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Abstract 

 

  There are some general assumptions made by forensic paediatricians and 

pathologists about how infants in child abuse cases suffer fractured ribs; the main 

assumption being that rib fractures are resultant from ‘shaken baby syndrome’. There 

have been many studies on the biomechanics of rib fractures in adults and the 

different modes through which these occur, but there has been no scientific research 

conducted on the biomechanics of rib fractures in infants or children. There are two 

main aims to this study; firstly, to assess the biomechanical properties of immature 

piglet ribs and compare these results with published literature on adult pig ribs and 

secondly, to compare and contrast the fracture patterns of immature piglet ribs in three 

categories: dry, frozen then thawed, and fresh. Piglet ribs were taken from still born or 

day-old piglets and tested in the three different categories and two different protocols 

for stress, strain, modulus, and maximum load measurements. Scanning Electron 

Microscopy and micro-CT scanning were the imaging techniques used to examine 

morphological differences between the three categories. It was found that the dry 

samples had catastrophic breaks that followed a straight and then oblique fracture 

pattern, whereas the fractures observed in the frozen and thawed samples were 

straight, incomplete fractures. Fresh samples did not fracture. Statistically significant 

differences were found between each of the three categories; in particular the frozen 

then thawed ribs produced greater biomechanical results than the fresh ribs which 

were expected to be similar in response. This suggests that using freezing as a storage 

method significantly alters the biomechanical analysis   

  The present study seriously challenges the current dogma on shaken baby 

syndrome in the literature, and suggests that rib fractures do not occur during 

compressive loading of the rib cage in infants due to the very high plasticity and 

partial bony development. 
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Chapter One: Introduction 

    

A 6-month-old shaken and hit in the head so hard he could not see any more. 

A 2-year-old struck so hard in his tiny tummy that one of his major organs split in 

half. 

A 5-month-old with a liver injury so severe the organ later ruptured and killed him. 

All three dead. 

All three in the care of people that were supposed to protect, love and nurture them. 

And all three are part of the very tip of the iceberg that is child abuse in New Zealand. 

For a small country, New Zealand has a shocking record of child abuse. And the 

numbers are looking worse than ever...  

(“NZ’s ‘shocking’ child abuse record” New Zealand Herald, 10 December 2011). 

 

  There is a major child abuse issue in New Zealand that has increased steadily 

over the last decade. Not only is there an increasing number of child abuse cases, but 

there is also an increase in the number of reports, and by extension, the number of 

cases that go to trial (CYFs, NZ Herald, 2011). New Zealand has a large and growing 

problem with child abuse and has the third highest child abuse statistics out of 27 

countries named in a UNICEF report on Child Maltreatment in Rich Nations (2003). 

Many ideas about child abuse and resulting injuries appear to be based on 

retrospective radiographic studies conducted by medical professionals and as such, rib 

fractures are often associated with shaken baby syndrome. This means that it is 

important to determine whether or not this is true and by what mechanism these 

injuries can be found. 
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  Shaken baby syndrome is the term most commonly used by medical 

professionals when infants or young children present signs of broken ribs, brain 

haemorrhage and/or metaphyseal fracture (Lonergan et al., 2003). Caffey (1946) 

suggested that the abused child almost always receives brain haemorrhages and rib 

fractures during violent shaking. There have been many retrospective studies that 

have examined radiographic evidence of abuse (e.g. Klienman et al., 1981; Klienman 

et al., 1995), with metaphyseal fracture being termed as the most specific sign of this 

condition (Lonergan et al., 2003).  Rib fractures in children under the age of two years 

are frequently shown to be associated with child abuse (Bilo et al., 2010) with the 

main fracture sites found to be at the sternal and vertebral ends, as well as in the 

middle of the rib.  

  Biomechanical analysis of traumatic injury is increasingly being used to 

evaluate or explain how many injuries may have occurred (Freeman and Kohles, 

2010). For instance, data derived from experimentally produced forces acting on a 

given tissue may be used to explain the cause of injury (Hayes et al., 2007). Such 

experiments are aimed at understanding the response of a particular tissue, for 

example bone or skin, when subjected to a physical challenge such as sharp or blunt 

force impacts. The responses of greatest interest from a forensic perspective include 

the deformation and eventual failure of the tissue being investigated (Whittle et al., 

2008).  

  Bone is a multi-scale hierarchical structure composed of mineral nano-

particles embedded in a collagen network and surrounded by water. The arrangement 

of these components into functional units such as lamellar bone and Haversian 

systems creates a light-weight but tough, multi-functional organ system (Launey et 

al., 2010).  
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  Much research has been conducted on the biomechanics of bone (e.g. Ascenzi 

et al., 1990; Yaszemski et al., 1996) including the specific biomechanical testing of 

ribs (e.g. Shultz et al., 1974; Malone, 1986; Daegling et al., 2008 and Weller, 2011). 

However, it is known that partially mineralised immature bone does not behave in the 

same way as adult bone (Ogden, 2000). While the toughening mechanisms of adult 

bone are well understood (Ritchie et al., 2009; Diab and Vashishth, 2007), the 

biomechanical behaviour of young bone remains unexplored. 

  Many studies (e.g. Shultz et al., 1974; Malone, 1986; Linde and Sørensen, 

1993; Daegling et al., 2008) have used freezing as a method of storing specimens 

prior to mechanical testing. The pertinent question here is whether or not freezing 

changes the biomechanical properties of the specimens tested and if this affects the 

loading outcome. Sedlin and Hirsh (1966) first examined this issue and documented 

an increase in the strength of bone, which was not statistically significant. Another 

study by Sonstegard and Matthews (1977) found that there was in fact a significant 

difference. However, a study by Linde and Sørensen (1993) demonstrated that 

freezing testing specimens as a storage method did not produce any statistically 

significant effect on their biomechanical properties.  

  A recent study by Tersigni (2007) used scanning electron microscopy (SEM) 

to determine whether there were any physical changes to bone that had been frozen 

and thawed, and found that there was, in fact, evidence of microscopic changes. From 

the foregoing it is clear that experimental data published to date are conflicting, and 

that there is no general agreement about the effect of freezing as a storage medium on 

bone biomechanics.  
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Objectives 

The primary objective of this thesis is to examine the biomechanical behaviour of 

juvenile ribs in an experimental animal, under conditions that mimic the compressive 

loading effects assumed to occur in shaken baby syndrome. A second objective of this 

thesis is to investigate the method of storage of bone for experimental studies and its 

effect on the stress/strain responses as this is a contentious issue in the literature and 

has a direct impact on the accuracy of the results. 
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Chapter Two: Literature Review 

 

  This chapter introduces the fundamentals of bone structure and the processes 

involved in the formation of bone. Each of the different types of bone are identified 

and explained and the basic structure of pig bone is described. Factors such as age and 

sex are explained in relation to how they affect bone growth and development. In 

addition, various bone disorders are introduced as factors that have the potential to 

disrupt normal bone growth and functionality. 

   The concept of bone biomechanics is introduced and the different forces such 

as stress and strain are described and explained, particularly in relation to bone 

bending. Human rib morphology is then described in relation to bone biomechanics 

and previous studies are discussed. The review of previous studies highlights the use 

of freezing as a storage method and then thawing before testing. Rib fractures are then 

considered in relation to child abuse with New Zealand child abuse statistics 

highlighting a major issue in New Zealand's society. 

   Finally, imaging techniques such as scanning electron microscopy and micro-

CT scanning are explained and their role in illuminating crucial morphological 

information is discussed. 

 2.1 Bone Structure 

   To understand the biomechanics of bone it is important to first understand the 

basic structure that makes up the different components of bone.  
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   Bone is made up of three components: cells (osteoblasts, osteoclasts, and 

osteocytes), Type I collagen fibres and ground substance which in turn is made up of 

glycoproteins and proteoglycans (Moss-Salentijn and Hendricks-Klyvert, 1990).  

  The composition and interaction of these components play a vital role in 

establishing biomechanical support and protection to the surrounding internal organs 

as well as supplying a reservoir for calcium and phosphate ions which are essential for 

the maintenance of life (Moss-Salentijn and Hendricks-Klyvert, 1990). For purposes 

of description, Rho et al. (1998) have organised these components into five principal 

structures: 1) macrostructure, i.e. cancellous cortical bone; 2) microstructure, i.e. 

Haversian systems, trabeculae, osteons; 3) sub-microstructure, i.e. lamellae; 4) 

nanostructure, i.e. the molecular structure; and 5) the sub-nanostructure, i.e. the 

molecular structure of minerals, collagen, and organic proteins. 

   To understand bone tissue and its biomechanical properties it is also pertinent 

to understand bone formation. Bone formation, or osteogenesis, is largely due to 

differentiated mesenchymal cells and this occurs in one of two modes of formation: 

intramembranous ossification or endochondral ossification (Moss-Salentijn and 

Hendricks-Klyvert, 1990). 

 2.1.1 Intramembranous ossification 

   Intramembranous ossification is the process by which connective tissue is 

directly converted to bone and is the typical way in which the flat bones of the skull 

are formed. During this process the mesenchymal cells move into clusters or 

congregations so as to be able to further differentiate into osteoblasts. These areas of 

mesenchymal condensations are referred to as primary ossification centres.  
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   Mesenchymal cells differentiate into osteoblasts that synthesise an 

extracellular matrix by secreting a collagen-proteoglycan matrix which binds calcium 

to form a centre of ossification. As a result, numerous areas of mineralisation are 

formed, producing plaques of irregular bone that rapidly fuse to form layers of bone. 

  Because bone tissue is vascular, it develops in such a way as to resemble 

something of a spider web, with a loose network of bony trabeculae interspaced with 

blood vessels. Each trabeculum has a mass of calcified bone substance that includes 

osteocytes within its lacunae.  

   The outside of the trabeculum consists of an osteoid seam that is covered in 

osteoblasts. This particular make-up means that only appositional growth can occur as 

interstitial growth is not possible (Moss-Salentijn and Hendricks-Klyvert, 1990). The 

metabolic activity of osteoblasts and osteocytes is high, hence blood vessels are 

needed within close proximity to all bone cells as osteocytes can only travel up to 

200μm away from the nearest blood vessel (Sperber, 1989). Because calcified bone is 

an effective barrier, preventing any diffusion of wastes, gases or nutrients, all cellular 

operations must be carried out within this vascular network rather than within the 

trabeculae themselves (Moss-Salentijn and Hendricks-Klyvert, 1990). 

 2.1.2 Endochondral ossification 

   The second type of bone formation is endochondral ossification, which 

involves the formation of cartilage from aggregations of mesenchymal cells and its 

subsequent replacement by bone (Väänänen and Horton, 1995). In other words, 

whereas intramembranous ossification does not require a pre-existing cartilage 

template, endochondral ossification does.  
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   During embryonic skeletal development the majority of bones are developed 

through the transformation of hyaline cartilage into bone through endochondral 

ossification (Goose and Appleton, 1982). This transformation starts with a 

cartilaginous model which is a precursor to the development of bone.  

   During development in utero the skeleton is flexible, but the ossification 

process is started prior to birth (White and Folkens, 2005). The process by which bone 

is ossified can be aptly described by the development of the fetal long bones.  

   Ossification starts with the penetration of the thin membrane (the 

perichondrium) that surrounds the cartilaginous model, by a blood vessel which 

becomes one of many nutrient foramena. The osteoblasts that exist beneath this thin 

membrane then begin to deposit bone on the exterior of the cartilaginous model 

(White and Folkens, 2005). This bone deposition results in the periosteum, with layer 

after layer of new bone being laid down which in turn results in the replacement of 

cartilage by bone tissue. In order for the process of replacement to occur, the 

cartilagenous tissues must undergo two transformations: chondrocytic hypertrophy 

and cartilage matrix calcification (Moss-Salentijn and Hendricks-Klyvert, 1990).  

   Chondrocytic hypertrophy is the first to occur with each of the individual 

chondrocytes becoming much larger and vacuolated. The second process takes place 

when the enlarged chondrocytes start to change the composition of the cartilage 

matrix so as to deposit hydroxyapatite salts. In a long bone, this process starts in the 

middle of the bone (primary growth centre) and spreads interstitially towards the ends 

(Moss-Salentijn and Hendricks-Klyvert, 1990). 

   The primary growth centre, also known as the metaphysis, is located in the 

centre shaft of the long bone. Two secondary growth centres reside at both ends of the 
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bone, termed the epiphyses. A cartilaginous growth plate is located between these two 

centres and is where the bone grows in length through the replacement of cartilage 

with bone (White and Folkens, 2005). Interstitial growth ceases only when the 

metaphysis and epiphysis fuse.  

  This fusion occurs at different times for different bones of the body with some 

even finalising growth at approximately 25 years of age (Figure 2.1). Once interstitial 

growth has stopped only appositional growth can occur. 

 

 

 

 

 

 

 

 

 

 

 Figure 2.1. Endochondral ossification process in a long bone (taken from Moss-

Salentijn and Hendricks-Klyvert, 1990:98) 
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 2.1.3 Types of bone 

   There are two primary types of bone that can be formed during the 

intramembranous ossification process; compact and cancellous. These two types also 

have distinguishable subtypes; spongy, woven, and lamellar and together constitute 

what Rho et al. (1998) have termed the macrostructure. The structural properties of 

the macrostructure are good indicators of the extrinsic properties of bone (Rho, et al., 

1998).  

 Compact Bone 

   Compact bone is primarily found on the outside of long bones and is rigid and 

dense in nature.  In contrast, cancellous bone is spongy or porous and is found 

primarily in the epiphyses, ribs, and spine (Athanasiou et al., 2000). The basic unit of 

compact bone is the Haversian system, or osteon, which consists of four parts. 

Centrally, there is a canal containing nerves and blood vessels, surrounded by 

concentric lamellae of bone. Between lamellae are lacunae containing the bone cells 

or osteocytes described earlier. Lacunae are linked by minute canals, referred to as 

canaliculi, which provide a pathway for nutrients and waste disposal. When compact 

bone is examined microscopically it is clearly different from spongy cancellous bone.  

 Woven Bone 

   The bone tissue that first appears during formation is woven spongy bone and 

can be visualised as a distinct, three-dimensional collagenous meshwork (Moss-

Salentijn and Hendricks-Klyvert, 1990). The woven quality of this new bone tissue 

gives it a ‘spongy’ appearance and consists of trabeculae (Figure 2.2). The compact 

bone, in contrast, is far denser in quality and thus, can be easily distinguished from 

woven bone.  
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 Figure 2.2. A histological section depicting spongy woven bone. P shows a fibrous 

layer of periosteum forming which denotes the edge of the system of trabeculae and 

the outline of the forming bone (taken from Moss-Salentijn and Hendricks-Klyvert, 

1990:88). 

  

 Lamellar Bone 

   Lamellar bone has been considered as a second phase of bone production that 

replaces the woven bone. Moss-Salentijn and Hendricks-Klyvert (1990) have likened 

lamellar bone to plywood with numerous thin layers of lamellae that run parallel to 

each other, with the collagen fibres within the layer running in an opposite direction to 
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the layers above and below. They suggested further, that it was the arrangement of 

directional collagen fibres that gave lamellar bone the ability to withstand loading 

pressures. Lamellar bone can be either compact or spongy and is generally formed 

after birth (Figure 2.3, Figure 2.4). There is a special type of lamellar compact bone 

that is deposited around blood vessels in the bony matrix.  

