried 1n newly formed bone' and cover ail'bone surfaces .in"the
collagenous sheet (periosteum). Oste'ocytes.élre os{eoblasts trapped in. the newly
forméd bone. As shown-in Figuré 2.6, th_ey.a_re located in the 'lacunae cavities and

communicate with osteoblasts through the canaliculi channels.
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2.4 Mechanical properties of bone

In the study of deformation and fracture in bone, the strength and stiffness are of
fundamental importance. Force may be applied to the bone sample in various modes
of tension, compression, bending and torsion. This brief review of mechanical

properties of bone will focus on two basic modes including tension and compression.

_2.4.1 Stress and strain

The effect of applied force to a solid object is referred to as a Stress (o) and the
resulting deformation as a Strain. Figure 2.1 shows the nature of compressive (a) and
tensile (b) forces applied to a sample of material that decrease and increase the
original length of the material respectively. In these cases, siress is defined as in
Equation 2.1, where F is the applied force in Newtons (N) and A is the Cross-

. . 3
Sectional Area in m”

T=

F
— (Eq. 2.1
A Eq. 2.1)

The resulting Strain (g) is defined as in Equation 2.2, where L is the original length of

the material and AL is the extension which is the change in original length in meters.

e=== (Eq. 2.2)

e N f——]  csa

(a) b} ic)

Figure 2.11: Compressive (a), tensile (b), and shear (c) stresses applied 1o an object




Where an ol_jject is sﬁbjected to shear force, the change‘ in the shape of ehe material is
measured by the change in-the angle between the initially perpendicular sides of a

diffefential element (Figufe 2.11c). The shear 'stfain (~‘y) is defined by Equation 2.3.
7;%: tan6 (Eq 23) :

The rate of ehange of strain as a function of stress is called modulus of elaéticity or
Young’s modulus (E) in a specimen subjected to compressive or tensile loading and is
defined by Equation 2.4 within the linear _portidn of a stress-strain diagram (Figure

2.12).
E=C (Eq. 2.4)
. g B N

The ratio of lateral strain (8y) to axial strain (sx) in an ax1ally loaded spec1men is

deﬁned as Pmsson s ratio (v) and is defined by Equation 2.5.

p=—"2 (Eq. 2.5)
e q. 2

2.4.2 Stiffness and strength

As shewn in Figure 2]2 a tyldical stressi-strain curvel may be s‘p‘ilt_into three mdjof
regions up to fhe fl;a_c:ture point: 1) elastic region, 2) vield regioh and 3) piaetic region
(post-yield). -I.n the initial elastic region, the reiationshii) between force (of stress) and
deformation (or strain) may be l.inea‘r. The rﬁodulus of elasticity or. Young’s modulus _ ’
(E) is defined as dlé_ slope of stress/strain curve in the e]astic region. In this region, if
the load is removed, the test specimen‘retums 0 its original size,'. which is -called
| elasticity. Wﬁen vthe 'cur;/e bends over at :the yield point, the material ‘behave’s‘
p]aSticaHy and strain ivs iﬁecoVerable. If a material breﬁks without showing post—yie]d
'defor;nation, it is sa'id'.td be-a britde material, convefsely, a materi.al with extedded

_post-yield deformation is known as-a tough material.
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Figure 2.12: A 1ypical stress-strain curve in a tensile test
As previously discussed in Section 2.3, bone has a hierarchical structure, so
mechanical properties can be studied at different levels, however, in this review; the
focus was on mechanical properties of cortical bone as a whole bone. Table 2.1 shows
the mechanically determined elastic moduli values for human and bovine cortical
bone femur from experiments produced by Reilly et al. (1974) and Reilly and
Burstein (1975). As can be seen in the table, different Young’s moduli values were
found in different directions to the long axis of the bone (bone anisotropy). For
example, human and bovine bones are f3§ stiff in transverse directions than in
longitudinal direction in tension and compression. The values in this table also show

that bovine is stiffer than human bone in the longitudinal direction.

Tension Compression
Elastic Modulus, GPa Longitudinal  Transversal Longitudinal ~ Transversal
Human Bones
Haversian 17.7+3.6 128+ 3.0 18.2 £0.85 1.7+ 1.
Bovine Bones
Haversian 3.1+332 14 +1.6 223z4.6 10.1 £ 1.8

Table 2.1: Elastic Moduli of cortical bone (Reilly et al., 1974; Reilly and Burstein, 1975)
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Strength is the easiest‘ wéy to study fracture in Eone and can be direetl'y measured oy
breaking a specimen un_der_e monotonie load. Data in Teble 2.2 is also taken from the
classical literatures By Reilly et al. (1974) and Reilly ‘and Burstein (1975). It was
found that the strength of human and bovine- cortical bone vaned dependmg on the -
type of load applied. For example bone is stronger in compression than tension
regardless of loading direction and it is weaker, when shear loads are applied in
cornparison to tenei]e loads. As seen in the table below, bone is generally stronger in

the longitudinal than transverse direction.

Tension Compression - Shear

Strength, MPa Longitudinal . Transversal ~  Longitudinal  Transversal-
- Human Bones
_Haversian 133+ 15.6 53+ 107 205-+17.3 131207 67£3.5
Bovine Bones | |
 CHaversan 150 N s4s58° . 272533 171%25 049

Table 2.2: Strength properties of cortical bone (Reilly et al., 1974; Reilly and Burstein, 1975)

2.4;3 Fracture toughness

Fracture ocours when a crack is creeteo and propagated tocau‘se' failure. According to
Griffith theory, a crack-can’ propagate when it meets two main criteria. Fi.rst]y, the rip v
of the crack which is -highiy stressed must maintain adequate stres‘s up to ihé fi-nal
_fracture -po'.int (stress criterion), and seco.ndly energy released by ‘incvrease in crack
~ length must be greater than the requlred energy for surface energy of new crack faces
_(thermodynamlc cntenon) (Pook 2000). Surface energy is potentlal energy requlred

to bond the.atoms at the surface of the mater:als to other atoms and strain energy isa
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potential energy that is released in a material during deformation as a result of crack
propagation.

Most studies on bone fracture are concerned with linear-elastic fracture mechanics. In
this approach, the inelastic behaviour is limited to regions near the crack tip while
stress and displacement near the pre-existing crack are described by the stress
intensity factor, K. The stress intensity factor can be defined for different modes of
crack propagation in a pre-cracked material as illustrated in Figures 2.13 including
Mode I, opening mode where opposing crack surfaces move apart from each other
and crack propagation direction is perpendicular to tensile load direction; Mode 11,
sliding mode where crack surfaces move over each other and crack propagation
direction is parallel to shearing forces, and Mode III, tearing mode where crack
surfaces move over each other and crack propagation direction is perpendicular to the

shearing forces.

v

Mode 1 Muode 11 Mode 111

Figure 2.13: Modes of fracture in materials: (1) opening, (I1) sliding & (111) tearing
Stress intensity factor (K) may be determined by the geometry of the crack, applied
load, o, and crack size, a, as follows (Pook, 2000):
K =QoJm (Eq. 2.6)
Q is a dimensionless constant which depends on the geometry of the sample and mode

of loading (Modes I, II and III in Figure 2.13). The resistance to fracture (fracture
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toughness) can be measured when the stress intensity reaches the critical value, K ., at
the onset of unstable crack propagation at the peak stress. Alternatively, the critical
value of strain energy release rate, G, may be utilised as a measure of fracture
toughness. The critical strain energy release rate is defined as the change in strain
energy per unit increase in crack and it may be measured as (Pook, 2000):

G, = P’ [2B(dC/da) (Eq. 2.7)

Where P is applied load, B the specimen thickness and dC/da is the specimen
compliance with crack extension (the compliance is the slope of displacement-load
curve).

Table 2.3 shows the typical mode 1 fracture toughness values obtained for bovine and
human bone (Martin et al., 1999). As can be seen in the table below, fracture
toughness properties of a bone specimen are determined by osteonal direction. It
should be noted that crack propagation in the transverse direction to the long axis of

the bone also turns to longitudinal direction immediately.

Bone type K ¢ MPa-m'” G, Jm? Source

Mode 1 transverse fraciure*

Bovine femur 549 31005500 Melvin and Evans 1973
Bovine tibia 2.2-4.6 TRO-1120 Bonfield and Datta 1976
Human tibia 2.2-54 350-900 Norman et al 1992

Mode | longitudinal fracture **

Bovine femur 3.21 1388-2557 Melvin and Evans 1973
Bovine tibia 2.8-6.3 630-2238 Behiri and Bonficld 1984
Human femur 2.2-5.7 350-900 Norman et al 1992

* Crack propagates in the transverse direction to the long axis of the bone.
** Crack propagates in the parallel direction to the long axis of the bone.

Table 2.3: Fracture toughness properties of cortical bone (Martin et al., 1999)
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| 25 Damage in’cortical bone

Historica]ly, cortical hene was assumed to fracture in ’]inear_elastic' manner like‘br.ittl,e
materials. However, this perception has changed recently since studies showed
extensive post-yield‘cliamage pn;fer load due to microcrackihg (Currey and Ehear,
1992; Zioupos.et al., 1994). | |

Typically, fracture processes ih bone can be separated into 3 distinct regions in a
fypical stress-strain curve as illustrated in Figure 2.14 (Currey and Brear, 1992). As
.cah‘ be seen in Figure 2.]4,;n'1icrocrackjng-wss rarely obsefved‘ within the elastic
phase (I) and the onset of mlcrocrackmg was found to be associated with the yleld
phase These mlcrocracks accumulated in ‘number dunhg the p]astlc phase (II) and

converted to a main crack which was propagated up to the final failure (1II).

L Elastic Phase 1I. Daniage Accumulation TII Fatal Crack
' . Phase - Propagation Phase

150, s . L 1
| 1]

100

A
4

Stress
(MPa) 75

a

504
25

000 . 02s . o050 05s 1.00 1.25

. Strain (%)

Figure 2, 14 Segregation of stress-strain curve into elastic, damagmg and [racture regions for.
comcal bone loaded in tensile mode (Cuney and Brear, 1992}
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2.5.1 Nature of microdamage

In vive microdamage in_corﬁcal bone ‘was found .in‘th.e form. of dispersed linear
microcracks using standard bulk-stainrng method in the transverse sections of humen
ribs i in old bones (Frost, 1960; Butr and Stafford, 1990) In 1960, Frost first reported
the existence of linear mlcrocracks In cortical bone with lengths of 100- 200urn Years‘
later, in a similar study; Burr et al. (1990) showed that these microcracks were found
to be larger than canaliculi but smeller than vascular channels with a .v'vell stnined
sharp edge:.Recently, O'Brien et al., (2000) demonstrated that 'microcracks were
found to be longer in the longltudmal than transverse direction, They observed that
mlcrocracks in the long1tudmal and transverse directions had approxrmate lengths of

40_Oum and 100pm, respectlvely.