 

 

This deposition means that bone is formed in a concentric pattern around the 

blood vessel thus creating an osteon (Moss-Salentijn and Hendricks-Klyvert, 1990). 

These osteons contribute to the biomechanical properties of bone and influence the 

amount of loading stress that can be applied through the number of osteons present in 

the bone being loaded.  

 

 

 

 

 

 

 

 

 

 

 Figure 2.3. A histological section of compact lamellar bone that shows channels that 

supply blood and nutrients (large arrows). A shows arrest lines and R shows evidence 

of constant remodelling throughout life (taken from Moss-Salentijn and Hendricks-

Klyvert, 1990:89). 
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Figure 2.4. The normal histology of a human rib: lamellar bone (white arrow) and 

Trabecular bone (black arrow) (taken from www.colombia.edu). 

 

   The lamellae are part of the key elements described as the sub-microstructure 

classification by Rho et al. (1998) and can be examined through optical microscopy, 

x-ray diffraction, and electron microscopy. 

 Cancellous Bone 

   Cancellous or spongy bone is more complex than compact bone and as such 

becomes difficult to test biomechanically. Cancellous bone is typically porous, 

consisting of an irregular lattice of trabeculae (approx 75-95%) and bone marrow, 

which in turn consists of fat and blood forming cells (Athanasiou et al, 2000; Moss-

Salentijn and Hendricks-Klyvert, 1990). The most common example of this 

configuration is the head of the femur (Rho et al., 1998). The orientation of the 

trabeculae in spongy bone is thought to give an indication as to the loading pressures 

that can be imposed on that bone.  

   As described earlier, Rho et al. (1998) added an additional two categories to 

their classification scheme, the nanostructure described as simply comprising of 
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collagen fibres that are surrounded and impregnated by mineral; and the sub-

nanostructure comprised of crystals, collagens, and non-collagenous organic proteins. 

These crystals are plate-shaped and occur within collagen fibrils and grow in a 

specific crystalline orientation. The collagen that occurs at this level is Type I 

collagen with its molecules self-arranged into fibrils (Rho et al., 1998). These authors 

list the non-collagenous organic proteins as including osteopontin, osteocalcin, 

osteonectin and sialoprotein and state that these may be useful in regulation of the 

size, orientation and habit of crystal and mineral deposits.  

    

   This regulation, as well as the above description of bone type, is in reference 

to human Homo sapiens bones, but given that human bones are not always readily 

available for study it is important to consider the microscopic bone differences in 

animals. The next section will focus on the domestic pig Sus scrofa as the closest 

simulant for modelling human bone biomechanics. 

Anatomical differences between adult and juvenile ribs 

  The normal anatomy of an adult rib consists of a head, neck, tubercle and 

articular facets for the vertebral body at the posterior end of the rib. There is also a 

costal groove on the inferior side of the rib. The adult thorax is in a relatively low 

position. The juvenile rib has similar characteristics of the adult rib although the ribs 

are smaller in size and some lack definition (Schaefer et al., 2009). Fetal and perinatal 

ribs one and two are hooked in shape with the third through to the twelfth rib 

positioned horizontally, which in turns means that the thorax is in a relatively high 

position. Ribs ten through twelve are more rudimentary in their development and are 

smaller in size (Schaefer et al., 2009).  
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 Bone architecture of the domestic pig, Sus scrofa, as compared to juvenile human 

bone 

 

   Previous studies have noted that in mammals there are distinct differences in 

both the rate of development of bone and in turn, its microscopic structure (Enlow and 

Brown, 1958; Martiniaková et al., 2007a). In a recent study conducted by 

Martiniaková et al. (2007a) a detailed examination was carried out on the microscopic 

structure of the bones of pigs, cows, sheep, and rabbits. These authors reported that 

the pig femur consisted mostly of primary vascular laminar bone tissue, with primary 

vascular canals in a well defined plexus of organisation (Figure 2.5).  

   Multidirectional vascular canals are the foundation for the plexiform bone that 

is found in pigs (Francillon-Vieillot el at., 1990). These canals are arranged circularly, 

radially, and longitudinally in an organised system (Figure 2.6). This is in contrast to 

the organisation of human bone tissue in which primary laminar bone is laid down 

initially, but throughout growth is replaced by Haversian bone (Martiniaková et al., 

2007a). The exception to this rule is in the immature skeleton whereby plexiform 

bone is sometimes observed due to fact that the fast production rate allows for easy 

accommodation of rapid structural growth (Martiniaková et al., 2006b). 
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 Figure 2.5. Primary vascular laminar bone tissue from the domestic pig x200 

magnification (taken from Martiniaková et al., 2007a: 84). 

 

 

 

 

 

 

  

Figure 2.6. Primary vascular plexiform bone (taken from Brits, 2009; original from  

Francillon-Vieillot el at., 1990). 

   Additionally, Martiniková and colleagues reported that dense Haversian bone 

was found in the middle section of the compact bone in the femur and resorption 

lacunae was found to be situated between secondary osteons. This suggested to them 

that there was a higher turnover of bone in pigs when compared to cows, sheep, and 

rabbits (Martiniaková et al., 2007a).  

 2.1.4 Bone resorption and Wolff’s Law 

   Bone resorption is the process whereby bone salts are dissolved through an 

acid, generated by the lysosomes outside the cell, and intercellular bone substance is 

broken down (Moss-Salentijn and Hendricks-Klyvert, 1990). Most of the bone 

resorption is carried out by osteoblasts and osteocytes but there is a special type of 

cell that is differentiated to break down and resorb calcified bone tissue: the 

osteoclast. Once ossification is complete the osteoclasts disappear and reappear only 

when they are needed. Osteoclasts are formed through the fusion of several bone 

marrow cells and are carried to the site needing resorption via the blood vessels 

(Moss-Salentijn and Hendricks-Klyvert, 1990). 
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   The process of bone resorption is analogous to a factory line. The process is 

initiated by osteoblasts which will process the bone surface so that it can be broken 

down. The osteoblasts then move away to allow the osteoclasts to seal off the area to 

be resorbed. This means that when the acid is released from the lysosomes via the 

osteoclast it does not affect or damage other areas of the bone tissue or surrounding 

surface. Once resorption has taken place the osteoclast prepares the surface for the 

osteoblasts to deposit new bone material (Moss-Salentijn and Hendricks-Klyvert, 

1990). 

   Although “Wolff’s Law” is commonly referred to in the literature, there is 

debate as to whether it is a law or even if it is true. The idea behind Wolff’s Law is 

that the interactions of the mechanical environment of a bone are the driving force 

behind its shape and hence, the process of remodelling of the bone (Pearson and 

Lieberman, 2004). Wolff’s Law was originally proposed by Wolff (1982) as an 

explanation of how trabeculae became oriented during bone growth, but has since 

become an umbrella term to encompass all means of re-organisation and mechanical 

adaptation within bone (Pearson and Lieberman, 2004). Authors have frequently used 

Wolff’s Law in their publications as a definitive means of explaining the relationship 

between skeletal form and function, even though this law has been widely critiqued 

by others such as Bertram and Swartz (1991), Cowin (2001) and Currey (2002).  

   The philosophical statement behind Wolff’s Law is that over time bone adapts 

to mechanical strain. Cowin (2001), critically assesses this claim and states that, 

although this is somewhat true, it cannot be grounded as a mathematical or rigorous 

law. One of the issues noted with Wolff’s Law is that he likened interstitial bone 

growth with soft tissue growth in that this process occurred only through cell division. 

This meant that Wolff effectively rejected bone resorption and the concept of 
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remodelling (Cowin, 2001). Given that the biological fundamentals of Wolff’s Law 

seem to be somewhat inaccurate it is interesting to see that many authors still use 

“Wolff’s Law” as a term to describe bone functionality rather than using the more 

appropriate term “functional adaptation” (Cowin, 2001).  

   Bertram and Swartz (1991) also critiqued Wolff’s Law and noted that it had 

become something of a mantra rather than a scientific idea that had been assessed and 

applied successfully in the physical or biological sciences.  

   These authors suggested that researchers may be looking at different 

aspects of bone phenomena and labelling them as Wolff’s Law even though there was 

no accepted physiological model for this law (Bertram and Swartz, 1991; Cowin, 

2002).  

 2.1.5 Age 

   Bone tissue, bone remodelling and subsequent mechanical properties of bone 

are all related to the age of the individual and can provide information about the age at 

death in a forensic or archaeological context. For example, bone tissue in the mid-

gestational period is characterised by wide lamellae and a high density of osteons, 

whereas the late gestational period of intrauterine development is characterised by 

narrow Haversian canals (Enlow, 1966). Changes, such as the progression through the 

gestational period, are also seen throughout the duration of life. Significant changes to 

human bone tissue occur during intramembranous and endochondral ossification, as 

previously described (pgs 7-9). As the bone tissue and consequently its structure 

changes, so too do the biomechanical properties of that bone. Hall (2005) notes – in 

relation to the femur and tibia – that there is a general decrease in the size of osteons 

in humans aged between 36 and 75. However, there is a simultaneous increase in the 
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number of the osteons in the cortical bone hence, and alteration in the biomechanical 

properties. 

   Structural microscopic changes have been identified in the past by 

Amprino and Bairati (1936) and Jowsey (1960). These authors demonstrated that 

there were microscopic changes that could be seen in the mid-shaft of a femur as the 

age of the individual increased. Kerley (1965), took this one step further and used 

histological cross-sections of the appearance of the sub-periosteal components of long 

bone midshafts. The findings of this study demonstrated that the outer third of the 

bony cortex produced the best results for examining age changes, as this area is the 

least affected by resorptive changes throughout life (Kerley, 1965).  

   Changes that are known to occur in human Haversian systems include an 

increase in the inorganic/organic ratio, a decrease in the rate of reconstruction and an 

increase in the overall proportion of secondary bone (Currey, 1964). Experimental 

evidence from Currey (1964) suggests that Haversian bone increases with age. 

Although the Haversian systems themselves decrease in size, there is a compensatory 

increase in number. This also suggests that, given the decrease in proportion of 

Haversian systems, there will be less bone closely linked to the blood and nutrient 

supply provided by reversal lines or cement sheaths neighbouring the Haversian 

systems. Hence, with age, the reconstruction mechanisms of bone become less 

efficient (Currey, 1964). The overall result of these microscopic changes is that with 

age, the structure and in turn the biomechanical properties of bone, will also change. 

   In summary, there is age-related degradation both of bone architecture and 

mass, especially in women due to peri-menopausal bone loss. Bone mineral deposit is 
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particularly related to aging and increases the likelihood of developing osteoporosis in 

older persons. 

 2.1.6 Sex 

   Many studies across several disciplines acknowledge that bone development is 

highly influenced by two principal factors; namely biological and environmental 

stressors. Of the biological factors, sex is known to play a part in defining mechanical 

boundaries. Burr et al. (1990) examined skeletal histological change through time by 

comparing an archaic Native American population with a modern day Caucasoid 

population. Osteonal dimensions were taken and it was found that the females of the 

Native American population had, overall, larger osteons than their male counterparts 

even though they did not have larger Haversian canals. This study did not however, 

find any differences in the percentage of osteonal refilling between men and women 

(Burr et al., 1990). This compares to modern populations in a similar manner as 

Thompson (1980) noted that males have more Haversian canals, but women have 

larger canals. 

   A study by Crenshaw et al. (1981) also examined the influence of sex on the 

mechanical properties of bone, using swine as their test population. This study 

supported the results of both Burr et al. (1990) and Thompson (1980). There was no 

difference in mechanical properties between female and male swine. In contrast to 

these studies that suggest no sexual dimorphism in the microstructure of bone, one 

study conducted by Martin and Atkinson (1977) suggested otherwise.  

   These authors suggested that although the structural strength of loading bones 

(particularly the femur) decreased equally between men and women. Men could 

compensate for this weakness by an increase in section modulus which meant that the 
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strength of the bone was maintained. According to Martin and Atkinson (1977), 

women suffer a decrease in modulus as well, thus increasing the effect of structural 

weakness and loss of bone strength. 

 2.1.7 Bone pathology 

   Although there is a complex and generally successful process for the 

development of bone there are occasions when this process is not completed 

successfully. Examples of such mal-development include osteopetrosis, brittle bone 

disease, osteogenesis imperfecta, rickets and osteomalacia. 

  

Osteopetrosis 

   Osteopetrosis is a disease that results in excessive amounts of bone 

accumulating due to a severe reduction in bone resorption in relation to bone 

formation (Key and Ries, 2002). Diminished bone resorption is directly related to a 

decrease in osteoclastic activity which in turn reduces the space allotted to bone 

marrow. As a consequence, there is a decline in hematopoiesis and often complete 

failure of bone marrow (Key and Ries, 2002). This means that the bones become 

dense and have poor blood cell production and vascularisation which leaves them 

prone to fracture as well as necrosis and infection (Key and Ries, 2002). Interestingly, 

this disease is not unique to modern humans as others have recorded osteopetrosis in 

prehistoric specimens from around 3000BC (Perzigian, 1973; Berg, 1972).   

   Osteopetrosis is also called Albers-Schӧnberg Disease and ranges in severity 

from fatal infantile malignant form through to a mild adult form with long term 

survival. The fatal infantile malignant form is presented at birth with the most 
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common markers being malformations of the mastoid and paranasal sinuses and the 

individual usually dies within the first decade of life (Key and Ries, 2002). The 

characteristics of this particular form of osteopetrosis include a “diffusely sclerotic 

skeleton with little or no marrow space even at birth” (Key and Ries, 2002:1218). 

This type appears on radiographs as bone within bone due to the severe loss of bone 

resorption. The intermediate form of osteopetrosis is silent at birth, but becomes 

evident in the first decade with individuals living no longer than about 12 years of 

age. These individuals can present reduced intelligence, frequent bone fracture, short 

stature, or cranial nerve compression (Key and Ries, 2002).  

   A milder form of adult osteopetrosis is referred to as “silent” until the second 

decade of life when signs such as sclerotic axial bones become evident (Bollerslev 

and Mosekidle, 1993). Interestingly, while one form of mild osteopetrosis shows little 

or no defects in the long bones of the skeleton and fractures are not common due to 

increased bone strength, another type presents massive sclerosis of the base of the 

skull and decreased bone turnover, which results in frequent fractures from decreased 

tensile bone strength (Key and Ries, 2002).  

 Osteogenesis imperfecta 

  Osteogenesis imperfecta (OI) is an inherited disorder that results in varying 

degrees of bone fragility. Individuals with this disease suffer from frequent and severe 

bone injuries. It is thought that instead of being a single disease entity, osteogenesis 

imperfecta is in fact a collection of disorders all affecting collagen synthesis (Ojima et 

al., 1994). Clinical signs of osteogenesis imperfecta include progressive skeletal 

deformities, osteopenia, short stature, and joint laxity (Ojima et al., 1994).  
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   Previous studies highlight the fact that osteogenesis imperfecta can be 

mistaken for child abuse given the uncommon nature of frequent fractures in young 

children. Gahagan and Rimza (1991) describe three cases in the United States that 

were initially diagnosed as child abuse cases, but were subsequently found to be cases 

of OI. Because OI is uncommon, it can easily be overlooked when determining child 

abuse cases, particularly given the inconsistency of fractures compared to injury 

(Gahagan and Rimza, 1991). The added notion of societal inequity can enhance the 

event of a misdiagnosis based on assumptions before medical examination. Gahagan 

and Rizma (1991) recommend that, should such cases arise, it would be beneficial to 

conduct biochemical investigations to rule out a misdiagnosis of child abuse, or 

alternatively, prove beyond reasonable doubt that a case is actually a child abuse case. 