Histologieal studiesl'on old hnman ~osteonal bone showed that .the majoriry of
| rnicrocracké. formed in interstitial bone (fr‘agrnents of old e‘x‘is‘ting osteons) and cement
lines (marked in 1, 2 3 in’ Flgure 2.15), and rarely invaded mto the osteons (Frost B
‘.1960 Schaffler et al., 1995; Norman and Wang, 1997). Schafﬂer et al.- (1995)

reported that these microcracks increased with age in an exponential fashion.

' interstitial bone

Figure 2.15: Sites of microcrack formation in osteonal bone (Nonnan and Wang, 1997)
The types of in vitro m1crocracks were, found to be srmllar to in vivo mlcrocracks

(Schafﬂer et al 1989; 1990) Durmg in vitro fatlgue ]oadlng of bone specrmens from- '
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bovine and human fbone, diétinctive types of damage were found depending dn the
modes of loading. The type.of damage was found in the form of oblique craeks in the
bone specim'ens‘subjected to compressive loading (Carter and Hayee, 1977; lieilly and
currey, 1999; Burr et al., 1998). It was'observed that compressive microcracks were
initially formed at vascular canals and interstitlal bone, and then followedl weak
lamellae interfaces and cement lines (Carter and Hayes, 1977; O'Brien et al., 2003).
The tensile microdamage was of two types; linear microcracks and diffuse damage.
The linear microcracks with lengths longer than' 1‘00me were found at the weak‘
interfaces of cement lines and mterlamellar bands (Carter and Hayes, 1977 Vashlshth
et al., 2000; Akkus etal, 2000) The diffuse damage was found in the form of arrays
of fme microcracks '(Zloupos et al., 1994; Burr et al., 1998; Rexlly and Currey, 2000). '
These fine mierocraeks were appro_ximately 2-5um thiek and lO;SOum loné (Zioupos
et al., 1594) and fer_med in the well-mineralised woven part of the bone (Zioupos et

al., 1994) and/or around the os_teocyte lacunae cavities (Reilly, 2000).

2.5.2 'Effectlof microcracking on mechanical properties

In Severa] preliminary studies microcracking w.as suggested to be assOciated with’
degradatlon of mechamcal properties (Carter and Hayes, 1977 Schaffler et al 1989

l1990) However, they were not able to correlate quantitatively between amount of
~ microcracks and stiffness loss. Schafﬂer et al ( l 990) reported that the loss of stiffness

was associated with increase in mlcrocracks densities in cychcal]y loaded bOne'

spec1mens in tension. Later Burr et al. (1998) carried out 4-p01nt cyclic bendmg_ ,

experiments on' canine femurs and determined. a nonhnear correlation between -
microcrack accumulation and stiffness loss. Consequently, the number of microcracks
mcreased sxgmﬁcantly at modulus reductlon of greater than 15% (40% of specimens

'w1th stlffness loss of 15- 25% and 60% w1th stlffness loss of greater than 26%)



2.5.3 Development of microcracks

Vashishth et al. (1997; 2000) showed 3 stage microcrack formation during crack
propagation using a combination of fracture mechanics-based crack growth resistance
tests and scanning electron microscopy on human and bovine cortical bone specimens
(Figure 2.16). This crack propagation model showed that microcracks initially
increased in number within a frontal process zone at a high stress concentration area
(a notch) to create a main or macrocrack. This main crack subsequently propagated as

a result of microcrack development into the wake zone and ahead of the crack tip.

- mcrocrack mmcrocrack N
f_l_,.'( e |..--! ;EI';}; - -—1..-:
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R Ty b ey ==,
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Figure 2.16: Model of crack growth processes in cortical bone (Vashishth et al., 2000)
Microcracking process was found to vary in bone specimens subject to the mode of
load which was applied such as tension, compression and torsion. Burr et al, (1998)
performed 4-point bending tests on whole canine femurs and found that the tensile
loading mode produced more microcracks than compressive loading. Reilly et al.
(1999) showed that tensile microcracks occurred at lower strains, grow in density and
do not become a macrocrack (longer than 100um) when a higher strain is reached,
while compressive microcracks formed at higher strains when initiated and become
macrocracks quickly. A main or macrocrack may grow to final failure in different
ways subjected to different mechanical components of loading as shown in Figure
2.17 for longitudinally oriented specimens of bovine bone (George and Vashishth,
2005). As can be seen in Figure 2.17, the tensile loaded specimens showed mode 1
cracking and 3 stages of low threshold crack initiation, steady crack propagation and

final failure. Conversely, compression showed mode II cracking and two stages of
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" high threshold crack initiation and a sudden final fracture. Torsion showed mode 1

and III microcracking and time-dependant damage.

Mode I Mode 1 : Mode HI
apening Hn-plane Shear Out-of-plane Shear !

(a) Tensfon " (b) Compression .
"

{¢) Torsion

Figﬁre 2.17: Macrocrack growih subjected to various modes of load (Georgé and Vashishth, 2005)

. 2.5.4 Effect of cortical bone ,‘structurelon miérbcrack development

‘The cement line, lamellar and osteonal structure of the bone are microstructural
elements that are thought to play an important role in both micro and macrocrack
formation and growth. In 1994, Zioupos and Currey observed that microcracks did not

* grow in a strai ght—lin(f, due tc; the barrier effect of the stroﬁ'g léme]lar structure around
the bloéd >ves-selsv during fatigué testing of bovine bone specimens. Latér, Jepsen et al. |
(1999) reported that new microcr.acks‘ formed in iso]_atio‘n'from each olther between the
weak interfaces of lamellae in human bone §peéiﬁ1€ns subjéc;éd to fatigue torsion
loading. A greater number of miCrocraéks wére found in‘ bovine compared to human
bone specimens during fatigue loadiﬁg (Vashishth et al., 2000). In that study, it was
highliéhted tha‘tv the majority of miéroc'raék's in -hﬁman ‘bone were preferentially
oriented in the _longitu'dinal direction'which;‘wer_é associated with __\J;Jéak i.n';érfaces' éf

lamellae, while in bovine bone lamellae boundaries were stronger and the dominéﬁt :
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damage; type was oblliqu_e oriented osteon failure. A number of .'stur_iies on bo’vine
corﬁgal bone specimens ‘subjecte_d to fz;tiéue loading (Akkus‘ and Rimnac, 2001;
O’B;ien et-al., 2003;'2005) and‘monotohié l_oading-(Hazenberg et al., 2006) showed
that prop_zigating ma‘crocracks were arrested or deflected at the éement line where they
'éncountered-_the secondary osteons (Figure 2.18). Thus, it was concluded that the
barrier effe(;t of osteons results in slower crack growth. O'Brien et ali. (2003) reported
that only 8% of initially formed ﬁlicrocrapks at interstitial bone were capable of
propagation dué"to the crrack-arresting barriers @n osteénal bone. These résearchers
also showed_that microcracks longer th:;n 100pm could propagate to bgéome longer
(3(_)0um-) to invade into the osteons and 'cause the final failure (O{Brien and Taylo'r.,

12005). -

Figure 2.18: Crack deflection. at the secondary osteon boundary in cortical bone (Ritchie et al., 2005) .

'2.5.5 Toughening mechanisms in cortical bone
As discussed previously in Section‘Z.'S.?{, microcracking has been suggested as a
~ major toughening mechanism in human and bovine cortical bones by Va_shishth et al.

(1997; 2000; 2003) (Figure 2.19).

_ Figure 2.19; Microcracking ‘tbughening mechanisms during crack growth in cortical bone (Ritchie ct."
' al., 2005) o
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Thesé'reséaréhers de'scribi‘ed the fracture to-ug.hness' based on a ‘resistan'ce—curve R-
curve), where tou"ghness was assessed with increase in crack length, A ]ine'ar'in‘crease
.in fracture toughnéss and cumulative ﬁumber of micrdcracks were found with the
increase in the ]éngth of the main crack. in hqman and bovine cortical bone (Vashishth
et al., 1997). | |

Recenﬂy, Nal]a'.e_t al. (2004; 2005) suggegted that crack'bridging is the primary
mechanism in human cortical bone to resist cfack opening. As shown in Figu_re_ 2.20,
crack bridging is the formation c;f uﬁbroken regions resulting from unbroken. coliagen
fibres and/or un.cracked ligaments due to nonfﬁnifonn crack advance orlwh_‘ere a
; propagating crack tends to link-up with migrocracks ahead of the crack tip. Similarly,
the unérackéd ligament bridging vJas observed in boviné bone speéimeﬁé sui)jccted to

, monotonib tensile loading and called tei’racing effect'(Haze_nberg et al., 20065.

(a) ' ' )

Figure 2.20: Bridging effect as a toughening mechanism in cortical bone: (a) crack bridging and (b)
uncracked ligament bridging (Ritchie et al., 2005)

2,56 baﬁlage process in cortical bone during thé cuttihg process

During high speed orthogqnal machin_ing of bovine bone, Jacobs et al. (]974)-showedl
that there is a preferréd direction for crack growth in- the longitudinal direction
parallel to Ha.\férlsian canals due to -the Weak i'nterfagcs between Qstéo;]s. This
observation was confirmc.:d[by Wiggins et al. (1978) and a :hi;gher cutting force was.‘

‘found during the cutting brd_cesses in the transverse than longitudinal direction.
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Th'e models of cra_ek ‘_growt‘h sulajeeted'to indentation cAutn'ng have been prenionsly
diseussed in Seetion 2.2 for brittle and ductite materia]s. In attempts to apply these .
models to.b'one, a recent expenment has’ been. ear_ried out by 7Reilfy and Taylor
(2005a; 20055) to 'monitor crack growth procesees using sequential ‘ﬂuore_scent
label'ling-_and UV light microscopy in both longitudinal and transverse directions in
bone specimens subjected to low speed indentation cutting process (Figure 2.21): ThlS
research hlghllghted that damage occurred with dlfferent stages of the loading process
and cracks had a tendency to propagate in the longltudma] plane of the bone between
the weak 1nterfaces of lamellae 1n both longltudmal and transverse dlrectlons _

However, it was found to be difficult to clearly monitor stages of crack gr_owtlt as the
main crack propagates qnicklyl during the‘-‘finalv ‘fraeture phase. They also found that
the damage zone associated Witn micro and r'nacroc'r.acks between lamellae was more

extensive in the transverse than longitudinal direction.

First tomedla At:gnment of
Fractured 4

Cjife_cilqn =
* Longitudingl .
Ads of Bone 3 3 . Microcrack

(a)- IR ' - (b)

Figure 2.21: Indentation crack growth processea in bovine cortical bone: (a) longitudinal.t crack
growth and (b) transverse crack growth (Reilly et al., 2005a)

2.6 Bone damage observation techniques

Bulk staining of the bone specimens in basic fuchsin has been the. most popular
method for microcrack detection under conventional microscopy in in vive studies

(Frost, 1960; Burr et al., 1985; Burr and Stafford, 1990; Schaffler et al., 1995;
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Norman and Wang, 1997; Lee et al., 2000; O'Brien et al., 2000; Akkus et al., 2000
Zioupos et al,, 2001). Figure 2.22 shows a detected microcrack using standard basic

fuchsin method.

Figure 2.22: Fuchsin-stained microcrack (Burr and Stafford, 1990)

In 1960, the standard en-bloc staining method was introduced by Frost. In this
method, bone specimens were bulk-stained in basic fuchsin agents for several weeks
which allowed the staining agents to diffuse into the microcracks. After cutting and
grinding of rehydrated bone into the thin sections (30-50pum thick), microcracks were
viewed under light microscope. Burr et al. (1990) confirmed the success of the basic
fuchsin staining method and demonstrated that dehydration of bone in alcohol during
the staining process did not cause artefactual microcracks. Successful observations of
basic fuchsin stained microcracks under microscopy was evaluated by SEM imaging
of gold-coated (Burr et al., 1985) and lead-uranyl labelled thin sections of human ribs
(Schaffler et al., 1994).

Recently, sequential labelling using a series of fluorescent chelating agents was
utilised to monitor the stages of microcrack development and crack growth processes
in bovine bone specimens under in vitro cyclic loading (Lee et al., 2000; O'Brien et
al., 2000; 2002; 2003; 2005). In this technique, prior to testing, specimens were

stained with alizarin to detect pre-existing microcracks and then other agents in the

30




order of xylenol orange, calcein and calcein blue were applied to specimens at loading
steps prior to final failure and the labelled damage was viewed under
UVepifluorescence microscopy. Figure 2.23 shows stages of a microcrack growth
which is initially labelled with Xylenol orange and subsequently with Calcein at later

fatigue loading levels.

Figure 2.23: Stained developing microcrack using fluorescent sequential labelling method (0" Brien
et al., 2002)

Scanning Electron Microscopy (SEM) was used to examine fracture surfaces of
fractured specimens as well as monitoring the stages of surface crack growth in the
specimens subjected to a standard fracture toughness test (Carter and Hayes, 1977;
Xiaodu Wang, 1996; Vashishth et al., 1997; 2000; Nalla et al., 2004: 2005).

Laser Scanning Confocal Microscopy (LSCM) is a non-destructive technigque which
has been used to visualise microcrack development phases during in vitre cyclic
loading of bone specimens whilst being immersed in a fluorescent agent (Zioupos et
al., 1994; Reilly and Currey, 1999; Reilly, 2000; O'Brien et al., 2000). The advantage
of this method is obtaining serial slices of optical images at chosen depths inside the
labelled specimens without damaging the specimens. The limitation with LSCM
technique is that the depth through which crack could be imaged may be limited to 0.3

mm due to the laser beam attenuation in bone structure (Zioupos et al, 1994).



2.7 Acoustic emission technique

Acoustic emission testing is a non-destructive technique (NDT) with capabilities for
real-time monitoring of growing cracks in materials subjected to external load.
Acoustic emission signals (AE hits) are defined as transient elastic waves in the range
of ultrasound between 20kHz and 1200kHz. Frequency is measured in Hertz (Hz),
where 1Hz = 1 cycle per second. As shown in Figure 2.24, AE signals propagate from
the source in all directions and are detected on the surface of a test-piece by use of a
piezoelectric sensor which converts them to electrical signals. After sensing, AE
signals are amplified and sent to main AE processor for event detection and signal

conditioning.

AE
Transducer

Signal

Conditioner
- Amplifi &
- : mplifier
i Amplifier  Filter Event
— Detector

Computer
Diata Storage

‘ 4 ‘ Post-Processor

Figure 2.24: Process of generation of acoustic emission signal, detected by a typical
AE system setup (http:/'www.tms.org/., /Huang-9811.himl)

An AE event can be detected when the AE transducer senses a signal over the
threshold value. A typical AE signal from a single crack is a burst type signal as
shown in Figure 2.25 based on the time domain. Various AE signals features may be
extracted in the AE processor during an AE test such as amplitude, duration, rise time

and energy.
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Figure 2.25: AE hit feature extraction diagram (hup:/'www.tms.org/.. /Huang-981 1 html)

The following are the typical AE parameters to characterise an AE event:

¢ Amplitude: This is the most important feature of an AE signal, which is |
defined as the highest (maximum) peak voltage on the voltage-time waveform.
Amplitude is related to the strength of the AE event and expressed in Decibel
(dB), one tenth of a Bell. Decibel is not a fixed measurement unit but rather
expresses a logarithmic ratio between two conditions of the same dimension
(i.e. voltage). For an AE signal, amplitude is calculated by the relationship
shown in Equation 1, where V  is peak signal voltage input in mV and G p is
the preamplifier gain and 0dB A is referenced to 1uV at the sensor before any
amplification (Moore et al., 2005):

A (dB xg) =20 log (V e/ 1 pV) -G, (Eq. 2.8)

* Threshold Crossing Counts: The voltages above the threshold line are
related to the actual event and called threshold crossing counts (or ring down
counts). This feature depends on the magnitude of the AE evenis. The values
below the threshold are the unwanted signals which are removed either during

test or post-test.
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Duration: The time of occurrence of an AE event in microseconds from first =
to the last count. It depends on the magnitude of the AE event source similar
to threshold crossing counts. .

Rise Time: The time between the first count to the signal peak amplitude

. .~ (reported in microsecond).

e ' MARSE (measured area under the rectified signal envelope): It is derived

2.8

from the rectified veltage signe] over the duration of the AE hit (waveform)
with vo]tage-time units and it is strongly sensitive to amplitude and duration.
MARSE is dependant on gain, and so the resolution may be different
depending on the chosen éain.

"'Ahsolute Energy It is similar to the MARSE while it is not dependantAon |
gain and is a true energy va]ue for an AE hit. ThlS feature is driven from the

integral of the rectified squared voltage 'signa] divided by the reference

* resistance (10k-ohm) over the duration of the' AE waveform.

Acoustic emission studies on cortical bone

The AE technique has been usually applied to the whole or machined bone specimens.

m monotornic loadmg subjected to various modes mcludmg bendmg (Hanagud et al.,

1973 Hanagud and Clmton 1977, Thomas, 1977; Yoon et al., 1980), torsion (Netz_et

1., 1980), compressnon (Hasegawa et al., 1993), tension (Hanagud and Clinton: 1975,

Knet-s et al., 1975; Wright et al., 1981; Fischer et al., 1986; Zioupos et al., 1994) and

shear (Nicholls and Berg, 1981). A number of AE studies were also conducted in

fatigue (cyclic) loading conditions such as torsion (Jonsson and Eriksson, ]984) and

tensile fracture toughness tests (Rajachar et al., 1999; AKkkus et al., 2000).
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2.8.1 AE during fracture prbcgsses in cortical boné

In. 1973, Hanagud et al. succeséf_ully captured early AE .activity pﬁor to final fracture
in machiile-d‘bovine' femo’ra. specimens subject to bending ioading. Th.el onset of AE
activity -was found to vary in AE studies on bone. In the studiés carried out by
Nicholls and Berg t]981) én rabbit tibia specimens in shear loading, the firét AE
-signal was recorded at 50% of the failﬁre load,. whilé in other research, bone
speéimens subjected to _tensile’ loading did not show AE acti;/ity until 88% of thp

failure load (Fischer et al., 1986).

For the first time in 1975, during tensile loading of h.uman femur 'specimens, Knet-s et
al. .(]‘975) found that the ‘nunélbe‘r of AE signals .increase.d gradu‘ally as a result of
microcra_ck accumulation at initial Istages ?(r)f the loading. Th'ey reported that during
final stages of the fracture process, a significant increase in the number of AE signals
was related to the increasé in the nulmber of micr_ocracké as-well as creation of
macroc;racké. AE studies oh bone typicélly showed that microcrackiﬁg during the
yield and plasticity phases initially produce AE ,s-ignals which subsequently led to a
sigﬁiﬁcant AE activity at ﬁnéll fracture phase (Netz et al., '1980;'Wright et al., 1981;
Nibhélls and Berg, 1981; Jonsson and Eriksson, 1984; Zioupos ;:t al., 1994). Dpﬁqg .
- fatigue loéding of -dog bone, it w‘a-s shown that AE signals were m.ostly pfoduced by -
newly formed microcracks and/or existing .crack growth"dufing_uﬂloading phase
(Jonséon and Erikéson, 1984). Zioupos et al. (1994) applied AE to boné spécimens
subjected to monotonic tensile,load‘ing.and showed a Burst of AE signals at yield
phase as a resi]]t of i.nitia] microcracking, followed by a quiet phase 'durihg plasticity
leadihg to a significant amount of AE activityl'di]ﬁng' final fracture ‘phase. Fracture

toughness tests on human cortical bone specimens demonstrated that increase in total
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number of AE hits was directly associated with the main crack growth processes via

post-test histological observations (Akkus et al., 2000). -

Wﬁght et al. (1981) demonstrated that micrcalcréckjn;g during thé yield phase produces
low amplitude AE signals, whereas frac_ture-rclated events generate high amplitudé
bufét type signals during uniaxial loading of bovine Bone sp-ecimens. Yoon et al.
(1980) reported thét these fracture-rélated events had high amplitude values in the
range of 65-100dB _in bovine femora sa.mples loaded in bending. In a recent stqdy by
Akkus et al., (2000); it was found that a lesser amount of higher energy AE hits in the |
range of 70-90 dB was emanated from maiﬁ crack growth itself, while linear -
microcracks and diffuse dﬁmage produced -a large number of lower elnergy AE hits in

the 'range of 40-70dB. ' ~

2.8.2. Parameters that affect AE response in bone
It has .been‘ demonstrated tha_t AE respbnse in bone under load vaﬁéd'with bone
density (Hanagud and Clinton, 1975),.coﬁposition (Wright et al., 1981), strain rate of
' loading (Fischer et al., 1986), type of bone (Zioupos et al.v, 1994) and direction-of the
load applied to the ]c;ng. axis of the boné, (Akkus et al., 2000). The resulfs of a s‘tuciy
comparing AAE- reéponse from lower density and nprmal bone specimf_:ns. sﬁbjected to
tensile loédiﬁg (Hanagud et al.,-1§73) sﬁowed that a greater number of AE signals at
smaller load levels were fgg‘isteréd in Bone specimens with lower dehsity. In
compgrisdn of AE activity from defect-introduced and perfect bovine femora loaded
Cin bending, it was observed that in bone samples \;vith defects most of signals were
low am"plitude (ies‘s than 60dB) compa.red to normal bone which.' shov?ed ‘fraclture-
i'el_ated AE signals ovef SOdB-. Wright et al. (1981) appliedA AE testing to normal,
d¢ga]ciﬁed and dcpfs‘teilnise‘d bopes.subjected to tensile loading. In decalcified lSpﬂe,

Tow amplitude signals were-régistered during the nonlinear region prior to final
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ffacture noint,‘ however, brittle deproteinised slpecimen.s showed AE activity just\at}
- final 'fracture_phase.- Thus, these researchers suggested- that during bone fracture
processes, within the post yield region, dnmage of collagen fibers produced lower
amp]iiude AE signdls, followed by r_nineral »crystals b'reakage at final fracture
producing higher omplitude AE eignals'.'Fische; et al. (1986) investigated the effect of
strain rate on AE activity on bovine bone specimens subjected to tensile loading at
two different strain rates (0.01 s and 0.0001 s, They found that ]oading at higher
strain rate produced lower amplitude signals. During’tensi]e loading of specimens
from human and antler' bone, a greater number of higher amplitude signals y\;efe
. registered in toughen bone (Zioupos et al., 1994) It was hlghllghted that the final
.fallure event showed higher amplitude signal in human than antler bone Fracture
toughness tests conducted on human» cordcal bone specimens in the transveree and
longitudinal directions to the osteonal -arrangement showed that a higher nu..mber of
'AE silgnals were generated during crack-gfowth processes'in the'tran.sverse direction

which was two times tougher than longitudinal direction (Akkus et al., 2000).