  Ojima et al. (1994) also examined a reported child abuse case that was found 

to be a misdiagnosis of OI. The individual presented in this case was a 35 month old 

female who was found in cardiac arrest at her place of residence. Upon post mortem 

examination of the body, it was shown that she had untreated fractures in her arms, 

leading to the diagnosis of OI. Additional signs included a normal head size 

disproportionately larger than her body, curved and deformed limbs and a swollen 

abdominal wall. It was noted that there was no external bruising but radiographs 

showed osteopenia (Ojima et al., 1994). 

 Rickets 

   Rickets is a vitamin-D deficiency disease that is characterised by a 

mineralisation deficit. The deficit of vitamin-D results in decreased serum calcium 

concentration and as a result the bone mineralisation process becomes defective 

(Khurana and Fitzpatrick, 2009). Rickets most commonly occurs in children and as 
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such, both cartilage and bone are involved in the deficiency. Khurana and Fitzpatrick 

(2009) note that a lack of mineral in the zone that provides provisional calcification 

will subsequently show a loss of strength in the bone being formed and a deformed 

epiphyseal plate. Clinical signs of Rickets include difficulty in walking, weakness, 

deformities such as bowed limbs, stunted growth, irritability and a prominent 

indentation of the lower rib cage (Khurana and Fitzpatrick, 2009).  

   Any fractures that do occur will vary in severity with the age of the individual 

and the severity of the disorder. Micro-fractures are most common and exhibit 

deformities once healing has taken place (Khurana and Fitzpatrick, 2009).  

  Dent and Stamp (1977) note that secondary hyperparathyroidism can occur as 

a result of more severe forms of rickets, but more often than not rickets in children 

under the age of four can largely correct itself. 

 Osteomalacia 

   Osteomalacia is described as “a metabolic bone disease with two major 

histomorphometric abnormalities: increased amounts of osteoid tissue and a reduced 

bone formation rate” (Lyles, 2002:1209) and is the result of phosphate deficiency 

(Khurana and Fitzpatrick, 2009). Osteomalacia is often referred to as the adult 

equivalent of Rickets.  

   In contrast to the relatively easy identification of Rickets, osteomalacia may be 

difficult to diagnose clinically particularly, because no gross deformities are evident 

and aches and pains can be diagnosed as having other causal agents (Dent and Stamp, 

1977). The reason that there are no obvious clinical identification markers – such as 
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knock knee or swelling of the epiphyseal ends – is because osteomalacia affects new 

bone being laid onto an already normally formed skeleton (Dent and Stamp, 1977).  

 2.2 Biomechanics of Bone 

 2.2.1 Concepts of bone biomechanics 

   The load-bearing ability of bone depends on two factors; firstly, the magnitude 

and direction of the load applied to the bone, and secondly, the structural properties 

and architecture of the bone being loaded. 

    Because actual loads during traumatic events can be difficult to characterise, 

it is necessary to use a reductionist approach with loads at their simplest level. Basic 

bone biomechanics relies on two fundamental concepts: stress and strain. 

 Stress 

   When a force is applied to a bone, deformation results throughout the 

structure. Force can be applied axially, through either tension or compression, in 

bending or torsion. Each of these results in different loading modes. However, at the 

simplest level, loading results in deformation that can be plotted in an idealised curve 

(Figure 2.7) which has two characteristic regions. When load, or force, is plotted 

against deformation there is an early linear region which represents an elastic, 

reversible response. Increased loading will deform the bone plastically, in other 

words, irreversibly. Eventually, increased load will result in failure.  

   As valuable as this approach is, it fails to recognise the importance of the area 

of application of the load.  
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 Figure 2.7 Load-deformation curve showing the elastic and plastic strain regions and 

the yield point for deformation. X marks the fracture point. Diagram taken from 

Turner and Burr (1993: 597). 

   Stress can be defined as the force per unit area and has three main forms: 

compressive, tensil, or shear - depending on the application of load (Turner and Burr, 

1993: 595). To characterise compressive stress the load that is applied must make the 

object or material shorter in length. The reverse is true for tensile stress, in other 

words, the object or material is lengthened. The characteristics of shear stress are 

indicative of two regions moving in opposite directions directly adjacent to one 

another. In reality, these three types of stress occur collectively in combination with 

one another (Turner and Burr, 1993). These authors give an apt example of these three 

stresses where they describe that materials will fail in shear when they are subjected 

to any type of compressive stress. The reason being that shear stress occurs 45° from 

the direction of loading when subjected to simple compression, and as most materials 

are weaker in shear than any other type of stress hence, this is where failure occurs 

(Turner and Burr, 1993). 

 Strain 
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   If stress is defined as load per cross-sectional area, then strain is the change in 

length that occurs as a result of the load. The relationship between stress and strain is 

given in Figure 2.7. The slope of the curve is known as the modulus of elasticity 

(Young’s modulus) and is a measure of the stiffness of the bone. The yield point is 

where the bone can no longer return to its original shape after the load is removed. 

Strain has no specific unit or measurement and can be described as micro-strain 

(μstrain) according to how much compression is being placed on the bone being 

measured (Turner and Burr, 1993).   

   The X at the end of the plastic region in Figure 2.7 marks the point of failure 

that results in the complete fracturing of the bone. Turner and Burr (1993) note that 

the larger the bone, the more rigid it will be, therefore suggesting that smaller bones 

will have a greater region of elastic strain before reaching the yield point. 

Interestingly, the plastic strain region is a measure of the ductility of the bone, or in 

other words, how pliable the bone is (Turner and Burr, 1993). This means that brittle 

bone would have a small plastic strain region before failure whereas ductile bones 

would have a larger plastic strain region. The region under the stress-strain curve is a 

measure of the amount of energy needed to apply to a bone in order to break it 

(Turner and Burr, 1993). When load is applied to a bone there is a deformation 

response at the location of applied load, but there is also a complimentary response in 

other areas (Ubelaker and Montaperto, 2011). This is also known as lateral strain and 

the total amount of lateral strain is called a Poisson’s ratio (Cowin, 2001).  

  As previously mentioned (pg 9), there are two types of bone in the human 

body: cancellous and compact bone. In biomechanical terms, the difference in these 

bones is fundamental to the way bones will behave when loaded with any type of 

stress. Cancellous and compact bone will also have different strengths according to 
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the type of stress that the bone is placed under. There are five classic ways in which 

the biomechanical properties of bone will behave. These are tension, compression, 

shear, bending and torsion. There are also classic biomechanical tests for testing and 

measuring these behaviours: the tensile test, compression test, shear test, bending test, 

and torsion test. 

 Tension 

   To load a bone to its tensile maximum the bone has to be pulled in equal and 

opposite directions (Figure 2.8). Nordin and Frankel (2001) describe tensile stress as 

“many small forces directed away from the surface of the structure... [which] occurs 

on a plane perpendicular to the applied load” (p 37). This will ultimately cause the 

specimen to lengthen and narrow. Clinically, the most common occurrence of tensile 

stress is in areas of high cancellous bone such as on the calcaneus where the Achilles 

tendon inserts (Nordin and Frankel, 2001).  

 

 

 

  

 

 Figure 2.8. Tensile loading (taken from Nordin and Frankel, 2001:37) 

   The tensile test is defined by Athanasiou et al. (2000) as the simplest of the 

four tests, as no fixed instrument is required to initiate it. They note that it may be 

easier to perform a tensile test on compact bone when compared to cancellous bone, 
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as the moduli and strength of cancellous bone are directly related to their density and 

as such, the actual strength varies widely across different observed densities and 

different forces of loading.  

   These authors illustrated that bone – by weight – consisted of approximately 

30% collagen, 60% mineral and 10% water. Since collagen and minerals are known to 

be most commonly oriented longitudinally (Athanasiou et al., 2000) the strength and 

stiffness of a bone can be greater in longer bones when compared to other bones in the 

body (Hasegawa et al., 1994). The tensile stress test can be calculated using the 

formula of applied force divided by the cross-sectional area in the midsection of the 

bone (Athanasiou et al., 2000).  

   The limitations of this test are, that there is a chance of inadvertently bending 

the specimen whilst applying the tensile stress and also that bone in vivo is not 

primarily loaded in tension. It should be noted that the tensile test needs somewhat 

larger specimens than other testing methods.  

   A tensile test on bones of an irregular shape can provide information on 

structural stiffness and fracture loads, however it fails to obtain useful information on 

intrinsic material properties (Athanasiou et al., 2000). 

 Compression  

   Compression stress is the opposite of tensile stress whereby equal and 

opposite loads are forced toward the centre of the specimen (Figure 2.9). This creates 

stress and strain on the inside of the structure rather than the surface and also occurs 

on a plane perpendicular to the load being applied (Nordin and Frankel, 2001). 

Compressive stress results in the specimen becoming shorter and wider according to 
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Poisson’s rule. Clinically, the most common occurrence of compressive stress is 

found in the vertebral column and is particularly evident in the elderly population 

(Nordin and Frankel, 2001).  The test for compression is frequently used to evaluate 

cancellous bone as it is the most relevant type of test for this tissue (Athanasiou et al., 

2000).  

  

 

 

 Figure 2.9 Compressive loading (taken from Nordin and Frankel, 2001:38). 

   The advantages of using a compression test includes being able to use smaller 

specimens than would be possible in a tension test as well as the relative ease at 

fabrication of compression specimens. This test is also more closely associated to the 

loads encountered in vivo at some locations on the skeleton (Athanasiou et al., 2000). 

The limitations of this test, however, are that accuracy is reduced because of end 

effects imposed on the specimen during testing as well as detrimental effects on 

accuracy when small cubes are used as test specimens (Athanasiou et al., 2000). 

 Shear 

   Shear loading occurs when a force is applied parallel to the surface of the 

specimen (Figure 2.10) which causes shear stress on the inside of the structure 

(Nordin and Frankel, 2001). Shear stress is also produced during compression and 

torsion. Shear stress deformation on the inside of a structure appears as though it has 

been forced on an angle and as a result any right angles within the structure become 

obtuse or acute (Nordin and Frankel, 2001). Clinically, the most common shear stress 
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fractures are found in cancellous bone. The torsion test is aimed at measuring the 

shear biomechanical properties of the specimen being tested.  

  

 

 

 

 

 Figure 2.10. Shear loading (taken from Nordin and Frankel, 2001:39)  

   The specimen is twisted in opposite directions so that shear stresses are zero at 

the centre of the specimen and reach maximum stress at the outer surface (Athanasiou 

et al., 2000). This is measured through a cross-section sample. Athanasiou at el. 

(2000) note, that to ensure failure occurs in the preferred location the central portion 

of the specimen should be reduced. This method will provide information on shear 

strength, shear modulus and shear toughness. Although torsion testing produces shear 

stress which can be measured, it also produces tension within the testing specimen. 

There are a few pure shear tests that can be conducted: the rail shear test, the torsion 

tube and cross-beam specimens (Turner and Burr, 2001). Pure shear tests are 

advantageous over torsion tests when measuring shear stress, because they are more 

accurate more often and somewhat smaller specimens can be used (Turner and Burr, 

2001). 

 Bending  
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   During bending, a load is applied in such a way that the bone will bend in a 

specific location. During bending the specimen will undergo both compression and 

tension; compression on the inner surface of the bend and tension on the outer surface 

of the bend. A buckle fracture most commonly occurs on the compression side and a 

butterfly fracture most commonly occurs on the tension side. In a clinical setting these 

fractures are most commonly seen in long bones. There are two basic types of bending 

tests: three-point and four-point.  Nordin and Frankel (2001: 40) describe the loading 

behaviour of three-point bending:  

 “Three point bending takes place when three forces acting on a structure produce two 

equal moments, each being the product of one of the two peripheral forces and its 

perpendicular distance from the axis of rotation”. 

    Bending is a useful method for measuring the biomechanical properties of 

bone. It is known that bone is weaker in tension than compression (Athanasiou et al., 

2000) and thus, the tensile side of the bone will tend to fail first. Three-point bending 

is a simpler method than four-point bending and only requires two supports 

underneath and one loading point in the middle above the specimen. However, it does 

mean that there is a single load, concentrated as high shear stress at only one point in 

the specimen (Athanasiou et al., 2000). Four-point bending is a solution to this 

problem, as two loading points above the specimen in between two support prongs 

underneath the specimen provides pure bending in the centre. The only limitation of 

four-point bending is that the two loading points must be of equal force in order to 

accurately record the biomechanical properties of that specimen (Athanasiou et al., 

2000). Young’s modulus, stress, and strain can be calculated using the bending 

methods. 
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 2.2.2 Biomechanical Studies 

   An early study conducted by Yaszemski et al. (1996) took into account the 

strength of compact bone when analysing bone transplantation and concluded that 

compact bone is at its weakest in the transverse direction and strongest in the 

longitudinal direction. The strength of compact bone in this direction tested between 

78.8 and 151 MPa in tension and between 131 and 224 MPa in compression, whereas 

its strength in the transverse direction was between 51 and 56 MPa in tension and 

between 106 and 133 MPa in compression.  

   These numbers highlight the biomechanical fact that bone is stronger in 

compression than in tension which in turn has a significant effect on fracture patterns 

in bone. Ascenzi and colleagues published four separate papers on different properties 

of the single osteons present in the Haversian system: the tensile and compressive 

properties of single osteons (Ascenzi et al., 1967; 1968), their bending properties 

(Ascenzi et al., 1990) and their torsional properties (Ascenzi et al., 1994). The 

combined results of these papers show that the osteons had an elastic modulus of 12 

and a tension of 5.5GPa with strengths of 120 and 102MPa when examined for 

tension; they were as strong in compression as in tension, but were only half the 

tensile strength (6 and 7GPa); the osteons, when bent, had a tensile strength of only 2 

and 3 GPa, but a considerable amount of bending strength – 350 and 390MPa; the 

torsional properties showed strengths of 160 and 200MPa and only 16 and 20GPa 

elasticity moduli. These studies are the most comprehensive studies on the separate 

elements of the microstructure and show a progression of knowledge through time. 

 2.3 Rib Morphology and Biomechanics 

   Human ribs are located in the thorax or chest area; specifically they start 

dorsally and extend ventrally to meet in the middle of the chest at the sternum. This 
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creates a cage-like structure that houses and protects the organs vital to respiration and 

circulation, such as the lungs and heart (White and Folkens, 2005). There are 12 ribs 

on each side of the rib cage with the first rib attached by a synchondrosis and ribs two 

through seven attaching directly to the sternum via the distal ends and are held in 

place through costal cartilage. The rib heads articulate anteriorly to the costal facet of 

the vertebra and the rib tubercles articulate posteriorly to the transverse process facet. 

The fulcrum of each rib lies at the costotransverse articulation (White and Folkens, 

2005; Kleinman, 1987). Ribs eight to ten are only indirectly attached to the sternum 

through cartilage on the distal ends (White and Folkens, 2005). The eleventh and 

twelfth ribs are termed floating ribs as they are only attached vertebrally and not 

directly or indirectly to the sternum. This means that the total 24 ribs that comprise 

the rib cage are directly attached through their proximal ends to the vertebral column.  

 2.3.1 Rib growth 

   All ribs ossify from four primary centres except for the floating eleventh and 

twelfth ribs. The epiphyses of the head of the ribs appear during teenage development 

while complete fusion of the epiphyses to the rib head does not occur until early 

adulthood (White and Folkens, 2005). The first and second ribs are the easiest to 

identify as they are characteristically flat when compared to the other ribs. 

 2.3.2 Rib Biomechanics 

   One of the earliest studies to be conducted on the biomechanics of ribs was 

undertaken in 1974 by Shultz et al., who examined the geometrical and force-

deformation properties of individual adult human ribs. These authors also reported a 

number of other studies that had measured different aspects of the rib cage such as the 

cross-sectional geometry (Roberts and Chen, 1970 a, b; 1972), rib cage motions in 

respiration (Wade, 1954), the modulus of elasticity in four inch long rib specimens 
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(Stein and Granik, 1972) and lateral squeezing forces on ribs in vivo (Agostoni et al., 

1966).  

   All of these previous studies were conducted on adult ribs. Schultz et al. 

(1974) conducted their investigation to improve the understanding of rib 

biomechanics and to create a representative model of the rib cage that had accurately 

measured biomechanical properties. They used fresh adult ribs two, four, six, eight, 

nine, and ten that were stored frozen and then thawed before testing. Their numerical 

results on the biomechanical properties of ribs whereby they found that ribs are 

flexible and deflection between 3cm and 6cm occurs when loaded to 0.75kPa. A 

secondary finding showed that deflection occurred in the direction of loading as well 

as other directions. 

   A study by Malone (1986) advanced biomechanics one step further and took 

the basic mechanical properties already known and applied these to simulated impact 

loading such as would be found in automotive accidents or CPR impulse applications. 

Rib specimens were obtained post-mortem from dogs and were then stored frozen and 

thawed before testing. To recreate impact loading he secured ribs in a vice and then 

used a mechanical shaker to load the rib to failure. The load was applied in an 

anteroposterior direction and dog ribs were used as a human simulation. The force and 

acceleration were measured and a mathematical predictive model was created in 

association with a three-dimensional rib cage model to produce a predictive model of 

thoracic impact. The conclusion of this study showed that the dynamic rib model was 

an accurate predictor of rib stiffness, and natural response (Malone, 1986). A 

secondary conclusion also stated that the ribs exhibited prominent elastic and viscous 

properties.  
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   A more recent study by Kemper et al. (2007) focused on the determination of 

variables that contributed to regional variation within adult human ribs. This was done 

through the quantification of structural responses and tensile properties of adult ribs 

via three-point testing and tension coupon tests of ribs four though six. The rib 

specimens used in this study were stored frozen at -20°C and then thawed prior to 

testing. Kemper et al. (2007) found that the material response did not vary 

significantly between anatomical regions of a single rib or between rib levels. The 

structural response, defined by anatomical region, was found to be significantly 

different with specimens removed from the lateral aspects yielding a larger peak 

moment, peak strain, modulus and stiffness, than those removed from the anterior 

aspects (Kemper et al., 2007). There was also a significant difference in the structural 

response when examined at individual rib level. 

   A detailed study conducted by Daegling et al. (2008) analysed adult rib 

structure and how this impacted on forensic interpretation, given the difficulties of 

identifying what mechanism caused what fracture mode. The rib specimens that were 

used in their study were derived from human cadavers that were dried and degreased 

before the experiment. This required rehydration of the specimens prior to testing in a 

24% saline solution. Their rib structure analysis included end-compressive loading of 

rib specimens until failure. Stress and strain measurements were recorded and 

different fracture patterns were noted after complete or incomplete failure.   

   Their results showed that the site of fracture on ribs was mostly consistent; 

this being approximately the sternal midshaft. In contrast, they found that the mode of 

fracture was highly variable (Daegling et al., 2008). A second finding supported 

previous research that indicated that anterior rib shafts are less stiff than their 

posterior counterparts. The purpose of this study was to enable researchers to match 
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fracture patterns with forces of impact thus being able to determine the cause of 

various fractures seen in forensic cases.   

   Although many studies have been conducted on ribs in general and the 

biomechanics of ribs in particular, there remains the somewhat contentious issue 

about the storage and preservation of specimens prior to testing: does freezing and 

thawing have a significant effect on the biomechanical, structural or material 

properties of bone? Biomechanical studies on thawed ribs have all assumed that there 

was no significant difference between fresh specimens and thawed specimens, even 

going as far as to say that thawed specimens are as good as fresh specimens.  

    

   One of the earliest studies to look at freezing as a storage method and its effect 

on the structural and material properties of bone was conducted by Sedlin and Hirsh 

in 1966. By using the entire mid-femoral diaphysis they examined the effect of 

freezing and defrosting prior to testing on the material properties of bone. The 

specimens were obtained immediately after autopsy and half were kept fresh whilst 

the other half were frozen slowly in a deep freeze and stored at -20°C. Testing 

involved compression, tension and bending using an Instron TT-CM that recorded 

load and deformation. The results showed a 5% increase in the average strength of the 

bone which was not statistically significant, with no other significant change to the 

bone’s biomechanical properties.    

   In another early study, Sonstegard and Matthews (1977) found the opposite 

results in biomechanical testing, with a 10% decrease in the average stiffness of 

trabecular bone. This suggested to them that there was a natural expansion of 

interstitial fluid within the bone causing expansion.  
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   A study by Pelker et al. (1984) almost a decade later measured the 

physical properties of bone when tested in torsion and compression after being frozen 

and thawed. These authors used rat bones as a model and found that there was no 

statistically significant difference between fresh bone and defrosted bone when tested 

using the same parameters although there was a slight increase in stiffness after 

freezing. Similarly Panjabi et al. (1985), investigated whether there was any change in 

biomechanical properties in fresh cadervic spinal specimens after long term freezing 

as a storage method. Specimen preparation included freezing at -18°C and then 

thawing to room temperature before testing via load application.  

  The results of their study showed that short term or long term storage via 

freezing of bony specimens did not significantly affect the biomechanical properties. 

   It wasn’t until 1993 that another major study was undertaken on this 

contentious issue. Linde and Sorensen (1993) analysed the previous literature and 

noted that the effect of freezing on the biomechanical properties of bone had only 

been sparsely investigated. Their study examined not only freezing as a storage 

method, but also submerging the specimen in ethanol and the effects of thawing and 

re-freezing. The specimens tested were the proximal tibial epiphysis of two male 

amputees that were sectioned to make 74 testable samples. All testing was done on an 

Instron machine to gauge the stiffness of the specimen. The results showed that both 

storage in ethanol and storage via freezing produced a slight increase in the stiffness 

and elastic energy, but no statistically significant difference could be determined. As a 

result of these studies, many subsequent investigations into the biomechanics of 

various bones have relied on freezing as a convenient method of storage. Some 

examples of biomechanical studies that have used frozen and thawed specimens are 

listed in the table below.  
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Table 1.1 Studies in bone biomechanics that used freezing as a method of storage 

prior to testing. 

 

 

  

  

 

 

 

 

 

 

 

   The majority of previous literature has focused solely on the statistical 

methods and calculations of the Instron machine to gauge what happens to the 

structural and material properties of bones after freezing.  

   A study by Tersigni (2007) took this one step further and used SEM to identify 

any morphological changes that may have resulted from freezing. He used 

histological sections of previously frozen bone and compared these with bone that had 

never been subject to freezing conditions, and showed consistent cracking around the 

Haversian canals in previously frozen samples (Figure 2.11.) 

Authors Biomechanical Study

Schultz et al. (1974) Force deformation properties of human ribs

Malone (1986)
Rib response and breakage due to 

anteroposterior loads

Linde and Sørensen (1993)
The effect of different storage methods on the 

mechanical properties of trabecular bone

Ebacher et al. (2007)
Strain distribtion and cracking behaviour of 

human bone during bending

Kemper et al. (2007)

The biomechanic of human ribs: material and 

structural properties from dynamic tension and 

bending tests

Daegling et al. (2008)
Structural analysis of human rib fracture and 

implications for forensic interpretation

Guillén et al. (2011)

Compressive behaviour of bovine cancellous 

bone and bone analogous materials, microCT 

characterisation and FE analysis
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  Figure 2.11. SEM picture showing cracks in the Haversian canal of previously frozen 

bone (left) and a Haversian canal in a non-frozen bone (right). Pictures taken from 

Tersigni (2007:18). 

 

   Although no statistically significant differences were found, this study 

highlighted that some degradation may in fact have taken place after the bone had 

been subjected to freezing conditions. It should be noted that all of the previously 

mentioned studies were conducted using adult specimens and not all bones were 

complete; some only used a partial section of a long bone, either the diaphysis or the 

epyphysis, and others used histological sectionals. This does not take into account any 

added strength that might be given to the bone when the epiphyses are kept intact or 

when the bone is whole. 

 2.4 Child Abuse and Rib Fractures 

   The juvenile skeleton has a completely different physiology to that of an adult 

skeleton and, in particular, has different biomechanical properties which in turn 

implies a different reaction to trauma. The rapid growth of the developing skeleton 

means that if fractures occur they are remodelled and healed quickly (Ogden, 2000). 

Skeletally, the major changes that occur during development are firstly, an increase in 

the density and thickness of cortical bone, and secondly, a higher porosity. 
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Biomechanically, this means that it is not as easy to fracture or break children’s 

bones; the damage will be less severe in a trauma situation when compared to the 

average adult bone (Ogden, 2000). This suggests that the stress and strain response in 

children’s bones will be different to that of adult bones. Due to the different 

biomechanics of juvenile bones it is possible that a trauma event may only produce 

elastic and plastic deformation – such as a buckle – rather than a compete break that 

would be evident radiographically. This pattern of injury has been shown to display 

failure in compression rather than in tension which is contrary to adult bones.  

   There are nine different types of fracture patterns or deformations that have 

been traditionally observed in children’s bones: longitudinal, transverse, oblique, 

spiral, impacted, comminuted, bowing, greenstick and torus (Ogden, 2000). A 

diagrammatic representation of these types of fractures is shown below (Figure 2.12): 

 

 

 

 

 

 

 

 

 Figure 2.12. Diagrammatic representation of the different types of fracture patterns 

found in young children, (taken from Ogden, 2000:51). A represents a longitudinal 

fracture that typically runs the length of the diaphysis; B a transverse fracture that 

typically breaks at a right angle to the longitudinal axis of the diaphysis; C an oblique 

fracture that can be at a 30° - 40° angle off the longitudinal axis of the diaphysis; D a 

spiral fracture that encircles the diaphysis in a twisting manner; E an impacted 

fracture whereby the cortical and trabecular bone that is located either side of the 

fracture is essentially crushed together; F a comminuted fracture whereby the fracture 

itself propagates in various directions typically with multiple fragments; G a type of 

plastic deformation where bowing occurs past the point of elastic return; H a 

A B C D E F G H I 
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greenstick fracture in which case the bone is partially fractured but a portion remains 

intact on the compression side; and I a torus fracture that in itself is not an actual 

fracture, more a stable impact injury where the bone buckles but does not break 

(Ogden, 2000). 

  

   Non-accidental fractures and injuries in children are often associated with 

child abuse. The World Health Organisation (WHO) has provided a broad definition 

of what constitutes child abuse or child maltreatment: “Child abuse, sometimes 

referred to as child abuse and neglect, includes all forms of physical and emotional ill-

treatment, sexual abuse, neglect, and exploitation that results in actual or potential 

harm to the child’s health, development or dignity. Within this broad definition, five 

subtypes can be distinguished – physical abuse; sexual abuse; neglect and negligent 

treatment; emotional abuse; and exploitation”.   

   Another definition, given by the Children Young Persons and their Families 

(CYPF) Amendment Act 1994 in New Zealand legislation, outlines child abuse as 

“the harming (whether physically, emotionally or sexually), ill treatment, abuse, 

neglect or deprivation of any child or young person”    

 2.4.1 Physical Abuse 

   Physical child abuse involves any physical ill treatment such as hitting, 

kicking, smacking, punching, or using any weapon of any kind that will incur physical 

injury to the child. This may be the intentional result of maltreatment or the 

unintentional result from an irate adult.  

   Child, Youth, and Family (CYFs) state that unexplained bruises, welts, cuts or 

abrasions – particularly in unusual places such as the face, tummy, buttocks, or back 

of the legs – are signs of physical abuse. Other signs of physical abuse include 
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unexplained fractures or dislocations, particularly on the head, face, hips, or 

shoulders; or burn marks anywhere on the body, particularly if they are in discernable 

shapes such as cigarette butts or stove rings. Physical abuse may also manifest itself 

through the child’s behaviour, particularly if they become physically aggressive 

towards other children (Ministry of Social Development, 2011).    

   It has been stated that injuries such as bone fractures that are resultant from 

child abuse, are the most common in children under the age of one year (Akbarnia et 

al., 1974). This study examined battered child syndrome in 217 children aged between 

one month and nine years who were admitted to a children’s hospital in Philadelphia 

in order to alert orthopaedists of non-orthopaedic manifestations. During the analysis 

of the fracture locations and types, the authors found that in the 74 children who had 

fractures, there were 264 fractures altogether with the highest frequency at 72 in the 

ribs. The next frequency of fracture location was in the humerus with a frequency of 

42 (Akbarnia et al., 1974). A second study that examined 429 different fractures in 

189 different battered children also concluded that approximately 50-60% of fractures 

found in children, under the age of one year, were the result of child abuse (King et 

al., 1988). Battered child syndrome was initially termed “whiplash shaken-baby 

syndrome” by Caffey (1946) who conducted one of the earliest studies on child and 

infant abuse. He subsequently used this term as a collective representation of the 

multitude of injuries found on battered children which included subarachnoid and 

subdural haemorrhaging, retinal haemorrhages, and metaphyseal fractures (Caffey, 

1946).  

   These types of injuries pertain to the head, however secondary injuries that 

come about from battered child syndrome - a term first coined by Kempe et al. (1962) 

and now termed shaken baby syndrome - can include metaphyseal lesions and rib 
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fractures due to the pressure on the rib cage and the squeezing action of the person 

inflicting those injuries.  

 2.4.2 Rib Injuries in Children 

      Given the greater elastic properties of young children’s ribs, it is more 

common to see rib fractures in adults than it is in children. When it does occur in 

children however, it is often assumed to be associated with abuse. Unfortunately, this 

type of injury is often overlooked, given that there are generally no conspicuous 

physical signs (Bilo et al., 2010).  