2.9 Acoustic emission studiés on other materials

Acoustic emission activity from crack growth is of the greatest interest for practical
NDT application of the AE phenomena and typically conducted on notched

specimens in fatigue loading as discussed in the following sections.

2.9.1 AE studies on titanium alloy and steel materials

,A model of fatlgue crack growth has been proposed by Kohn et al. (1992a ]992b) ‘
based on change in AE hit rate comcndmg with extension of the crack length dunng
A fatlgue tension loading of Ti-6A1-4V:

1) Crack initiation indicated by early AE;
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2) Stable crack.growth C(.;;incic-icd'with- gradual increa_lsé in AE rate;
3) Unstable fast crack growth leading to final fracture indicated by 'sqdden
increase in a;mount and rate of AE. |

In that research, créck initiation was -identif;led when a High peak AE hit of 70&B was

detected. Lowér ampii_tude signals in the range of 55-65dB were observed during

. initial plastic deformatién before crack propégation, followed by higher amp]itude

. signals at the average of 72dB just prior to and at m_aXimum load during final failure
(100dB signél ai fracture point).. It was repérted that during the damage ‘process, high
amplitude burst type signals were related to cleavage‘ fracture events in 7075-T6
aluminium (Bianchett f;t al., 1976). Later, fracture toughﬁess testing of titanium al]_-oy
showed that low amplitude AE hit-s during créck growth were related to microcrack
formation ahe?d o.f.-the crack tip (Mashino et al, 1'996). '

_Fatigue tensile: tésting of Nickel-based Incoloy 901 specimens showed that ' the
sigﬁificant increase in the r;umber of AE éignals Jjust prior to mﬁximum Joad at failure
was directly related to main crack growth (Berkovits and Fang, 1995). They found a
nonlvinear relationship Between 'AE pbunts and crack growth raie. In other re’sear‘ch,
during tensile loading of steel material specimens; a poor correlation was found
between AE hit accuﬁlu]ation and steady cra;k propagation rate due to the existlencre
of other AE' sources, not just advance of thé main crack itself during fracture

processes (Roberts and Talebzadeh, 2003).'.

2.9.2 AE studies on bone cements

In‘recent. AE studies on bbné'cerﬁent-subjected to fatigue:]oading, AE hits with higher .
durations and.-energies were observed .du'rir.lg final fz;ilure phases (quues et al., 2004;

Jeffct':s et al., 2005). Jeffers et al (2005) reported that the last AE Hit at maxjmum

load had the higheét duration of approximat'elyr4000us. Roques et al. (2004) showed
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that loading at higher stress rate geherate'd a lower number of AE hits with smaller

rise time and duration values.

2.9.3 AE and failure mode detection in composite materials

Various modes of failure mechanisms during fracture processes have been identified
based on amplitude of the AE signals. A higher amplitude range of 70-100dB was
found to be caused by fracture—reléted AE events; in contrast, lower range amplitude -
of 40-70dB coincided with matrix micro;:racking and poésible friction (Bakuckas and
Awerbuch, 1987). AE techniqlie-was appﬁed to titanium matrix clomposites subjected
‘to teﬁsilc loadiﬁg and it was showed that high aniplitude _signals- of 90dB were cauéed -
'by ﬁblje -fracture, but lo»\{er afnpli_tude signals smallér than 70dB“v;/ere found to be .

caused by fibre/matrix debonding and fibre sliding (Fang et al., 2000).

2.9.4 AE activity in materials during the indenfatiqn loading

Surprisingly, a limited nurﬁber of investigations on the ;ndentation crac]?ing process in
‘materials ha\_lé been found in literature. Indentation loading of platg'let ceramic-
composite showed that the number of AE hits énd relate& .energy increased
significantly during crack - growth process to overcome the crack stoppage
" mechanisms (platelet res»istan‘ce-) (From et al., 1995). Duririg indentation of aluminium
foam_s usi‘ng a cyliﬁdrica] punch, it was found that initial dgformatioh (densification)
generated continuéus low amplitude signals in the elast_ic region, while main crack
growth produced detectéble burst type . signals with higher‘ami)lifudc (Kadar et al..,
2004). Cyclic indentation testing on ceramic materials. demonstrat.ed that during the
unloading ﬁhase, wh.cn denSiﬁcation was relieved, a greater number 6f ‘AE siéna]s

were recorded as a result of a faster crack’ gfowth (Ray et al., 1996)..

39



E 2.9.5 AEranctivity and fracture energy
In attempts to cdfrelate between amount of frac;tu're energy. and AE aétivity
parametérs; Fitz;Randolph ét al. (1972) could not find a good re]aﬁénship between
ihese measures in composite materials under load, however, fracture tests on concrete
materials showed that the ‘s-udden,rise in AE energy just before maximum fracture
load was directly correlated with maximum fracturev energy as a result'of an unsteady

crack growth process (Landis and Ballion, 2002).

2.10 'Summary

The following key issues were found in this literature review and are relevant to this
‘res-e’arch work: |
. buring the indeptatioﬁlcutting process éf both brittl-‘e and ductile matcrial_s,
there is a plastic deformétion around the tip of the blade prior to crack -
form:itioln.
®»  During damagg processes in cortical boﬁe,' microcracks accumulate in number
to create a main or macfocréck. |
- % Acoustic emission (AE) technique is a useful method to monitor the stages of -
damage agcumulatipn an.d crack growth processes in _feal-time in various -
.materials-under mechanical load. | |
* - In cortical bone, micrdcracking can be detecféd using the AE technique at
early stages of fracture prc;cesses'.
. The number of damage-related signals increases significantlty just prior to final
fracture as a result of'a main crack p-ropa'gation iﬁ cortical bone.
* During fracture prbcéss in cortical bépe,_microcracking produces lower énergy

signals, whereas macro crack growth events generate higher energy signals.
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Chapter 3: Materials and Methods

3.1 Scope of the experimental work

This work has investigated the capabilities of Acoustic Emission (AE) techniques to
detect crack initiation and propagation phases during indentatic;n fracture processes in
small cubic cortical bone Specimené under monotonic indentation cutting load. To
accomplish this, both AE signal features and load-diSplacement data were recorded
simultaneously during the tests. The general AE analysis approach used in this work -
was based on h1t based features such as amplltude duration and abs- energy ‘Attempts -
were matie to capture the ﬁrst high amphtude AE signal to detect crack initiation as'

an early mdication of the main crack growth processes. -

3.2 Overview of the experimental set up

Figuvfe‘3.] shows a scltematic arrangement used in this experimental work. A wedge
~ type blade was used to app]y a cutting force to the bone specimens using a mechanica_l'
testin’g' machine (Hounsfield) under displacement-controlled ‘ conditions. Bone
specimens were fixed into a specially tjesigned fixture which was mounted on a

Kistler dynamometer to record cutting forces.

During the test, crack-related AE éignals in the.bone specimens were detected by a
miniature AE sensor (PICO type, matlufactured by Physica] Acoustic Limited (PAC)'),_.
amplitied byv amplifier (2/4/6 ty[;e, manufactured by PAC) and prt)cessed in AE DAQ
card (PCI-2 t'ype-, manufactured by PAC). The ind.entatio.n cutting.force was tneasurcd _
simpltaneously by the Kistler dynamométer artd fed into the parametric channel on the

AE DAQ card in conjunction with AEwin software déve]oped by PAC.
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1) Wedge angle type blade 5) Preamplifier

2} Cubic bone specimen 6) Kistler dynamometer
3) Bone-holding fixture T) Dynamometer control unit
4) AE miniature sensor 8) Computer system

1
]
2 7
: 0]
. ==
7

Figure 3.1: Schematic of the experimental arrangement

3.3 Specimen preparation

Whole bones from fresh bovine femora were obtained from an animal slaughterhouse
and soft tissues were removed from the bone surface with caution to avoid damaging
the surface. In this experimental research, small cubic specimens were prepared as it

is the easiest specimen shape to machine.

After removing the ends (epiphyses part) from the whole bone using an electric
circular bone saw, the mid-diaphyses part was machined into longitudinally oriented
beams (8mm x 8mm x 110mm) using a milling machine (Semco) and the longitudinal
axis was marked. A low-speed diamond wafering saw (Buehler Isomet, Buehler) was

utilised to cut the bone pieces into the cubic specimens for the experiments.
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As illustrated in Figure 3.2, the beam of bone was placed into the sample-holding
fixture and cut into equal 8mm sections along the marked longitudinal direction.
During the preparation process of the cubic bone specimens, it was required to irrigate

the bone to prevent dehydration as this may affect mechanical properties of bone.

Figure 3.2: Longitudinal sectioning of bone pieces into 8mm cubic specimens using low-speed saw

Specimens were placed in plastic bags and stored frozen at -20°C until the time of
testing, the date of storage and details of bone specimens were clearly labelled on the
plastic bags to eradicate error during testing. Prior to testing, specimens were thawed
in moist gauze and held under a damp cloth to prevent dehydration. The summary of
the process of specimen preparation is illustrated in Figure 3.3, The blue line on the

specimen shows alignment of the longitudinal direction.




"= Whole bovine bone from
slaughterhouse

@T ___________ C———— —= Ends are removed from
- I whole bones

T

—:: J "= Cubaoids beams of
cortical bone

@ @ @ " — 8mm cubic specimens

Alignment of cutting blade

Figure 3.3: Preparation procedure for 8mm cubic specimens

3.4 Materials used in this work

3.4.1 Wedge type blade

A typical blade has two cutting surfaces forming an included wedge. Blades vary in
size, shape and geometry. The tip geomeltry is defined by cutting edge parameters
such as wedge angle and cutting edge radius as shown in Figure 3.4 (Reilly et al.,

2004). The wedge blade used in this work was a large 2D blade with 60 wedge angle.