   It has been noted that rib fractures in infants are quite rare given the high 

malleability of their chests, thus the finding of rib fractures raises the suspicion of 

child abuse given that the forces applied to the ribs need to have exceeded a certain 

point in order to break (Bilo et al., 2010). This is also true of children under the age of 

approximately two years without congenital bone disorders (Thomas, 1977; Feldman 

and Brewer, 1984) whilst resuscitation and physiotherapy do not commonly produce 

rib fractures either (Bilo et al,. 2010). 

   There are two means of producing rib fractures in children: static loading 

(compression) and dynamic impact loading. Compression fractures are made when the 

chest deforms through actions such as encircling the rib cage with both hands and 

compressing or squeezing (Figure 2.13) which in turn results in multiple bilateral 

fractures (Bilo et al., 2010). These authors assume that the first fractures to be 

sustained would be located on the posterior aspects where the most mechanical force 

and leverage are concentrated. 
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Figure 2.13. Chest compression through squeezing a child’s rib cage.  

 

   As compression increases it has been said that anterior and lateral fractures 

will follow on from the posterior fractures (Merten and Carpenter, 1990).  A large 

number of studies (Merten et al., 1992; Kleinman et al., 1992; Chapman, 1993; 

Kleinman and Schlesinger, 1997) suggest that there must be a considerable amount of 

leverage from the posterior end in order to produce a rib fracture close to the vertebral 

column. This suggests that the ribs break against the transverse process of the 

vertebrae. The effect of leverage induced rib fractures is said to be produced when the 

transverse process is compressed towards the anterior or sternal side. Bilo et al. (2010) 

state that this type of fracture is not found in accidents (unless there is great force) nor 

is this type of fracture found in cardio-pulmonary resuscitation.  

   The second type of impacting force that can produce rib fractures is known as 

dynamic impact loading and relates to rapid and excessive force placed directly on the 

chest; this can be both accidental such as a fall on an object or non-accidental such as 

a punch or a kick to the front or back of the chest region. This kind of impact can also 
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be made through rapid deceleration such as when a child hits a blunt object or wall at 

high speed (Bilo et al., 2010). These authors note that the resulting fracture location 

would be either at the location of impact or the specific region that had the greatest 

amount of mechanical stress. It should be noted that the assumptions on fracture 

locations made by Bilo et al. (2010) are not based on any biomechanical study 

pertaining to infant rib fractures, but instead are based on logical assumptions of the 

nature of rib biomechanics and previous radiographic studies on abused children.  

  Dynamic Impact Loading 

   Dynamic impact loading is most often found in children two years and older, 

while static loading is more common in children younger than two years (Bilo et al., 

2010). A retrospective study conducted by Barsness et al. (2003) examined child 

abuse in young children over a six year period and examined the positive predictive 

values (PPV) of rib fractures. These authors found that in 51 children less than three 

years old there was evidence of physical abuse with a PPV for rib fractures as an 

indicator at 95%. This PPV increased to 100% when all other causes of that injury 

could be ruled out. They also found that multiple fractures were most common in 

children who were victims of child abuse, with rib fractures being the most prevalent. 

Of these rib fractures the predominant fracture locations were lateral and posterior 

(Figure 2.14).   
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 Figure 2.14. Representation of the rib cage and its articulation showing the front 

(anterior) view, the back (posterior) view, and fracture patterns. The black arrows 

indicate posterior fracture, the red arrows indicate mid-lateral fracture, the blue arrow 

indicates anterior fracture, and black dotted lines indicate flail chest (taken from 

http://emedicine.medscape.com).  

  

Shaken Baby Syndrome  

   As yet there is no universal agreement on the definition of shaken baby 

syndrome. Hence, as mentioned previously, the finding of subdural haemorrhaging, 

rib fractures and possibly metaphyseal fracture are a group of injuries that are most 

commonly associated with, and termed, shaken baby syndrome. Kempe and 

colleagues defined the battered child syndrome in 1962 as “a clinical condition in 

young children who have received serious physical abuse... The syndrome should be 

considered in any child exhibiting evidence of fracture of any bone, subdural 

hematoma, failure to thrive, soft tissue swellings or skin bruising, in any child who 

dies suddenly, or where the degree and type of injury is at variance with the history 

given regarding the occurrence of the trauma” (Kempe et al., 1962:17). This definition 

is broad enough that it has the ability to cover almost any physical child abuse and so 

cannot be used as a succinct definition of shaken baby syndrome. 
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   Lonergan et al. (2003) graphically depict what would happen if a baby was 

forcefully shaken (Figure 2.15) and how these injuries might come about. These 

authors do acknowledge the high plasticity of young children’s ribs and note that there 

is a threshold that must be reached before fracture can occur, but they do not indicate 

what this threshold is and whether or not it is easily attainable. Lonergan et al. (2003) 

state that enough squeezing force may be produced from an adult’s hand wrapped 

around the rib cage to fracture the child’s ribs anteriorly, laterally, and posteriorly 

(Kleinman, 1998; Ng and Hall, 1998). 

 

 

 

 

 

 

 

 

D 

 Figure 2.15. Violent shaking and squeezing of an infant may result in subdural 

hemorrhage (top right diagram) and shear-type brain injury, rib fracture (middle right 

diagram), and metaphyseal fracture (lower right diagram) (taken from Lonergan et al., 

2003:812).  
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   The mechanisms of rib fracture described by Lonergan et al. (2003) are that, 

during squeezing of the rib cage the posterior rib arc is levered against the transverse 

process of the spine which in turn fractures the rib head either completely or 

incompletely. This fracture type is noted as unusual and therefore, is only seen during 

non-accidental trauma (Lonergan et al., 2003). Lateral squeezing is suggested to result 

in impaction and buckling of the inner rib cortex and distraction of the outer cortex 

(Kleinman et al., 1996). The conclusions drawn from research mentioned by 

Lonergan et al. (2003) is that the non-accidental squeezing of an infant’s rib cage 

produces a complex array of forces that in turn result in fractures of the posterior, 

lateral and anterior rib (Lonergan et al., 2003).   

  There is still a significant amount of emphasis placed on the radiological 

techniques for identifying and diagnosing child abuse and fracture patterns and as 

such there have been many radiological studies completed on battered child syndrome 

(e.g. Merten et al., 1983; Kleinman, 1987). In 1987 Kleinman wrote a book on 

diagnostic imaging in child abuse which has been frequently referenced in more 

current literature. Kleinman (1987) stated that there is one single mechanism of injury 

that creates most rib fractures found in infants: the anterior compressive loading of the 

rib cage produced when squeezed with adult hands. This study is based on 

radiographs of abused children and infants. 

  A study by Loder and Bookout in 1991 examined the fracture patterns in the 

battered child which reviewed 75 cases of children, ranging from two weeks old to 

nearly seven years old, with fractures over a two year period. These authors found that 

the most frequent fractures were in the long bones (45%), then the skull (32%) and 

then the ribs (20%).  
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This is in contrast to a study conducted by Akbarnia et al. (1974) who found 

that the rib fractures had the highest frequency (27%) before humeri fractures (15%) 

and femur fractures (12%). This study included fracture prevalence in the skull, 

mandible, specific vertebrae, the pubic bone and all other long bones. Both of these 

studies indicate skeletal trauma that may occur during the “battered child syndrome”, 

but are not specific enough to define shaken baby syndrome.  

The battered child syndrome appears to be a more all-encompassing term to 

define child abuse, where-as shaken baby syndrome is an umbrella term to describe 

one specific act in child abuse. 

  2.4.3 Child Abuse Statistics in New Zealand 

 New Zealand's child abuse statistics are overwhelming given the small size of the 

country when compared to others of similar economic status.  

   According to the UNICEF report on Child Maltreatment in Rich Nations 

(2003) New Zealand had the third highest child abuse statistics out of the 27 countries 

stated in the report, behind Mexico (placed second) and the United States of America 

(placed first). Furthermore, New Zealand's child abuse statistics have not decreased 

since the 1970’s (UNICEF, 2003) and there seems to be no evidence that this trend 

will decrease.  

   The New Zealand Herald highlighted this trend with an article outlining some 

of New Zealand's statistics “[New Zealand] has been named as one of six countries 

and states where there is no clear evidence of a decrease in child maltreatment over 

the past two decades” (NZ Herald, 2011).  
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   CYFs received 53,000 notifications of child abuse during the financial year to 

June 2005 with an increase to 63,800 notifications through to June 2006 (Dominion 

Post, 2006). Between December 2005 and January 2006 CYFs received 

approximately 10,000 reports of suspected child abuse (Waikato Times, 2006). This 

trend does not appear to be decreasing as police currently have more than 6,000 child 

abuse cases open.  

   One of the most publicised displays of child abuse in New Zealand arose in 

2006 with Cru and Chris Kahui, dubbed the “Kahui Twins” (Figure 2.16) who were 

born prematurely and suffered severe and ongoing injuries in their short three month 

life span.  

 

 

 

 

 Figure 2.16. Chris and Cru Kahui. (Taken from 

http://msn.nzherald.co.nz/nz/news/article) 

 

   Many claimed that this would be the only case of its kind, however, since then 

over 95,000 children have been abused according to Child Youth and Family (CYFs) 

statistics. CYFs also states that notifications of concerns of child abuse have more 

than doubled in the last five years with over 150,000 alerts and over 22,000 

substantiated cases (NZ Herald, 2011). Although these figures are startling ,Anthea 

Simcock, a child protection advocate, stated that these figures are just the few that 

cases that are being reported (NZ Herald, 2011).  

http://msn.nzherald.co.nz/nz/news/article
javascript: ContractArticleImage();
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   She claims that for every child that dies as a result of child abuse, there are 

most likely two hundred more that are severely abused and probably about 3000 more 

who suffer ongoing abuse (NZ Herald, 2011). These figures may misrepresent the 

actual number of child abuse cases in New Zealand, because these cases are either not 

treated for their injuries or are not reported and hence, not made known to authorities.  

   Statistics published by the New Zealand Herald suggest that from 1998 to 

1999, there were 39 individuals prosecuted for child abuse with only 15 going to trial 

and 14 actually convicted. From 2004 to 2008 there were 52 individuals charged with 

child abuse but only 29 went to trial and 19 that gained convictions (NZ Herald, 

2011). The substantiated, most serious, child abuse cases in New Zealand for 2010-

2011 provided by CYFs are as follows: 

 May 2006:  Chris and Cru Kahui, aged 3 months. Fatal head injuries.  

August 2007: Nia Glassie, aged 3. Brain injuries. 

January 2008: Tahani Mahomed, aged 11 weeks. Severe head injuries. 

August 2009: Kash McKinnon, 3. Severe head injuries. 

September 2009: Hail-Sage McClutchie, aged 22 months. Severe head injuries. 

July 2010: Cezar Taylor, aged 6 months. Shaking and head injuries. 

December 2010: Sahara Baker-Koro, aged 6. Found dead in her bed after an alleged 

sex assault.  

January 2011: Mikara Reti, aged 5 months. Severe blunt-force trauma to his liver. 

April 2011: Serenity Scott, aged 5 months. Severe brain injuries. 

June 2011: Baby Afoa, aged 1 week. Found buried in a makeshift grave. 

November 2011: James "JJ" Lawrence, aged 2. Blunt-force trauma to abdomen with 

ruptured organs. (As reported by the NZ Herald, 2011). 
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 From the foregoing, it is clear that child abuse is a serious and ongoing problem in 

New Zealand. 

 2.5 Imaging Techniques 

   There are many techniques currently available for viewing the microscopic 

aspects of bone; however, there are two main techniques pertinent to the current 

study: Scanning Electron Microscopy (SEM) and micro-CT scanning. Electron 

microscopy has a history of about 50 years and as the backbone for the development 

of new optical imaging technologies (Chescoe and Goodhew, 1990). 

 2.5.1 Scanning Electron Microscopy 

   SEM was first developed in 1935 with the first machine being constructed in 

1938, and by 1942 the first such microscope that could view bulk specimens was 

created (Lee, 1993). The SEM is an optical imaging tool that uses a beam of electrons 

to illuminate the object under examination (Chapman, 1986). The electron beam – the 

source of which is usually a tungsten hairpin filament – is generated from an electron 

gun that is located at the top of the machine. This beam of electrons is then 

accelerated down the electron-optical column by a high voltage whereby the electron 

beam passes through a series of electromagnetic lenses to form a fine probe (Figure 

2.17). This column is kept in a highly vacuumed state so as to allow the electrons to 

have free movement, thus preventing high voltage discharge (Chapman, 1986). Once 

the electron beam reaches the specimen in the chamber it is rastered across the 

specimen’s surface by way of deflection coils which, in turn, are synchronised with 

the cathode ray tube used for viewing.  
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 Figure 2.17 Schematic representation of an SEM (taken from Flegler et al, 1993, pp. 

67). 

 

   As the beam is rastered across the specimens surfaced, it produces signals 

which are collected by a detector and then amplified for display on the cathode ray 

tube (Chapman, 1986). The relationship between the length of the scan line on the 

specimen and the length of the scan line on the cathode ray tube is what allows an 

increase in magnification; a greater degree of deflection produces a lower 

magnification and a lesser degree of deflection produces a higher magnification 

(Chapman, 1986).   

   Before using the SEM to examine specific specimens, it is important to 

understand whether or not the sample you have requires preparation. As the electron 

beam needs the surface of the specimen to be conductive to earth, it may be necessary 

to coat the specimen before placing it in the SEM. A surface that has a conducting 

path to earth means that charging of electrons can be removed, thus producing a better 

image. Sputter coating is the most common method used to coat a specimen and uses 

either gold palladium or platinum (Chapman, 1986). 
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 2.5.2 Micro CT Scanning 

 Micro-CT Scanning 

   The micro-CT scanning machine available is called the Skyscan 1172. Data 

are collected from the Skyscan and processed using NRecon software. The raw data 

collected by the Skyscan consists of a series of x-rays taken from different angles of 

the specimen in the viewing chamber. The mirco-CT scan operates by sending out a 

conical beam from the x-ray source that goes through the sample, through a series of 

filters, and then hits a phosphorescent screen. The image on the screen is then 

captured by a high resolution camera. The specimen being scanned is rotated 

approximately 4º per image and the final number of images can range anywhere from 

100 and above. The raw data (x-ray images) are not much use, so a secondary process 

must take place to make the images useable.  

   This process is called back projection and uses the tomography of the internal 

and external structures of the images to re-create the original three-dimensional 

object. Back-projection works by collating all the images of each of the different 

angles into one single image (Figure 2.18) thus working backwards to produce a 

three-dimensional image.  
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 Figure 2.18. A schematic representation of the back-projection process that recreates 

the original object into a three dimensional image. 

   The back-projection process is initiated by directing the raw data through to 

five remotely accessed computers; the reason being that the shear amount of data 

exceeds the capabilities of a single computer, hence the five remote computers work 

in tandem to produce a processed data set that can be examined by one computer. By 

using this back-projection method a Z axis of the specimen is also produced (Figure 

2.19) which allows observation of the processed data set in three different planes. 

 

 

  

 

 

 

 Figure 2.19. A schematic representation of the cross-sectional slices in a vertical 

direction that produces the Z axis. 

 (Information via personal communication with Andrew McNaughton, 2011). 
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2.6 Terminology 

The terminology used in describing the position and side of the bone being 

examined is as follows: the lamellar bone is the bone that constitutes the outer 

structure of the rib, where-as trabecular bone is that bone that makes up the inner 

structure of the rib.  