Cutting edge radius

Cutting edge-

Included blade angle
{wedge angle)

Figure 3.4: A typical wedge type blade

3.4.2 Mechanical tésting machine

. A ‘material testing machine can p-erform,different types 'of_mécﬁanical testing and
measures related ]oad/displaéemenf data. An ‘electrorr;echanical" testing machine
(Hounsfield 100 HK -S-se’rics) was utilised to pérform indentation cutting load. Loéd ‘
appli.ed. to Speéimen was measured Qith a strain-gage load cell.(SOkN—S—Beam) which
was rﬁolmted on the underside of the moving ’cr‘osshead.and disblacement was also
measured using the cfosshead travel during‘testiﬁg. In the strain-gage load cell, wﬁen
logd is applied, the strzliin chaﬁges the electrical ‘resistance of the gauges in proportion
to the load, aqd so force can be cqﬁverted into a measurable electrical output. The.
l’oad-.di3placemei1t. data was traﬂsfefred from the contrc;l]e'r co-mporllent of material
testing machine to a computer and dispfayed in cqnjun’ction with a software package
' (\Qmat) which hqs 3 main _parts: ‘]) Test generator, 2) Test zone, and .3) File
examination. Tést gqﬁérator module allows the operator to create custom teét routines
for a spécific experiment. In tﬁc test zoﬁe part, qrosshe‘ad speed, préload,‘ maximum

applied load and displace_mcnt‘ranges are entered by the user for the test and lhén‘ :
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conducted. Post-testing, the file examination module in Qmat displays the

load/displacement graphs and raw data is exported to Excel.

To perform indentation loading, a test routine was set for a compression loading test.
Prior to testing, parameters such as maximum load, cross-head speed rate and preload
were entered as user input options by the operator. Preload is a term that is defined as
pre-determined load level to ensure the indentation loading was applied by the
complete contact of the blade. As shown in Figure 3.5, the wedge type blade was
fixed into a designed grip mounted beneath the load cell and moved down to the

cutting position with the downward progress of the crosshead.

Downward travelling of crosshead
Load cell

Blade holding fixture

Blade

Bone specimen

Figure 3.5: Application of indentation cutting load using MTS machine
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3.4.3 Bone specimen holding fixture

In any mechanical testing procedure, it is important to hold the specimen firmly
without slippage. Figure 3.6 shows the fixture used, which consists of 2 adjustment
clamps to retain the bone specimen in both X and Y axis during indentation cutting.

This fixture was designed by the other researchers within this group.

Figure 3.6: Bone specimen holding fixture

3.4.4 Acoustic emission measurement instruments

Acoustic emission system may be a single or multi-channel system. A standard AE
system consists of sensor, preamplifier and AE DAQ card (or a bench multi channel
system). A two channels AE system was utilised to record AE signals during
indentation cutting process. This system includes:

*  Miniature sensor (PICO)

*  Pre-amplifier (2/4/6)

*  AE DAQ card (PCI-2)

* Signal cables between preamplifier and PC

®  Standard PC,
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3.4.4.1 AE sensor

The AE signals are detected by an AE sensor in contact with the material under test.
In an AE sensor a thin disk of piezoelectric crystal generates a voltage in response to
change in material subject to mechanical stress. Figure 3.7 shows the make-up of a

typical AE sensor along with its piezoelectric crystal element.

HOUSING
CONNECTOR
CRYSTAL

WEAR-PLATE

Figure 3.7: A typical AE sensor (PCI-2 based AE system user’s manual, 2003)

At the time of the test, a Pico sensor (manufactured by Physical Acoustic
Corporation) was the only commercially available miniature sensor (4x5mm) that was
suitable for small 8mm cubic specimens in this experiment (Figure 3.8). This sensor
has a single-end design to employ a single piezoelectric crystal and covers the broad
frequency response of 200-750kHz which was the expected frequency range for

crack-related AE signals in bone.

i Pico Sensor

V -

Bone specimen

Figure 3.8: AE sensor placed on the bone specimen

In a typical AE test in laboratory conditions, in order to attach the sensor to the

surface of the specimen during test, a number of methods may be used such as using




epoxy resin, super glue, surgical tapes or rubber bands. In this experiment, all

methods were evaluated considering test conditions such as moist surface of bone and

limitation in sensor attachmént Site ,a-nd it was found that using Super Glue
(cynoacrylate adhesive) was. the optimum approac.h. Prigr to attachment of the sensor
to the specimen, it is esséntial to fill the gap b'etweenl the face of the sensor and thé
object surface by ﬁsing an acoustic couplant such as oil,} wétér or glycerine to achieve

a high sensitivity.

3.44.2 Preamplifier -.

The AE signals detecte_,d' by the sensor need to be amplified for processing procedurgs.
The burpose of the gain is to pre\'fen_t. contaminati.on of the signz-ll by electromagnetic
interference (EMI). The 2/4/6 pre-amplifier used ‘in this work was connected to the
7 miniature single ended sensor (Pico) preamplifier via BNC connector‘A (Figure 3.9).
The ami)lifier provides th¢ requiréd gain and frequenéy filtering for the test. Thrée
selectable gains setting of 20/40/60&B are sui)plied within 2/4/6. pre-ar.npliﬁer (B,
Figure 3.9). As seen in Table 3.1, by selecting thQ greater gain, a ﬁarrower frequency

range can be obtained.

- — ~\
. PHYSICAL . POWER
AI SINGLE EAcousncs SICNE\L E]
: . CORPORATION CABLE
%{ INPUT 2/4/6
SELECT  PREAMPLIFIER
: GAlN 4 80 dB B
20 dB
| DIFFERENTIAL SELECT 320 8 r

. . : : J

_ Figure 3.9: The 2/4/6 type amplifier (PCI-2 based AE system user’s manual)

Gain selection (dB) 20 1 40 _ 60

~ Bandwidth 10kHz:2.5mHz | 10kHz-2mHz | 10kHz-900kHz

. Table 3.1: Frequency bandwidth for gaihs supplied in 2/4/6 amplifier .
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- 34.43 '_ AE data acquisiti(jn card
ngure 3.10 shdws a block diagram of the PCI-2 based system used in this -
expenmenta] work. PCI 2isa 2- channe] data acqu1smon and’ dlgltal 51gnal processmg
card with frequency response of 3kHz-3mHz which is responded to -3dB of the input
signal when a cahbratlon s:gnal is used. The PCI-2 DAQ card has two AE real time
chénnels‘ This card is suitable fc-)r app]ibations Where low noisé and low threshold is a
requirement. The AE si_gnals from the amplifier are routed -to PCI-2 channel input Yia
a standard BNC connector. After the filtering processes, this signal is passed into the
FPGA DSP part of the card th_af cor;vens the detected AE signals burst into AE hits

and extracts different AE features such as amplitude, rise time, duration and energy.

B

N
LT T P —— . : - Video
8 Dgral Outpute i ) .
" Paremetng .
Peramstne 2 ] ] . . . . © Mouse
. . oooopepoZann
CH 1ot Pel
PCI-2'Board : = S C%’g:u;pen
CH 2 o] it ' L IH ok
LED's Sync Audo. b COROM
o Floppy
=
=
. [F. 7. J) S—
E Prmter
coM 1 [—>
ooM 2 |—»
\

Figure 3.10: PCI-2 system connection block diagram

In _addition to two AE channels, this -card has a parametric qohnector (J6) which is .
located a't..the right side of the t.op.of.- the board providing two parametric- channels -
(Figufe 3.11).- The first of the two par‘airrietric inputs is a full instrumentation _
conditioriing,cl.lannel. with gain c‘or-ltrol- ();1, x]Q;,xlOO, x1000), and'.ﬁ.ltei'ing. for

transducers such as stfa_in' gauge and load cell at selectable input ranges of ,ilOV, '
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"1V, 0.1V and i0.0lV. The second parametrib channel is a standard single ended

+10V Input for pre-conditioned parametric inputs.

Parametri¢c connector

AE & ‘ .. Real Timeo
Audio Control
AE channels
] ‘ T =2 F;
o] . ‘
PR | o S ,
Chi ° 1
i E:’.lﬂﬁ.":
: =
S .
’ ':-__________‘F:T_I : PClBus
interface
AT
PROM
o 1| L

PCI Bus

Figure 3.11: PCI-2 board layout showing key AE channels and parametric cqnnectoré ‘
- (PCI-2 based AE system user’s manual)

Filtering defines the frequency range for AE signals recorded in a specific AE test and

usually a widebapd range is set by thé operatop to ensure capture of all ‘sig'nals during
testing. The frequency ﬁltering is providéd both in tﬁe preamplifier and on the PCI-2
~ board. In a typical AE test, frequency ranges usually do not exceed 10kHz for lower
and' ImHz for upper .frelquency ranges. The lower frequency is limited to backgfound
ndise and thé ﬁppér frequency limit is .govemed b; wave attenuation. ]
A wide rénge of frequency filtering can be set wit-hin‘PCI-Z inb]udiﬁg 4 high pass (3,
20, 100 and 200kHz) and 6 low paés fil.ters‘(](.)O, 200, 400, 1000, 2000 and 3000kHz).
‘High pass filter means that AE signals pass the freqﬁencies above the stated cut-off
frequency ar'ld low pass means signals pass the fréqlllencies below the state(i. cut-off

frequenby.
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3.4.5 AEwin analysis software

AEwin 1.62 software (PAC) is a hit based feature AE data acquisition program which
has acquisition and graphing utilities. Two file types are associated with AEwin: 1)
Layout files which store the hardware acquisition and graph setup, and 2) Data files
which contain recorded data during tests. AEwin has the post-test filtering capability
to remove the unwanted AE signals below the threshold value. After testing, data files
can be displayed in replay mode to analyse the recorded AE features in conjunction
with load data transferred from Kistler dynamometer. Various types of graph such as
2D line and point plots (Figure 3.12a & b) were used to display the data in AEwin.

The ASCII format of the data allows the user to export the data to Excel.

Aumpbiucie{dB | Deabionuss | Courts vs Pacametric 1) <1
SO0 =500~ =5000
A0000 = 4000 = - 4000
30000-3000- = 000
20000—2000- = 2000
10000=1000- = 1000
= T i ] ' ;=0
0 500 1000 1500 2000 500
(a)
AmpliudeldE] vi Paramstne 1] <13
100= s =
%0- . .
.
B0
-m
= [ ] ' L] .
B L] L]
[
BO= L . ]
" ’ l- o' 1
- - . . w . . ?-
w..l . Ill I . B 'l |
a0 1450 1500 1550 1800 1650 1700

(h)

Figure 3.12: 2D line (a) and point (b) plots in AEwin
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3.4.6 Dynamometer

Figure 3.13 shows a Kistler dynamometer (Type 9257BA) which measures the active
cutting force regardless of its application point. The dynamometer has 3-component
force sensors (shear-sensitive quarz plates for F, and F, and pressure-sensitive quartz
for F;) to measure dynamically 3 orthogonal components of force acting on the top
plate. Each sensor has three pairs of quanz plates which deform under loading and

measures the force or pressure, which is converted into signal output.

Figure 3.13: A Kistler dynamometer (Type 9257BA)

The integrated cable of the dynamometer is connected to the control unit {Type
5233A1) via a 19 pole MIL connector. The control unit can select the 4 measuring
ranges in two groups for shear (F, and F,) and vertical pressure (F,) forces. The
cutting force measuring system is shown in Figure 3.14. The measured force will be

converted into the voltage and displayed in the analysis software in the PC.

Figure 3.14: Dynamometer cutting force measuring system
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3.5 Experiment model

The overview of the progression of experimental analysis for two series of
experiments is shown in Figure 3.15. In experimént 1; AE signals and cutting load
were monitored during loading up to final fracture, and in experiment 2, AE signals

were registered at load intervals prior to compete fracture.

8mm cube specimens from bovine
bone (femur)

Y
Monotonic indentation to : Monotonic indentation at
Max. Load at fracture , 50%, 90% and 100% max. Load

Y ) y

Load-deformation data AE parameters measured ) SEM images
measured . (Hits, counts, ampl., energy, etc.) analysed -

AR
\

_ Evaluation of crack
initiation and main crack
growth =

Figure 3.15: Experiment progression for experiments 1 &2 .
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3.5.1 Experiment 1 set up

As shown in Figure 3.16, indentation cutting load was conducted on 8mm cubic
cortical bone specimens by a 2D wedge blade (60°) using Hounsfield mechanical
testing machine (100 HK S-series). To perform the cutting load, a custom test routine
in compression mode was set as user input options in the test generator module in the
Qmat software. Prior to testing, this test routine was loaded in the test zone module

and the following input values were entered by operator for the experiment:

* Crosshead speed: 2mm/min
= Preload: 200N

= Maximum load: 2000N

Figure 3.16: Experimental setup for monotonic indentation cutting load

Bone specimen was placed in the designed holding fixture (see Figure 3.6) and fixture

was mounted on the Kistler dynamometer during indentation loading (Figure 3.17).




Mounting bone holding fixture on the dynamometer allowed direct measurement of
the force in the vertical direction (F,). Different measuring ranges depending on the
expected load may be chosen in control unit for vertical force (F,). The measuring

range was set at 10KN for £5V scale, which means 1N equates 0.5mV,

Fixture for holding
bone during test

Kistler dynamometer

Figure 3.17: Bone-holding fixture mounted on Kistler dynamometer

AE sensor was attached at the side of the specimen (Figure 3.18) using Super Glue or
cynoacrylate adhesive (Loctite 454 Gel) and Silicone compound was used as acoustic
couplant to fill interface between the bone specimen surface and the sensor for a good

transmission of acoustic signals.

Figure 3.18: Close-up of the sensor attachment to the bone specimen
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Figure 3.19 shows the position of the blade aligned to the vertical mid plane of the

blade coinciding with the vertical mid plane of the cubic bone specimen.

Mid plane

Vertical plane of symmetry of
blade coincided with vertical

Bone specimen mid-plane of hone specimen

Figure 3.19: Alignment of the blade 1o bone specimen

During recording AE signals, cutting force was simultaneously measured and
displayed (in voltage) in the AEwin analysis software. To accomplish this, the output
of the measured cutting force in vertical direction (F,) was fed into the first parametric
input on the PCI-2 card as illustrated in Figure 3.20. The parametric connector on the
AE card is a 26 pin IDC (Insulation Displacement Connector) connected via a ribbon

cable to the rear panel of the PCI-2 based system through a DB-25 pin connector.

Back view of PC
| P

Connected 1o AE Sensor -

& pre-amplifier E}—-} Channel -1 AE input
—==—H—> First Parametric input
F——= H—» Kistler DAQ card

Output for cutting force measured
in vertical direction (F,)

Cmmcmdm-H: wmmn | dve | :l-

Dynamometer

Figure 3.20: Kistler dynamometer connection to PCI-2 card
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The following dota sets were disp]ayed in»the AEwiu and Qruat during tests:

. P;E'data in AEwin;

» Load/deformation data uleasured by Hounsfield machine in Qmat;

* Load data measured by Kistller dynamometer in AEwin.
In total,- 15 specimen's were cut up to- final fracture in one oession to avoid
euvironme‘nt_effects such as room temperature on the tests. 3 of 15 specimen tests
failed during testing due to the movement of the specimens and 12 specimens were
successfully tested. Bone soecimens from different animals were categorised in[o 4

separated groups (Table 3.2).

Groups_ Failed spec | Number of opeo Specimens codes
Gl - 4 Gl1-1/G1-2/G1-3/ Gi-4
G2 | 1 _ 3 . G2-1/ 62—2_/ G2-3
G3 - 3 | . G3-1/G3-2/G33
G4 2 2 ) G4-1/ G4-2

Table 3.2: Specimen groups in experiment 1

3.5.2 Experiment 2 set up

In t_he socond series of experiménts,‘ the experimental setup was similaf to the first
experiment and bone specimens were tosted at chosen cutting steps prior to complete
fracture. For this experiment, a cross head speed of ]mu1/min and load intervals of
50%, 90% of maximum load was set for each éeries of test. -Specimens tested from the
same sampling source (from one beam of bone) were categonsed in one group (Table
3.3). To obtain the maximum fracture load for specimens in each group, some
specimens were cut ‘up- to complete fracture. It was found difficult to cut ‘.the

specimens up to 90% of maximum fracture load due to the variation in maximum
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fracture load and possibiliry of earlier sudden fracture. In experiment.Z, 15 out of 18

specimens were successfully tested.

Groups | Failed spec | 50% | 90% | 100% Specime'ns codes

G1-50-1/ G1-50-2/ G1-90-1/

Gi o 2 271 2 | 61:90-2/G1-100-1/ G1-100-2

G2 2 1 | G2-50-1/ G2-90-1/ G2-100-1

G3-50-1/ G3-50-2/ G3-90-1/

. G3 ' 2 2 |2 +G3-90-2/ G3-100-1/ G3-100-2

Table 3.3: Specimen groups in experiment 2

3.5.3 AE acquisition set up
In AE testing durihg experirﬂents 1 & 2,a thresholci value of‘ 40c_iB was set te remove
, mechamca] and fixture noises (this will be discussed in Sectlon 4.1) and the
preamp]rﬁer was fixed at 40dB galn which prov:des a wide band pass filter of ]0kHz-
2mHz. The typlca] gain value of 40dB has been previously used in AE studies on
cortical bene {Akkus et él., 2000) and bone cement (Jeffers et al., 2005). Therefore,
AE'h‘i.ts with amplitude values in the range of 41-100dB Were registered during
cutting process. A band pass frequency filtering in the range of_100kHz—.1 mHz was set
within the PCI-2 card under AEwin sortware control, however, the lower frequency
range for AE signals was limired to 200kHz as the Pico sensor used in this experiment .
has a bandwidth of 200-750kHz.
When a gain is apphed to an AE s1gna] the orlgmal signal is multiplied by a ratio of
V2/V1 (using the formula of 20 log V2/V]) V1 is referenced to ImV and V2 is
 output. The maximum output of the preampllﬁer 15 10V, and so t_he amplified signa‘l
in >preampliﬁe-r can not exeeed this value. This means when ; 40dB gairr is applied,

_ the original signal is multiplied- by 100, and the maximum signal entering the
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preempliﬁer is restricted to 10V/100 = 0.1V = IOQmV that equeteé 100dB (see Table

- 3.4 for amplitude range and related voltage values for a 40dB gain).

Amplitude Signals voltage at preamp input | Signals voltage at preamp output
(dB) V) (uV)
0 ' . 1 - . . 100
20 _ 10 , _“ _ 1000 (1mV)
' % 1w 10000
60 1000 (ImV) 100000
80 - 10000 : - ~ 1000000 (1V)
100 . .. 100000 10000000 (10V)

Table 3.4: The range of AE signal voltage-amplifudes for a 40dB gain

3.6 SEM imaging

Post .testin'g, surface damage of bone specimens was examiﬁed u‘sing‘ Scanning
Electron, Micrescop'y (SEM). The scanning electron microscope generates a beam» of
electrons .in a vacuuin. The beam is focus.ed by electromagnetic ]enees end scanned
acroes the surface of the sample by electromagnetic deflection coils. Interaction of
primary electron beam with the material 01; the sample-in SEM causes excitation of

secondary electrons that produce flashes of light from the electrons. The light flashes

are then detected and amplified by a photomultiplier tube.

Prior_te SEM imaging, bone Spec_imerls were polished by hand using Buehler carbiﬁet
paper strips of various grits and then finish prished using a Buehler Motopol 2000
grinder/polisher using fine polis.hi‘ng cloths spread. with diamond compound.
 Specimens then co.ated' in gold for two minﬁtes usiﬁg EMscope (SC 500) spotter
coeter ﬁtted with a gold pelod‘ium target. The bone specimen was placed into the
.ﬁx‘ture[as shown in Figure 3.21 for imaging process ulsi.r_lg‘ I-Scan image capture

system (ISS group).
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Figure 3.21: Gold coated bone specimen placed in the fixture for SEM imagi ng
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Chaptér 4. Reéults

‘41 Threshold set up for AE testing

Initial exploratory experiments have shown that the optimum approach to ensure
| maximum detection of AE signals is to set a low. threshold value and apply additional
post-test .threshblding or windowing to remove unwanted signals. |

Prior to testing; the AE éensor was attﬁched to the bone specimen fixed in the holding
rig to measilré any noise generated by the fixture. AE signals were dct;zcte_d in the
- range of 35-3'8dB associated with the_fixturé noise. Thér‘e was also another possible
noise sourcé which may be associated with fric_tién ‘between blade and fhe surface of
the bone specimen. During testing, as soon as the blade contacts4 the specimen surface
during the initial stagé of indéntatioh cuttiqg, a large ﬁumbér of low amplitude AE
hits were fecordgd up to 40dB. These sighal’s which had very sirﬁi]_ér AE featurés (i.e.
.duratio_n) were assumed to be related to friction, not caused By a single AE event from
a crack. Therefore, it was ‘concluded that AE signals above the threshold value of -
40dB were generated by actual défnage;rélated e;'erits duﬁng indent%ltion cutting of
cortical‘ bone specimens. The thresho]d-_valué of 40dB was used in bre,vipus, studies of
the cracking process in cortical bone (Akkus et‘al., 2000) and bone cement (Jeffers' et

. al., 2005).