To indicate at which orientation the bending rib is being examined, the terms 

compressive and tensile will be used (Figure 2.20). The terminology for the different 

aspects in shown in Figure 2.21. 

 

   

 

 

 

Figure 2.20. Schematic representation of the cross –section of a rib with labelled 

orientation terminology used in the text. 
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Figure 2.20. A schematic representation of a piglet rib indication the orientation 

terminology used in the text.  

 

2.6 Conclusion and Aims 

   In summary, this chapter has identified key concepts in bone growth and 

development, the fundamentals of biomechanics and how the different forces are 

related to bone bending. It has also introduced key literature that uses freezing as a 

storage method prior to testing. Child abuse in New Zealand has been highlighted 

with some disturbing statistics and through the review of the relevant literature it has 

been found that very little scientific research has been conducted on any aspect of 

child abuse.  

   The small volume of literature that has focused on chest compression in 

infants has been largely based on assumptions made by medical professionals and 

retrospective radiographic studies. This leads me to the aims of this research: 

Posterior 

Medial Lateral 

Anterior 
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1. To assess the biomechanical properties of immature piglet ribs and compare 

these results with published results on adult pig ribs. 

2. To compare and contrast the fracture patterns of immature piglet ribs in three 

categories: dry, frozen then thawed, and fresh. 
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  Chapter Three: Materials and Methods 

 

This chapter will explain the materials and methods used in conducting this 

research. Explanations are given on how each of the ribs were sourced and how each 

of the three different categories was produced. The methods used in testing and 

imaging are also explained. 

3.1 Materials 

3.1.1 Ribs 

 Adult pig ribs were obtained from New World Centre City butchery in 

Dunedin. These ribs had had their sternal and vertebral ends removed but were 

otherwise intact. While most flesh had been removed, the process was not complete. 

Still-born piglets were also obtained from pig farms around the Dunedin area 

through the Otago University Animal Unit. Twenty-four piglets, all approximately 

new born or one day old, were used in two different protocols. Eight piglets were 

frozen and stored at -20°C prior to removal of the ribs while the other 16 piglets had 

their 5
th

, 6
th

, and 7
th

 ribs removed from each side of the rib cage. Removal of the ribs 

was done by hand using a Swann-Morton surgical scalpel with a number 15 blade. 

Each rib was carefully dissected taking care not to cut or damage the bone. The 

surrounding flesh was removed as close as possible to the bone without actually 

cutting the bone. Of these, 48 ribs (of which there were even numbers of fifth, sixth, 

and seventh ribs) were dried out at 25°C using a Precision Oven (Contherm 

Scientific Company, New Zealand) for five days prior to testing (Figure 3.1).  
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The last group of 48 ribs was kept fresh in a refrigerator at 4°C for one day 

prior to testing. The piglets that had been frozen were defrosted over five days in a 

4°C fridge. The ribs were then removed ready for testing. The total numbers of ribs 

for testing were: 48 dried ribs, 48 fresh ribs, and 48 thawed ribs.  

 

 

Figure 3.1. The 7
th

 piglet rib specimens that had been dried out prior to testing. 

3.1.2 Testing and Imaging   

 Testing took place in the Otago University Dental School using an Instron 

3369 machine with Bluehill software to capture the stress/strain data. A load cell of 

500N was used in conjunction with a cross-head and loading span set up for four-

point bending. A cross-head speed of 10mm per minute was used with a loading 

span width of 10mm and a support span of 30mm. Two sets of measuring equipment 

were used: a standard ruler with cm and mm measurements, and electronic digital 

callipers (model Q-1382). Imaging was completed in the Otago Centre for Electron 

Microscopy, Otago University, using the Cambridge 360 SEM (Cambridge 

Instruments, Cambridge, U.K) (Figure 3.2) fitted with a Dindima Image Slave frame 

grabber (Dindima Group Pty Ltd, Ringwood, Vic, Australia).  

Dried 7
th

 Ribs 
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 The SkyScan 1172 micro-CT scanner, housed in the Otago Centre for 

Confocal Microscopy, Otago University, with Nrecon software was also used as an 

imaging technique (Figure 3.3). For preparation of SEM observation the following 

chemicals were used: 2.5% glutaraldehyde made up in 0.1M phosphate buffer, 1% 

Osmium tetroxide made up in 0.1M phosphate buffer, 25%-100% Ethanol.  

 

 

 

 

 

 

Figure 3.2 The scanning electron microscope (Cambridge 360 SEM). 

 

 

 

 

 

 

 

Figure 3.3 SkyScan 1172 micro-CT scanner. 
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A critical point dryer (Figure 3.4) was used for dehydration (Bal-Tec AG, 

Balzers, Liechtenstein) and an Emitech K575X Peliter-cooled high resolution sputter 

coater (EM Technologies Ltd, Kent, England) was used to coat the specimens in 

gold palladium (Figure 3.5). 

 

 

 

 

 

 

Figure 3.4. The Bal-Tec critical point dryer. 

 

 

 

 

 

 

Figure 3.5. Emitech K575X Peliter-cooled high resolution sputter coater. 
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3.2 Methods 

3.2.1 Instron Calibration and Adult Rib Testing 

 The Instron machine was turned on and set up for four-point bending prior to 

turning on the computer software that collected the relevant data (Figure 3.6). 

  

 

 

 

 

 

Figure 3.6. The Instron machine set up for four-point bending (A) and the Bluehill 

computer Software programme (B). 

 

The load cell, cross-head, and support span were adjusted for a four-point 

bend test on adult ribs. The cross-head speed was set to 10mm per minute with a 

loading span of 20mm and a support span of 100mm.  Once the Instron was turned 

on and set up, the Bluehill software was loaded and calibration commenced. After 

the Bluehill software was loaded a new folder was created to collect the testing data, 

labelled with a file name and date. Specific pre-loaded four-point bend parameters 

were loaded into the testing set-up.  The safety stop on the Instron was adjusted to 

the correct height and the safety parameters were entered into the software. When 

this was complete the calibration icon was activated and the software automatically 

calibrated the Instron machine.  

A B 
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After calibration, the specific details of the specimen being tested were entered 

using a ruler. In this case, the adult pig rib had a width of 25mm and a thickness of 

10mm. The adult pig rib was then placed into the Instron machine and the loading 

span was brought down to lightly hold the rib in place. The reset icon was activated 

and the load balanced. The start button could then be activated and testing 

commenced. The rib was loaded until failure at which point the Instron was 

manually stopped and reset. The stress and strain data that were produced were 

saved into the previously created folder. Since the parameters had already been 

loaded, the second rib could be tested by entering its specific values and resetting the 

loading span. Six adult pig ribs were thus tested and the data recorded. It should be 

noted that the first and last rib specimens tested were stopped prior to failure as an 

example of how to manipulate the Instron machine.  

The adult pig ribs were tested here as a preliminary trial of the Instron 

machine and also to compare the differences and similarities of the breaks to those 

of the piglet ribs.  

3.2.2 Piglet Rib Testing  

 There were two protocols used in testing the piglet ribs; firstly, to take width 

and thickness measurements using a ruler and the human eye, and secondly, to use 

electronic digital callipers. In both protocols there were 8 piglet ribs in each of the 

three different categories which were tested individually in the same manner as the 

adult ribs (Figure 3.7). The parameters in the Bluehill software were the same, but 

with different measurements for each specific rib.  
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The cross-head speed was kept at 10mm per minute and the load cell was kept 

at 500N, but given the small size of the piglet ribs the loading span was reduced to 

10mm and the support span was reduced to 30mm. The bottom safety stop was set to 

35cm which equated to 15mm from the start position. 

 

 

 

 

 

 

 

 

 

Figure 3.7. The Instron machine loaded with a dried piglet rib just before testing. 

 

Dried Ribs 

 The first sets of ribs to be tested were the dried ribs. There were 48 ribs in total 

and each rib number was tested separately, for example the seventh ribs were kept 

separate from the sixth and the fifth ribs. Every one of the dried ribs was loaded to 

failure (Figure 3.8) and the data collected and saved under “DR” for the first 

protocol and “2DR” for the second protocol alongside their corresponding rib 

number e.g. DR-7-1, DR-7-2, DR-6-1 etc.  
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Figure 3.8. A dried 7
th

 rib specimen loaded to failure. 

Fresh Ribs 

For both protocols, the second set of ribs to be tested were the fresh ribs. 

These were tested according to the exact same method as the dried ribs with the 

same parameters, but with individual rib width and thickness measured according to 

each protocol. The first ribs to be tested would not break but instead bent in a ‘U’ 

shape, so extreme that the sternal and vertebral ends were touching the top of the 

loading span and interfered with the stress/strain readings (Figure 3.9). To remedy 

this various loading span and support span widths were evaluated. 
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Figure 3.9. A fresh piglet rib bent to and extreme ‘U’ shape without breaking that 

touched the sides of the loading head distorting stress/strain results. 

 

Because ribs could be broken manually (Figure 3.10), it was accepted that in 

fact it did not matter if the fresh ribs were not able to be loaded to failure.  

 

 

 

 

 

 

Figure 3.10. A schematic representation of how the piglet rib was compressed to 

failure manually. 
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This simply highlighted the elasticity of the fresh piglet ribs and hence, the 

loading and support span were kept the same as the dried ribs to ensure repeatability 

and approximately 1cm was cut off both ends to shorten the rib for loading. Two 

more fresh piglets were obtained to replace the piglet ribs that had been used during 

the evaluation. Each rib was tested individually and stopped manually when the ‘U’ 

shape was just about to touch the top of the loading span. Since none of these ribs 

broke, only one rib was placed into glutaraldehyde to be preserved for examination 

under the SEM.  

Thawed Ribs 

 The final category of ribs was the frozen then thawed category, and these were 

tested in the exact same manner as the previous two categories of ribs, with the same 

two protocols. The ends were also cut off these ribs as they were expected to be 

similar to the fresh ribs.   

Some of the thawed ribs were able to be loaded to failure while others were 

not. The data were recorded and labelled. It should be noted that between each rib 

number (e.g. fifth, sixth, and seventh) the Instron was re-calibrated and also between 

each testing session. In Protocol Two the callipers were re-set to zero between each 

individual measurement. Three broken frozen then thawed ribs from the fifth, sixth, 

and seventh ribs were placed into gluterelderhyde for preservation for the SEM. 

Three-point bending 

 After completion of the four-point bending two more piglets were obtained for 

three-point bending (Figure 3.11). One was stored frozen at -20°C and the other had 

the fifth, sixth, and seventh ribs taken out immediately.  
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Two random ribs from that piglet were taken and dried in the same manner as 

the previously dried ribs and two other randomly selected ribs were stored in a 4°C 

fridge.  

 

 

 

 

 

 

Figure 3.11. A schematic representation of the three-point bend set up on the Instron 

machine. 

 

A three-point bend test was undertaken on the two dried ribs, two frozen then 

thawed ribs and one fresh rib. This three-point bending was performed so that 

comparisons could be made with the samples used in four-point bending.  

Statistical Analyses 

 Statistical analyses were performed using R 2.12.2 for Windows 2010. Results 

that were defined as statistically significant throughout these analyses had a p-value 

of <0.05. Multiple linear regression models were used to estimate the effect of 

width, thickness, bone type and protocol on the following outcomes: strength, strain, 

maximum load and modulus. Multiple comparisons were performed to determine 

any differences between bone types. 
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Raw bending data was re-calculated using the following equations based on the 

assumption that the pre-existing curvature is not important: 

Corrected strength = flexure stress x (32/3.14159)/6 

Corrected modulus = automatic modulus x (64/3.14159)/12 

Micro CT Scanning 

 The adult pig rib that was used as a reference was taken to the micro-CT 

scanning suite in the Lindo Ferguson Building of the University of Otago, along 

with one dried, one frozen then thawe, and one fresh piglet rib. Each rib was placed 

into glad wrap and sealed at the top to form a plastic covering before being placed 

separately into the micro-CT scanner. This was done to prevent dehydration of the 

sample. Once the rib was situated in the scanner, the door was mechanically closed 

by the NRecon software. The software then started the scan which took up to 45 

minutes per rib. Once the scan was complete the raw data – which was presented as 

a complete x-ray that could be rotated around a fixed point – was sent to an external 

computer system that processed the raw data and turned it into approximately 200 

images showing each slice of bone. 

  These processed data were then entered into a software programme (ImageJ 

version 1.46D) that was used to manipulate the processed data series to produce a 

complete rib that could be looked at and sliced through the x axis, y axis, and z axis. 

This orthogonal view gave a clearer image of the fracture damage in the bone. The 

micro-CT technician used the same processed data series in a software programme 

called Amira Visage Imaging GmbH (version 4.1.2) that created a three-dimensional 

animation of the ribs. 
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Scanning Electron Microscopy 

 Each of the rib specimens that were to be examined under the SEM first had to 

go through a specific process in order to ensure they were able to be examined. To 

start with, each rib underwent primary fixation which involved one wash in 2.5% 

glutaraldehyde (made up in a 0.1M phosphate buffer) that lasted approximately two 

hours. The same samples were kept overnight in this solution at 4°C. Next, each of 

the samples was washed three times in 0.1M phosphate buffer for 20 minutes each. 

 Secondary fixation took place next which consisted of one wash of 

approximately two hours in 1% Osmium tetroxide made up in 0.1M phosphate 

buffer. Once this was complete the samples were then washed three times for 20 

minutes each in a 0.1M phosphate buffer and then stored overnight at 4°C. After 

secondary fixation the samples were dehydrated in a graded series of ethanol: 20 

minute washes at each one percent increase from 25% - 95%. The samples were then 

washed three times for 40 minutes at 100% ethanol. After dehydration the samples 

were then Critical Point dried in a Bal-Tec CPD-030 critical point dryer.  

All samples were then mounted on 25mm aluminium stubs using double sided 

carbon tape. They were subsequently sputter coated with 15nm of gold palladium. 
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Chapter Four: Results 

 

 4.1 Normal Rib Morphology 

  The normal anatomical features of a piglet rib as seen in micro-CT are 

given in Figure 4.1. This image shows the architecture of the outer cortical bony 

table as thinner and more compact than the inner lamellar surface. Cancellous bone 

shows distinct bony trabeculae. 

 

 

 

 

 

 

Figure 4.1. Micro-CT view of the normal structure of a piglet rib. The white arrow 

indicates the lamellar bone while the red arrow indicates the cancellous bone. Note 

the compact outer cortical surface (left) compared to the thinner cortical table (right) 

and inner trabeculae of the cancellous compartment.  

When compared to an adult pig rib (Figure 4.2) the most obvious difference is 

seen in the relative thinning of the thoracic (inner) cortical plate. The lamellar bone 

appears denser over a larger area than in piglet ribs.  

 

 

 

B 
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Figure 4.2. Micro-CT image of an adult pig rib. The red arrow indicates the dense 

outer trabecular bone and the yellow arrow indicates the thin lamellar bone layer. 