4.2 Results of experiment 1 -

In the first.experin.lf;nt, 12 specimens were cit up to the final fracture at a cénstant
+ cross head speed rate of 2mm/min in the longitudinal plane only. Specimens from

_ different sources (4 animals) were categorised into-4 groups V(Téble 3.2).



The cumulative number of AE hits and key AE signal features including amplitude,
duration and absolute energy (abs-energy) were recorded during cutting process and
data sets were analysed in 4 ways:
I. Cumulative number of AE hits as a function of load intervals:
2. Cluster analysis of the AE hit amplitudes to categorise AE hits into low and
high amplitude signals;
3. Analysis of AE hit durations during test;

4. Analysis of the change in AE hit abs-energy as a function of load intervals.

4.2.1 Indentation fracture load

A typical graph of load versus time during the indentation cutting of bone specimens
may be divided into 2 phases as shown in Figure 4.1. As can be seen in this graph, the
linear region (phase 1) is deviated form the non-linear region (phase 1) at the yield

point (marked A).

1600 - —
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Figure 4.1: A typical graph of load versus time during longitudinal indentation cuttin 2 process
From the results, it was found that specimens fractured at a mean load value of
1633.2+256.3N which was consistent with the results of other researchers within the

group (Reilly-unpublished data). The time to fracture was found to vary in the range
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of 1 0.2-17.28 with the Iﬁean value of <13.8512‘4?.S. The variation in time to fracturé
which was previously reported for cortical bone specimens during monotonic tensile
‘lbadin'g (Zioupos et al., 1994) may stem from the inhomogeneous structure of bone

and vanation in mechanical properties.-

4.2.2  AE hit accumulation during the fracture process

Figures 4.2a, b, ¢ & d show typical graphs of indentation cu.tting loads and cumulative
. AE hi;s against time fdr 4 bone specimens chosen from 4 dliffereﬁi groups, As can. be
 seen in these figures, the number of AE hits increased 'ra-pidly just prior to the final _
~ fracture point (See the results in Appendix Al for all specimens). This may. indi;at_e a
short pre-failure »reg.ion just prilo.rbto‘ cdmplete fracture.event whiéh was previous]y
. reported by other researchers during fracturé process in. cortical bone (Currey and
Brear, 1992).
In these experiments, the variation in the recorded> mﬁnber of AE hits in specimen§
from different sources may be associated with plasticify and brittléness behaviour of
the specimens during the fracture process. For example, in the specimen shown in
Figure 4.2a in which a large number'of AE hits was :recorded during test, the load- ‘
time curve has a longe_r ﬁoﬁ-linear-region compa;ed.to specimen shown in Figu_re '
4.2b. The non-linear re;gio.n in the load-time graph is known to-be'associatéd with a
microcracking and microdamage. In Spécimen. shown in Figure 4.2b, the brittle:
fracture behavior of this specirﬂen up to the fracture point produces a lesser number of
AE hits. Specimens illustfated iﬁ Figures 4.2¢ & d, show greater numbers of AE hits
| coﬁpmed to the speéimen shown in F_igure 4.2b and this is-mosi likely due to a longer

region associated with “plastic” deformation.
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Figure 4.2: Typical plots of load & cumulative number of AE hits versus time for specimens taken
from different sources

Due to the fact that the time of onset of AE activity was found to vary for specimens
tested, it may be concluded that AE activity might be better analysed in a load-
dependant rather than a time-dependant manner. Therefore, cumulative number of AE
hits was plotted as a function of indentation cutting load to present the data for all
specimens. To normalise the data, load data on the X axis is presented as a percentage

of the total fracture load for each specimen (Figure 4.3).

e G-] = B12 = G13 —a— Gld — 31 G 2 ] 2 33
e G G2

Cumulative no. of AE
c888383R8333

& & b

0 10 20 30 40 50 60 70 80 90 100
Load intervals based on meximum load (%)

Figure 4.3: Plot of cumulative number of AE hits versus load intervals based on maximum fracture load
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From this graph, it may be observed that the number of AE hits increased in a
nonlinear fashion as a function of load. This graph also showed a trend for rapid
increase in the cumulative number of AE hits occurring just prior to fracture during
the load interval of 90% to 100% (shaded region in Figure 4.3). In a typical graph of
cumulative number of AE hits as function of load, it may be possible to define three
regions based on change in AE hit accumulation (Figure 4.4). As can be seen in this
graph, these regions are: 1) a region up to 1383N (80% of maximum fracture load) in
which no AE hits are recorded against load (I), 2) a region 1383N and 1654N
(between 82% and 97% of maximum fracture load) where there is an increase in the
number of hits (II), and 3) a narrow region extending from 1685N 1o fracture where

there is a rapid increase in the number of AE hits for a relatively small increase in the
load (IIT).
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Figure 4.4: Stages of change in AE hit accumulation during the indentation cutting load

Therefore, from this type of graph, it is possible to distinguish between different
phases of damage accumulation and crack growth during fracture processes. As seen
in Table 4.1, the load, at which the first AE hit recorded, was found to be in the range
of 46.5-84.9% of maximum load. It was also found that the significant and rapid

increase in AE hit accumulation occurred just prior to fracture at the mean load value

of 96.5% of maximum fracture load.
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% of max. load at % of max. load at which

Spec which 1" AE hii significant change in rate
ohserved of AE hits observed

Gl-1 54.3 a7

Gl-2 Kl.6 o7

Gl-3 4.9 97

Gl-4 B1.7 97

G2-1 65.1 o

G2-2 T0.8 9%

G2-3 71.9 04

G3-1 50.4 05

G3-2 46.5 93

G3-3 58.6 ]

Gé-1 59.6 O

G4-2 Lik] 9

Mean 683 6.5

Table 4.1: Load levels at onset of AE activity & significant change in AE hit rate
during indentation cutting loading

4.2.3  Analysis of AE hit amplitudes

In order (o investigate the numbers of AE hits associated with low and high amplitude
signals during the indentation cutting process, AE hits within the amplitude range of
40-100dB were classified based on 10dB intervals and the numbers of AE hits in each
interval were calculated as the percentage of total AE hits for each specimen tested

and the data set was pooled and presented in a distribution graph (Figure 4.5).
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Figure 4.5: Amplitude distribution graph of AE hits recorded in all experiments

68




From _this g.raph,- it ;Jvas found ‘that 80% of theA_E hits are in loWe; ampiimde range ef
’ A40-6OdB, while 20% of the AE hits had amplitude va]ues'higher than 60dB. It is also
| possible to dlscnmmate further between the low amplitude signals as a greater ‘
number of AE hits was found in the range of 40-50dB.

In Figu_re 4.5, the amplitudes of AE hits were classified in 6 specified groups within

the -amplitﬁde range of 40-100dB with 10dB intervals. In order to- categorise AE hits

into 2 groups of low and high-amplitude signals, it was necessary to use a statistical

clustering e]ethod which is a more primitive analysis »technique and ﬁo assumptions

are made concem_ing the number ef groups or the group structure. Thus, K-mean

: clesteﬁng analysis was carried out-using SPSS software (ve_.rsion 13.0) on AE hits

| recorded for ail specimene tested and ‘grouping was done according to silﬁilarities or.
~ distances (dissimilarities) of AE hit ami)]itudes based -(l)'n a correlation coefficient

féctor (Johnson et al., 1988). AE hits were clustered into 2 greups of lower and higher

» amp]ifude sigﬁals (Table 4.2). As seen in this table, signéls in greup A are clustered

about a mean value of 48dB in the rahge 41-64dB. Signals in group B are higher

arﬁplitude signel.s and are clustered about a mean value of 79d]_3 in the.ra.n.ge of 65-

98dB.

Clusters - Cluster 1- Group A Cluster 2- Group B

Number of AE hits 859 : S
Amplitude range (dB) 41-64 o 65-98
Mean value of AE hit ) ‘

amplitudes (dB) 48.47 79.67
- Distance of lowest amplitude ' . S

“to mean (dB) - 146 15.53.
Distance of highest amplitude

to mean (dB) 14-§7 S 1.8.32

Table 4.2; AE hits clustered into two groups based on amphtude values using K-mean clustering:
method
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As shown in Figure 4.6, from the AE data in all experiments, a 2-parameter
exponential distribution (f (x) = % e ™ ™) was estimated for the number of AE hits
(frequency) versus amplitude values using Maximum Likelihood (ML) statistical

method (Bury, 1999).

* G " G2 4 G13 - G4 = G2
" G322 + (23 = BN - G3z2 « GX3
G41 & G42 =8=Exp. disiribution
20 — = ; — -
Law amplineds AR Mw (govp A) | High amplitude AE hits (group B) '
*  Range=d1-64dB i *  Hange=65.9848 |
*  Mean=48.474B ! *  Meanw?0.67dB :
15 . 1 |
F- g |
T i
- L}
E '
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S = i |
a 10 { == E = : |
= A= X = - |
§. ] - : |
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Figure 4.6: Plot of AE hit frequencies as a function of amplitude range in all experiments

4.2.4 Analysis of AE hit durations

Duration is an important AE parameter showing the length of an AE event. Figure 4.7
shows the correlation graph of amplitude and duration which plotted for a typical
specimen tested. In this graph the Y axis shows duration (in ps) and the X axis
presents amplitude (in dB). The graph shows that duration and amplitude values are
correlated in an exponential fashion. It was found that there is only one AE hit of the
highest amplitude value which is not fitted in the exponential curve due to the
significant increase in duration. This AE hit had amplitude value of 98dB (marked A

in Figure 4.7) and high duration value of 23676us compared to a similar 96dB AE hit

70




(marked B in Figure 4.7) which had a much lower duration of 2604us. The same
correlation trend was found between duration and amplitude values for the AE results

of all experiments (Figure 4.8).
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Figure 4.7: Correlation plot of amplitude versus duration for a typical specimen
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Figure 4.8: Correlation plot of amplitude versus duration for all specimens

Therefore, it was possible to distinguish one very high amplitude hit (98dB) with the
highest duration value from other AE hits during the indentation cutting process in

each experiment.
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As shown in a typical graph of load versus duration (Figure 4.9), the AE hit which
was of the highest duration (14747pus) occurred at maximum fracture load and it was
easily identifiable on the graph from the other AE hits during fracture processes. As
shown in Table 4.3, the same trend of recording the highest duration signal at
maximum fracture load was observed for all specimens tested. As can be seen in this
table, duration of the final fracture related signal is significantly greater than those

with the second highest duration occurred during loading in each experiment.