 

4.2 Biomechanical Analyses  

4.2.1. Four-point Bending in Adult Ribs 

 The results of four-point bending tests on six adult pig ribs are summarised in 

Table 4.1 and presented graphically in Figures 4.3 and 4.4. Table 4.2 shows the 

corrected modulus and strength based on an elliptical equation. A mean modulus of 

1408.75MPa with a mean maximum load of 413.59N were found. While there was 

considerable variation in the strain at failure, the strength of the relation between 

load and extension was highly uniform (Figure 4.3) 

Table 4.1. Table showing the raw data for the adult rib four-point bend test. 

 

 

 

 

 

Specimen 

label

Maximum Load 

(N)

Flexure 

stress at 

Maximum 

Flexure load 

(MPa)

Flexure 

strain at 

Maximum 

Flexure load 

(mm/mm)

Load at 

Maximum 

Flexure load (N)

Flexure 

extension at 

Maximum 

Flexure load 

(mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 > 499.80 23.65914 0.0394 -499.79943 > 5.96106 > 1084.33319 13 15

2 > 397.92 26.30874 0.0267 -397.91968 > 4.77412 > 1836.79773 11 15

3 > 491.96 27.33125 0.03858 -491.96249 > 6.32256 > 1555.53201 12 15

4 > 321.66 25.73294 0.02433 -321.66174 > 4.78488 > 1916.82414 10 15

5 > 348.88 12.64074 0.03004 -348.88452 > 4.92363 > 850.75598 12 23

6 > 421.32 23.40681 0.04641 -421.32261 > 7.60613 > 1208.25939 12 15

Mean 413.59 23.17994 0.03424 -413.59175 5.72873 > 1408.75041 11.66667 16.33333

Standard Deviation 72.82482 5.38324 0.00856 72.82482 1.12974 428.88442 1.0328 3.26599

Minimum 321.66 12.64074 0.02433 -499.79943 4.77412 850.75598 10 15

Maximum 499.8 27.33125 0.04641 -321.66174 7.60613 1916.82414 13 23
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Table 4.2. Corrected strength and modulus values for the adult pig ribs. 

 

 

 

 

 

 

 

 

 

Figure 4.3. Force-displacement graph showing how far the cross-head moved during 

loading of the adult fresh rib specimens. 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Corrected 

Strength 

(MPa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus 

(MPa)

1 > 499.80 23.65914 40.1650374 1084.33319 1840.822751

2 > 397.92 26.30874 44.6631419 1836.79773 3118.247308

3 > 491.96 27.33125 46.3990103 1555.53201 2640.755388

4 > 321.66 25.73294 43.6856326 1916.82414 3254.104476

5 > 348.88 12.64074 21.4596048 850.75598 1444.289429

6 > 421.32 23.40681 39.7366684 1208.25939 2051.20658

Mean 413.59 23.17994 39.3515216 1408.75041 2391.570994

Standard 

Deviation 72.82482 5.38324 9.13887978 428.88442 728.0974199

Minimum 321.66 12.64074 21.4596048 850.75598 1444.289429

Maximum 499.8 27.33125 46.3990103 1916.82414 3254.104476
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Figure 4.4. Flexure stress-strain graph for fresh adult pig ribs. 
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4.2.2 Four-Point Bending in Dry Piglet Ribs 

Protocol One  

  Table 4.3. summarises the raw four-point bending results for the 5
th

 dry ribs. 

Dried 5th piglet ribs have a mean modulus of 14432.45MPa and a mean maximum 

load of 43.52N. These results are graphically shown in the load-displacement curve 

(Figure 4.5) and stress-strain curve (Figure 4.6). These results were somewhat 

suspicious as they showed large variation in the relationship between these variables 

across the eight ribs investigated. 

Table 4.3.  Measured 4-point bending results for the 5
th

 dry rib specimens. 

 

 

 

 

  

  

 

 

 

 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure load 

(mm/mm)

Load at 

Maximum 

Flexure load 

(N)

Flexure 

extension at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 dr5-1 > 22.65 135.87895 0.02057 -22.64649 > 3.94281 > 13881.83646 1 5

2 dr5-2 > 41.37 51.71638 0.01324 -41.3731 > 1.26856 > 4840.23010 2 6

3 dr5-3 > 80.32 100.40433 0.03688 -80.32347 > 3.53475 > 5712.62339 2 6

4 dr5-4 > 23.76 237.55012 0.01629 -23.75501 > 3.12144 > 22973.01547 1 3

5 dr5-5 > 57.08 71.35179 0.02561 -57.08143 > 2.45406 > 4085.58669 2 6

6 dr5-6 > 52.68 263.38777 0.01724 -52.67755 > 3.30400 > 26457.65244 1 6

7 dr5-7 > 33.59 251.9547 0.02547 -33.59396 > 4.88219 > 20755.92531 1 4

8 dr5-8 > 36.71 275.30137 0.02552 -36.70685 > 4.89119 > 16752.75783 1 4

Mean 43.52 173.44318 0.0226 -43.51973 3.42488 > 14432.45346 1.375 5

Standard 

Deviation
19.26574 93.13944 0.00747 19.26574 1.21025 8769.45784 0.51755 1.19523

Minimum 22.65 51.71638 0.01324 -80.32347 1.26856 4085.58669 1 3

Maximum 80.32 275.30137 0.03688 -22.64649 4.89119 26457.65244 2 6
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Figure 4.5. Force-displacement graph showing how far the cross-head moved during 

loading of the 5
th

 dry rib specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Flexure stress-strain graph for the 5
th

 dry rib specimens. 
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Results for the four-point bending test for the 6
th

 dry ribs are given in table 4.4 

and figures 4.7, and 4.8. Again, there was a marked lack of concordance in the 

relationships of the variables. 

Table 4.4.  Measured 4-point bending results for the 6
th

 dry rib specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Force-displacement graph showing how far the cross-head moved during 

loading of the 6
th

 dry rib specimens. 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension 

at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 dr6-1 > 28.06 280.61114 0.01765 -28.06111 > 3.38294 > 26017.82785 1 3

2 dr6-2 > 23.71 355.61096 0.01444 -23.7074 > 2.76825 > 41630.14576 1 2

3 dr6-3 > 95.66 179.36247 0.0299 -95.65999 > 2.86500 > 10722.30466 2 4

4 dr6-4 > 24.79 247.89659 0.02057 -24.78966 > 3.94225 > 25267.13480 1 3

5 dr6-5 > 79.28 148.65108 0.03337 -79.28058 > 3.19831 > 8751.93063 2 4

6 dr6-6 > 62.69 117.54067 0.02267 -62.68836 > 2.17244 > 7742.12180 2 4

7 dr6-7 > 54.70 136.74784 0.02553 -54.69914 > 2.44675 > 8991.62608 2 3

8 dr6-8 > 20.84 156.30542 0.01877 -20.84072 > 3.59675 > 18241.22371 1 4

Mean 48.72 202.84077 0.02286 -48.71587 3.04659 > 18420.53941 1.5 3.375

Standard 

Deviation
28.71165 83.42204 0.00641 28.71165 0.59467 11946.25144 0.53452 0.74402

Minimum 20.84 117.54067 0.01444 -95.65999 2.17244 7742.12180 1 2

Maximum 95.66 355.61096 0.03337 -20.84072 3.94225 41630.14576 2 4
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Figure 4.8. Flexure stress-strain graph for the 6
th

 dry rib specimens. 

 

Table 4.5 shows the raw four-point bending results for the 7
th

 dry ribs. Figures 

4.9, and 4.10, show the corresponding load-deformation and flexure stress-strain 

graphs, which again highlight the obvious variability in their responses. 

Table 4.5. Measured 4-point bending results for the 7
th

 dry rib specimens. 

 

 

 

 

 

 

 

 

 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 dr7-1 > 31.56 315.5918 0.01682 -31.55918 > 3.22463 > 29153.38625 1 3

2 dr7-2 > 30.39 303.93679 0.01753 -30.39368 > 3.36069 > 32292.38102 1 3

3 dr7-3 > 20.91 209.10027 0.01422 -20.91003 > 2.72625 > 25396.97904 1 3

4 dr7-4 > 68.55 102.81913 0.03315 -68.54609 > 3.17725 > 5756.47345 2 5

5 dr7-5 > 53.02 79.53372 0.0183 -53.02248 > 1.75387 > 5645.27875 2 5

6 dr7-6 > 92.49 138.7393 0.03215 -92.49286 > 3.08063 > 8990.40934 2 5

7 dr7-7 > 64.97 487.30256 0.01183 -64.97367 > 2.26819 > 61201.48360 1 4

8 dr7-8 > 23.10 346.48474 0.01178 -23.09898 > 2.25800 > 42159.71711 1 2

Mean 48.12 247.93854 0.01947 -48.12462 2.73119 > 26324.51357 1.375 3.75

Standard 

Deviation
25.77145 140.18965 0.00849 25.77145 0.57993 19503.77688 0.51755 1.16496

Minimum 20.91 79.53372 0.01178 -92.49286 1.75387 5645.27875 1 2

Maximum 92.49 487.30256 0.03315 -20.91003 3.36069 61201.48360 2 5
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Figure 4.9. Force-displacement graph showing how far the cross-head moved during 

loading of the 7
th

 dry rib specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Flexure stress-strain graph for the 7
th

 dry rib specimens. 
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 Protocol Two 

  The results of four-point bending tests on the 5
th

 dried ribs in Protocol Two are 

summarised in Table 4.6 and presented graphically in Figure 4.11. The stress-strain 

graphs for Protocol Two could not be generated as they are calculated using the 

rectangular formula instead of the elliptical formula. Table 4.7 summarises the 

corrected values for flexure stress at maximum, strength and modulus as calculated 

using and elliptical formula in contrast to the rectangular formula as calculated in 

Table 4.6. It is clear that the corrected mean is markedly higher in the corrected 

results with a smaller standard deviation when compared to table 4.6. 

Table 4.6. Measured 4-point bending results for the 5
th

 dry rib specimens. 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure load 

(MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension at 

Maximum 

Flexure load 

(mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 2dr-5-01 > 68.74 96.37968 0.02479 -68.74117 > 2.58206 > 5838.36274 1.76 4.96

2 2dr-5-02 > 64.86 107.89075 0.02359 -64.85528 > 2.65969 > 6829.66277 1.83 5.46

3 2dr-5-03 > 67.15 111.42481 0.03464 -67.14869 > 3.60819 > 5222.36987 1.7 4.53

4 2dr-5-04 > 54.20 98.17768 0.0266 -54.20455 > 3.18687 > 4543.56551 1.64 5.85

5 2dr-5-05 > 89.18 57.37491 0.03177 -89.17859 > 2.29750 > 3145.67135 2.35 4.83

6 2dr-5-06 > 37.51 39.26352 0.05448 -37.51088 > 4.21081 > 1071.40894 1.64 4.25

7 2dr-5-07 > 41.34 135.44165 0.02175 -41.33621 > 2.81625 > 11017.00843 1.48 4.18

8 2dr-5-08 > 85.94 99.92689 0.01954 -85.94036 > 1.63581 > 6621.02352 2.29 4.92

Mean 63.61 93.23498 0.02965 -63.61447 2.87465 > 5536.13414 1.985 5.59625

Standard 

Deviation
18.7409 30.71767 0.01121 18.7409 0.79498 2920.69586 0.43207 0.94085

Minimum 37.51 39.26352 0.01954 -89.17859 1.63581 1071.40894 1.48 4.18

Maximum 89.18 135.44165 0.05448 -37.51088 4.21081 11017.00843 2.65 6.64
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Table 4.7. Corrected strength and modulus values for the 5
th

 dried ribs. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. Force-displacement graph showing how far the cross-head moved during 

loading of the 5
th

 dry rib specimens 

 

   

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Corrected 

Strength 

(Mpa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus 

(Mpa)

1 2dr-5-01 > 68.74 96.37968 163.61936 5838.36274 9911.520795

2 2dr-5-02 > 64.86 107.89075 183.16118 6829.66277 11594.40541

3 2dr-5-03 > 67.15 111.42481 189.16079 5222.36987 8865.777936

4 2dr-5-04 > 54.20 98.17768 166.67175 4543.56551 7713.40289

5 2dr-5-05 > 89.18 57.37491 97.402755 3145.67135 5340.262054

6 2dr-5-06 > 37.51 39.26352 66.655878 1071.40894 1818.881844

7 2dr-5-07 > 41.34 135.44165 229.93308 11017.00843 18703.07019

8 2dr-5-08 > 85.94 99.92689 169.6413 6621.02352 11240.20812

Mean 63.61 93.23498 158.28075 5536.13414 9398.441155

Standard 

Deviation
18.7409 30.71767

52.14798
2920.69586

4958.331478

Minimum 37.51 39.26352 66.655878 1071.40894 1818.881844

Maximum 89.18 135.44165 229.93308 11017.00843 18703.07019



84 
 

  The results of the four-point bending tests for the 6
th

 dry rib are summarised in 

Table 4.8. Table 4.9 shows the corrected strength and modulus values as calculated 

using an elliptical formula which illustrates a marked difference with the mean 

modulus and mean strength which is nearly twice as large. Figure 4.12 shows the 

corresponding load-deformation graph. 

Table 4.8. Measured 4-point bending results for the 6
th

 dry rib specimens. 

 

 

 

 

 

 

 

Table 4.9. Corrected strength and modulus values for the 6
th

 dried ribs. 

 

 

 

 

 

 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure load 

(N)

Flexure 

extension 

at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 2dr-6-01 > 63.99 165.18872 0.02301 -63.98686 > 2.40975 > 10184.60032 1.83 3.47

2 2dr-6-02 > 34.30 79.38882 0.02026 -34.29661 > 2.12163 > 4461.87104 1.83 3.87

3 2dr-6-03 > 78.58 154.6292 0.02893 -78.5757 > 2.65319 > 8368.59672 2.09 3.49

4 2dr-6-04 > 75.86 83.65669 0.02297 -75.85661 > 2.05744 > 5382.17192 2.14 5.94

5 2dr-6-05 > 26.50 87.41104 0.02394 -26.49569 > 2.76431 > 7202.80311 1.66 3.3

6 2dr-6-06 > 58.28 124.29722 0.0345 -58.28143 > 3.82188 > 5802.37216 1.73 4.7

7 2dr-6-07 > 83.86 82.5104 0.01943 -83.86459 > 1.64769 > 5512.63757 2.26 5.97

8 2dr-6-08 > 74.70 100.16068 0.02458 -74.70296 > 2.12206 > 5501.41928 2.22 4.54

Mean 62.01 109.65535 0.0247 -62.00756 2.44974 > 6552.05901 1.97 4.41

Standard 

Deviation
21.21992 34.29866 0.0049 21.21992 0.65867 1904.97192 0.23385 1.07764

Minimum 26.5 79.38882 0.01943 -83.86459 1.64769 4461.87104 1.66 3.3

Maximum 83.86 165.18872 0.0345 -26.49569 3.82188 10184.60032 2.26 5.97

 
Specimen 

label

Flexure 

stress at 

Maximum 

Flexure load 

(MPa)

Corrected 

Strength 

(MPa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus 

(MPa) 

1 2dr-6-01 165.18872 280.4333177 10184.6003 17289.9291

2 2dr-6-02 79.38882 134.7747606 4461.87104 7574.713934

3 2dr-6-03 154.6292 262.5069047 8368.59672 14206.98304

4 2dr-6-04 83.65669 142.0201278 5382.17192 9137.066551

5 2dr-6-05 87.41104 148.3937157 7202.80311 12227.86867

6 2dr-6-06 124.29722 211.0136926 5802.37216 9850.421237

7 2dr-6-07 82.5104 140.0741238 5512.63757 9358.552105

8 2dr-6-08 100.16068 170.0381951 5501.41928 9339.507328

Mean 109.65535 186.1568611 6552.05901 11123.13024

Standard 

Deviation 34.29866 58.22726284 1904.97192 3233.983505

Minimum 79.38882 134.7747606 4461.87104 7574.713934

Maximum 165.18872 280.4333177 10184.6003 17289.9291
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Figure 4.12. Force-displacement graph showing how far the cross-head moved during 

loading of the 6
th

 dry rib specimens. 