16000

o

Highest duration AE hit observed
atl maximum fracure load

:

Duration (us)
g

:

L ]
0 e <
0 400 800 1200 1600
Load (N)

Figure 4.9: A typical graph of load & duration versus time

From the result discussed in this section, high amplitude signals which were
categorised in group B (Section 4.2.3) can be further subcategorised into 2 groups
based on duration values prior to and at maximum fracture load. Prior to maximum
fracture load, AE signals had an amplitude range of 65-98dB and durations in the
range of 175-6815us (group B1) and at maximum fracture load the highest amplitude
signals of 98dB with durations in the range of 7948-28059us were recorded (group

B2) (see Table 4.4).
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Range of durations for high amplitude  Duration of the signal

Spec' ~ signals (group B) before max. load (ps) at max. load (s}
Min Max

Gl-1 348 " TN2742 11267
Gl-2 284 ' 1469 14767
GI-3 - 175 2532 9548
Gl-4 321 1372 12133
G2-1 205 2474 28059
G2-2 248 3223 10626
G2-3 206 3606 25514
G3-1 207 6815 10895
G3-2 263 2261 14617
G3-3 328 2604 23676
G4-1 338 5013 18418
Ga-2. © 548 589 7948
Mean . 15625.3

Table 4.3: Durations of high amplitude AE hits prior to and at maximum fracture load

AE Feétures

Group Bl ‘Group B2
Min 64 ) -
Amplitude (dB) Max @ %
Mean 77.37 -
Min 175 7984
Duration (ps) Max 6815 28059
' Mean 11196 15625.3

Table 4.4: High amplitude AE hits classified into two groups based on duration values

4.2.5 Abs-energy as r_rieasure of fracture characterisation

In the subsequent AE analysis approach used in this study, absolute’ energy (abs-

energy) was found as a good AE parameter to characterise the fractore process as it

showed a good correlation with.both .amplitude and duration. Figure 4.10 shows
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correlation graph of abs-energy and amplitude. In this graph the Y axis shows abs-

energy values in logarithmic scale (in aJ) and the X axis shows amplitude values.
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Figure 4.10: Correlation plot of abs-energy versus duration for AE hits in all experiments

From the AE results for in all experiments, it was found that abs-energy increased as a
result of rise in amplitude in an exponential fashion, however, the very high energy
AE hit at maximum load was not well fitted to the curve (similar to the duration &
amplitude correlation graph in Figure 4.8) Figure 4.11 shows a correlation graph of
abs-energy and duration. In this graph, the Y axis shows abs-energy values in
logarithmic scale (in al} and the X axis is duration (in us).
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Figure 4.11: Correlation plot of abs-energy versus duration for AE hits in all experiments
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4.2.6  Abs-energy from low and high amplitude hits

The sum of abs-energy values associated with vtlnac low amplitude sigﬁzils (group A)
and high am_plitlide signé]s ‘(group B) was célcu]ated for each test and Préséntea as a
percentage of total abs—énergy content during the entire indentation cutting proces.s
(Table 4.5). As can be seen in the tabie beldw, although the majority of the AE events
during the cutting process were of lower amplitude (seé Table 4.2), these signals -
produced only about 0.01% (mean 'valqe) of the total abg-energy required fér the

fracture processes.

] Sum of abs-energy (aJ) % of total . Sum of abs-energy (aJ) % of total
Spec produced by lower abs-energy ' produced by higher abs-energy *
-amplitude hits (group A) . (group A) amplitude hits (group B)  (group B)

Gl-1 1988207 0.0035 56796793 99.9965
G132 8440.31 00182 - 46242920 99.9818
G1-3 6400621 00165 38646444 99,9835
Gl4 5055.995 0.0085 - 58832826 999915
G2l 9289.607 00135 68544468 99,9865 -
G2-2 8464.693 0.0257 2876069 99,9743
G23 1714733 00196 87344626 99.9804
631 18876.37 0.0021 | 89614916 - 99.9979°
G3-2 §388.953 0.0058 - © 142805940 99.9942
G3-3 11657.56 0.0215 54046750 99,9785
G4-1 387 . 00066 . 56872523 99.9934.
G42 79428 0.0043 18434924 " 99.9957

Mean = 6941.021 00122 - 62579910 | 99.9878

Table 4.5: Abs-energy produced by low and high amplitude AE hits
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4.2.7 Analysis of abs-energy during the fracture process

Figure 4.12 shows plot of the mean values of abs-energy as a function of load
intervals up to final fracture for all specimens. As can be seen in this graph, AE hit
abs-energy did not increase in a similar fashion. In most specimens the mean value of
abs-energy was found to be lower at load intervals prior to the final fracture phase
between 90% and 100% of maximum fracture load. The significant increase in abs-
energy content during this critical phase (shaded region in Figure4.12) is associated
with the recording of higher energy signals (AE signals which are categorised in
group B with amplitude value greater than 64dB).

In some specimens (G4-1 & G4-2), a sudden rise in abs-energy was found at earlier
phase of loading (80% of maximum load) followed by a decrease (up to 90%) prior to
the critical fracture phase. In some other specimens (G2-3 & G3-1), a significant
amount of abs-energy was produced up to 90% of maximum load which may be

associated with earlier major fracture events.

+—G1-1 &-G1-2 A G1-3 *-G1-4 —A—G21 —eG2-2 -8-G23
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Figure 4.12: Plot of mean values of abs-encrgy as a function of load intervals based on
maximum fracture load
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As shown in a typical test in Figure 4.13, the significant increase in abs-energy during

final fracture phase between 90% and 100% is mainly caused by a very high energy

AE hit at maximum fracture load.

1.E+08 —— = — =
| Highest energetic AE hits
5 1E+06 associated with final fractre |
P . ¢
E 1.E+04 .
)
] 3 |
< 1E+02 ! “ i
| * |
1.E400 -
0 400 800 1200 1600

Load (N)

Figure 4.13: A typical graph of load & abs-energy versus time

The same trend was observed for all specimens tested (Figure 4.14). As seen in Figure

4.14, the amount of abs-energy associated with final AE hit was found to vary from

specimen 1o specimen that may stem from the complex structure of bovine bone.

2.E+08

m Abs-energy of final AE hit
B Sum of abs-energy prior to maximum fracture load

1.E+08

B8.E+07

Abs-energy (aJ)
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0.E+00

G11

N 8 8835 9
G 0O 000 0 a0
Specimens

‘igure 4.14: Abs-energy produced by AE hits prior to and at final maximum load
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As previously discussed in Section 4.2.3, the 64dB amplitude value was calculated
statistically to distinguish between low and high amplitude signals. The mean value of
abs-energy for the signals which had the amplitude value of 64dB (approx. 1500aJ)
was used as a threshold value to capture the first high energy signal. Figure 4.15
shows plots of AE hits abs-energies versus load intervals based on maximum fracture

load (%) for two typical tests and the first high energy hit is also marked in A.
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Figure 4.15: Typical graphs of abs-energy versus load intervals showing the first high amplitude AE
hit: (a) First high energy signal recorded at 93% max. load and (b) First high energy signals recorded
at B0% of max. load
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As can be seen in' Figures 4.15a & b, the first high ex_iergy signal was observed ‘at
different load levels. This analysis approach for all tests shows that the first high
amplitud_é signal was registeréd ata v.ery-high mean load value of 86.9% of maximum

fracture load as seen in Table‘4.6, (see the typical graphs in Appendix A2).

Spec. - % of max. load at which 1%
high energy AE hit observed

Gl-1 96.6
Gl1-2 - 83.8
Gl1-3 93.5
Gl4 . 96.8
G2-1 90.1
G2-2 85.4
G2-3 85.7
G3-1 79.1.
G3-2 . 1715
G3-3 ) 85.4
G4-1 76.7
G4-2 ' 92.5.
Mean 86.9

Table 4.6: Load _levéls associated with the first high energy signal

43 Results of experiment 2

In expériment 2,1t was decided to cut the bone s.pecimgns from oné animal prior to
" complete fracture in .aftempt to resolve variability observed in AE response from
different animal bones observed in experiment 1. 15 bone specimens were cut at
chosen‘ load intgrvalé' of 50%, 90% and 100% of the maximum fracture load in order
to-ipvestigal.te damagg prior to complete fracture. It was also decidéd- to reduce' the'
croés_ head speed rate to Imm/min in order to investigate 'the possibility of earlier AE

detection that could be rateldependant.
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4.3.1 Indentation fracture load
In experiment 2, the mean fracture load w'aS'1634.7v3N consistent with experiment 1
results (1633.21N). The characteristics of the cutting load and AE hit response were .

similar to those described previously in Sections 4.2.1 & 4.2.2 (see Appendix B1 for

results).

4.3.2 .Number of AE hits at 50/90/100% of fracture load

Figure 4.16 shows the recorded number of AE hits for chosen load intervals at
50/90/100% of the maximum fracture load for specimens from 3 groups (3 different |
bone ‘pieces). It was found .that the inerease in number of AE hits follows an _

exponential relationship.
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Figure 4.16: Exponentlal increase in the number of AE hits at chosen load intervals prior to and at
final maximum load

As- shown in Table 4.7, duﬁng ]oading'up to 50% of‘fracture load, only 3 out of 5
spec1mens showed evrdence of AE signals, however durmg the .second loadmg phase

up to 90% of fma] fracture load aIl spec1mens showed AE activity. As seen in thlS

table, there isa 51gn1ﬁcant increase in the number of AE hits during the loading phase‘
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.up to 100% of maximum fracture load.compafed to specimené subjected to loading i]p

to 90%.

Total number of -

Load intervals Spec AF hits
“G1-50-1 0
G1-502 3
50% G2-50-1 5
G3-50-1 1
G3-50-2 0
G1-90-1 1
_ G1-90-2 2
90% © G2-90-1 4
G3-90-1 10
G3-90-2 10
G1-100-1 3 o4
G1-100-2 - 72
100% G2-100-1 55
G3-100-1 - 29
- G3-100-2 .28

Table 4.7: Number of AE hits at 3 load intervals of 50%, 90% & 100% of maximum load

4.3.3 Quality of AE hits at 50/90/100% of fracture load

As previousiy discussed in Section 425 abs—enefgy can be used as a me;thod for
fracture chafacterisation as it shows a good correlatiqn with duration aﬁd amplitude. _ '
- Figure 4.17 shows the pooled mean_vgllﬁes of ‘abs-energy for specimens tested at 3
chosen load intérvals (50/90/100%). For the specifnens cut up to the com'plejte fracture
(100%),' the pooled mean abs-energy Value- of 652852.4a] was .found significant]y
greater than pooled mean values of gbs~energy for specimens subjected to the
-i_hdentatio'n loading up to 90% (212.8aJ) and 50% (]28.65.]) of maximum fracture
load. |
‘As can be seen in Table_4.8, in comparison to t‘h‘e mean values of AE hlt abso]utg '
" energies, amplitudes and durations in specimens subjectéd' to loading phases up to
' 907_0 gnd 100% of the maxifnﬁm'load, it was found that high energy AE signals (with

approximate abs-energy value of over 1500a]) were produced at ‘the load levels
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greater than 90% of r;iaxjmum' load (in the .load range between 50% and 100% of thg
maximum load). 'T.his is better observed for a