 

  The results of four-point bending tests on the 7
th

 dried ribs in Protocol Two are 

summarised in Table 4.10 and presented graphically in Figure 4.13.Table 4.11 shows 

the corrected strength and modulus values. The corrected strength values appear to be 

somewhat similar but the corrected modulus is almost twice the original mean.  

Table 4.10. Measured 4-point bending results for the 7
th

 dry rib specimens. 

 

 

 

 

 

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure load 

(N)

Flexure 

extension 

at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 2dr-7-01 > 72.52 157.30658 0.02808 -72.51707 > 2.74600 > 8343.83223 1.96 3.6

2 2dr-7-02 > 68.27 107.75887 0.02738 -68.27278 > 2.49862 > 5456.53298 2.1 4.31

3 2dr-7-03 > 71.08 131.58347 0.02463 -71.07986 > 2.25906 > 7186.73077 2.09 3.71

4 2dr-7-04 > 27.36 87.07595 0.02733 -27.35674 > 3.09925 > 7544.86458 1.69 3.3

5 2dr-7-05 > 62.79 118.06436 0.02673 -62.79103 > 2.41650 > 6351.87671 2.12 3.55

6 2dr-7-06 > 94.83 77.7871 0.02753 -94.82574 > 1.97625 > 4241.90632 2.67 5.13

7 2dr-7-07 > 41.56 97.92084 0.0355 -41.55541 > 3.65788 > 3959.05035 1.86 3.68

8 2dr-7-08 > 95.61 82.63344 0.02454 -95.61206 > 1.71050 > 4706.17848 2.75 4.59

Mean 66.75 107.51633 0.02771 -66.75134 2.54551 > 5973.87155 2.155 3.98375

Standard 

Deviation
23.53678 27.20946 0.00341 23.53678 0.62179 1631.4998 0.37206 0.62769

Minimum 27.36 77.7871 0.02454 -95.61206 1.7105 3959.05035 1.69 3.3

Maximum 95.61 157.30658 0.0355 -27.35674 3.65788 8343.83223 2.75 5.13
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Table 4.11 Corrected strength and modulus values for the 7
th

 dried ribs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. Force-displacement graph showing how far the cross-head moved during 

loading of the 7
th

 dry rib specimens. 

 

 

 
Specimen 

label

Flexure 

stress at 

Maximum 

Flexure load 

(MPa)

Corrected 

strength 

(MPa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus 

(MPa)

1 2dr-7-01 157.30658 267.05217 8343.83223 14164.9415

2 2dr-7-02 107.75887 182.937294 5456.53298 9263.305914

3 2dr-7-03 131.58347 223.3832253 7186.73077 12200.58339

4 2dr-7-04 87.07595 147.8248488 7544.86458 12808.57074

5 2dr-7-05 118.06436 200.4324519 6351.87671 10783.28992

6 2dr-7-06 77.7871 132.0555939 4241.90632 7201.289912

7 2dr-7-07 97.92084 166.2357214 3959.05035 6721.098297

8 2dr-7-08 82.63344 140.2830032 4706.17848 7989.463476

Mean 107.51633 182.5255449 5973.87155 10141.56789

Standard 

Deviation 27.20946 46.19225297 1631.4998 2769.722423

Minimum 77.7871 132.0555939 3959.05035 6721.098297

Maximum 157.30658 267.05217 8343.83223 14164.9415
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4.2.3. Four-point bending in frozen then thawed piglet ribs    

  Table 4.12 summarises the raw four-point bending results for the 5
th

 frozen 

then thawed ribs. These ribs have an elastic modulus mean of 2783.37MPa and a 

mean maximum load of 28N. There is a noticeable amount of variability in the elastic 

modulus as indicated by a standard deviation of 3273.73 MPa. There appears to be 

less variation in the maximum load with a standard deviation of 8.2N. Figures 4.14 

and 4.15 presents this data graphically. 

 

Table 4.12. Measured 4-point bending results for the 5
th

 frozen then thawed  rib 

specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension 

at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 tr5-1 > 30.43 16.90461 0.05437 -30.42831 > 3.47344 > 664.61958 3 6

2 tr5-2 > 16.36 98.15663 0.01984 -16.35944 > 3.80287 > 10600.81925 1 5

3 tr5-3 > 33.96 36.38357 0.03359 -33.958 > 3.21950 > 2420.99862 2 7

4 tr5-4 > 36.57 20.31845 0.04733 -36.57322 > 3.02400 > 1024.62441 3 6

5 tr5-5 > 27.37 29.32336 0.03592 -27.36847 > 3.44244 > 1992.07524 2 7

6 tr5-6 > 14.59 18.23156 0.04264 -14.58525 > 4.08600 > 940.72098 2 6

7 tr5-7 > 32.38 40.47726 0.04019 -32.38181 > 3.85169 > 2520.66984 2 6

8 tr5-8 > 32.32 40.40577 0.03262 -32.32462 > 3.12637 > 2102.41987 2 6

Mean 28 37.52515 0.03831 -27.99739 3.50329 > 2783.36847 2.125 6.125

Standard 

Deviation
8.18233 26.33651 0.01044 8.18233 0.3794 3237.73118 0.64087 0.64087

Minimum 14.59 16.90461 0.01984 -36.57322 3.024 664.61958 1 5

Maximum 36.57 98.15663 0.05437 -14.58525 4.086 10600.81925 3 7
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Figure 4.14. Force-displacement graph showing how far the cross-head moved 

during loading of the 5
th

 frozen then thawed rib specimens. 

 

 

  

 

  

 

 

 

 

 

Figure 4.15. Flexure stress-strain graph for the 5
th

 frozen then thawed rib specimens. 
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  Table 4.13 summarises the raw four-point bending results for the 6
th

 frozen 

then thawed ribs. These ribs have an elastic modulus mean of 4003.99MPa and a 

mean maximum load of 31.83N. There is a noticeable amount of variability in the 

elastic modulus as indicated by a standard deviation of 3240.36MPa. There appears to 

be less variation in the maximum load with a standard deviation of 7.54N. Figures 

4.16 and 4.17 present this data graphically. 

Table 4.13. Measured 4-point bending results for the 6
th

 frozen then thawed rib 

specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure load 

(mm/mm)

Load at 

Maximum 

Flexure load 

(N)

Flexure 

extension at 

Maximum 

Flexure load 

(mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 tr6-1 > 38.50 48.12808 0.03536 -38.50247 > 3.38819 > 2960.86792 2 6

2 tr6-2 > 41.09 61.63194 0.03705 -41.08796 > 3.55063 > 4041.99637 2 5

3 tr6-3 > 20.57 25.70888 0.03009 -20.5671 > 2.88325 > 1443.11356 2 6

4 tr6-4 > 33.02 41.27683 0.03232 -33.02146 > 3.09750 > 3257.67879 2 6

5 tr6-5 > 32.62 34.9499 0.03555 -32.61991 > 3.40706 > 2535.04076 2 7

6 tr6-6 > 35.30 52.94704 0.03773 -35.29802 > 3.61588 > 3482.22921 2 5

7 tr6-7 > 32.95 41.18751 0.02817 -32.95001 > 2.69975 > 2518.71322 2 6

8 tr6-8 > 20.61 123.64497 0.01864 -20.6075 > 3.57244 > 11792.35678 1 5

Mean 31.83 53.68439 0.03186 -31.8318 3.27684 > 4003.99958 1.875 5.75

Standard 

Deviation
7.54372 30.31453 0.00631 7.54372 0.34367 3240.35640 0.35355 0.70711

Minimum 20.57 25.70888 0.01864 -41.08796 2.69975 1443.11356 1 5

Maximum 41.09 123.64497 0.03773 -20.5671 3.61588 11792.35678 2 7
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Figure 4.16. Force-displacement graph showing how far the cross-head moved during 

loading of the 6
th

 frozen then thawed rib specimens. 

 

 

 

 

 

 

 

 

Figure 4.17. Flexure stress-strain graph for the 6
th

 frozen then thawed rib specimens. 
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  Table 4.14 summarises the raw four-point bending results for the 7
th

 frozen 

then thawed ribs. These ribs have an elastic modulus mean of 2300.02MPa and a 

mean maximum load of 30.66N. There is a noticeable amount of variability in the 

elastic modulus as indicated by a standard deviation of 960.80MPa. There appears to 

be less variation in the maximum load with a standard deviation of 6.20N. Figures 

4.18 and 4.19 present this data graphically. 

 

Table 4.14. Measured 4-point bending results for the 7
th

 frozen then thawed rib 

specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension 

at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 tr7-1 > 37.21 46.51283 0.03038 -37.21026 > 2.91144 > 3743.09325 2 6

2 tr7-2 > 31.88 21.25357 0.03845 -31.88036 > 2.45656 > 1230.45484 3 5

3 tr7-3 > 30.74 38.42867 0.04083 -30.74294 > 3.91331 > 2355.71354 2 6

4 tr7-4 > 32.20 40.25199 0.03686 -32.20159 > 3.53200 > 2773.20579 2 6

5 tr7-5 > 21.76 32.63812 0.03229 -21.75875 > 3.09400 > 2470.41495 2 5

6 tr7-6 > 38.85 18.50109 0.05599 -38.8523 > 3.57725 > 766.11060 3 7

7 tr7-7 > 30.68 38.3442 0.03085 -30.67536 > 2.95600 > 3040.65570 2 6

8 tr7-8 > 21.94 32.91282 0.03628 -21.94188 > 3.47713 > 2020.52998 2 5

Mean 30.66 33.60541 0.03774 -30.65793 3.23971 > 2300.02233 2.25 5.75

Standard 

Deviation
6.20058 9.55153 0.00826 6.20058 0.46786 960.80361 0.46291 0.70711

Minimum 21.76 18.50109 0.03038 -38.8523 2.45656 766.11060 2 5

Maximum 38.85 46.51283 0.05599 -21.75875 3.91331 3743.09325 3 7
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Figure 4.18. Force-displacement graph showing how far the cross-head moved during 

loading of the 7
th

 frozen then thawed rib specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19. Flexure stress-strain graph for the 7
th

 frozen then thawed rib specimens. 
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Protocol Two 

  The results of four-point bending tests on the 5
th

 frozen then thawed ribs in 

protocol two are summarised in Table 4.15 and presented graphically in Figure 4.20. 

The stress-strain graphs for protocol two could not be generated as they are calculated 

using the rectangular formula instead of the elliptical formula. Table 4.16 summarises 

the corrected values for flexure stress at maximum, strength and modulus as 

calculated using and elliptical formula in contrast to the rectangular formula as 

calculated in Table 4.5. 

Table 4.15. Measured 4-point bending results for the 5
th

 frozen then thawed rib 

specimens. 

 

 

 

 

 

 

 

 

 

Table 4.16. Corrected strength and modulus values for the 5
th

 frozen then thawed ribs. 

 

 

 

 

 

 

 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure load 

(MPa)

Flexure 

strain at 

Maximum 

Flexure load 

(mm/mm)

Load at 

Maximum 

Flexure load 

(N)

Flexure 

extension at 

Maximum 

Flexure load 

(mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 2ft-5-01 > 11.47 39.61368 0.01935 -11.46692 > 2.68719 > 3578.46557 1.38 4.56

2 2ft-5-02 > 9.13 28.50714 0.02325 -9.12842 > 3.32488 > 2155.59201 1.34 5.35

3 2ft-5-03 > 10.98 42.28357 0.0182 -10.97841 > 2.54600 > 4825.82766 1.37 4.15

4 2ft-5-04 > 18.20 39.57638 0.0249 -18.20153 > 2.75900 > 3158.14683 1.73 4.61

5 2ft-5-05 > 26.67 48.55114 0.03598 -26.67066 > 3.38044 > 3290.88185 2.04 3.96

6 2ft-5-06 > 27.54 50.47941 0.04118 -27.54092 > 4.11094 > 3010.03741 1.92 4.44

7 2ft-5-07 > 17.88 40.30855 0.03303 -17.88279 > 3.74619 > 2032.04612 1.69 4.66

8 2ft-5-08 > 12.00 49.26569 0.02145 -12.00149 > 3.04506 > 4578.89369 1.35 4.01

Mean 16.73 42.3232 0.02717 -16.73389 3.19996 > 3328.73639 1.65444 4.42667

Standard 

Deviation
7.17247 7.20456 0.00848 7.17247 0.54582 1004.01454 0.3055 0.43778

Minimum 9.13 28.50714 0.0182 -27.54092 2.546 2032.04612 1.34 3.96

Maximum 27.54 50.47941 0.04118 -9.12842 4.11094 4825.82766 2.07 5.35

 

Specimen 

label

Flexure stress 

at Maximum 

Flexure load 

(MPa)

Corrected 

Strength 

(MPa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus (MPa)

1 2ft-5-01 39.61368 65.14875588 3578.46557 6074.996962

2 2ft-5-02 28.50714 46.88291279 2155.59201 3659.449744

3 2ft-5-03 42.28357 69.53966357 4825.82766 8192.586404

4 2ft-5-04 39.57638 65.08741221 3158.14683 5361.441105

5 2ft-5-05 48.55114 79.84732466 3290.88185 5586.779264

6 2ft-5-06 50.47941 83.01856226 3010.03741 5110.002532

7 2ft-5-07 40.30855 66.2915408 2032.04612 3449.711549

8 2ft-5-08 49.26569 81.02247535 4578.89369 7773.377922

Mean 42.3232 69.60483916 3328.73639 5651.043181

Standard 

Deviation
7.20456 11.84863716 1004.01454 1704.469461

Minimum 28.50714 46.88291279 2032.04612 3449.711549

Maximum 50.47941 83.01856226 4825.82766 8192.586404
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  Table 4.17 summarises the raw four-point bending results for the 6
th

 frozen 

then thawed ribs. Table 4.18 presents the corrected strength and elastic modulus 

results as calculated using an elliptical formula. The corrected data shows an elastic 

modulus mean of 5211.33MPa and a mean maximum load of 69.12N. There is some 

variability in the elastic modulus as indicated by a standard deviation of 814.44MPa. 

There appears to be less variation in the maximum load with a standard deviation of 

6.32N. Figure 4.21 presents this data graphically. 

 

 

 

 

 

 

 

Figure 4.20. Force-displacement graph showing how far the cross-head moved 

during loading of the 5
th

 frozen then thawed rib specimens. 
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Table 4.17. Measured 4-point bending results for the 6
th

 frozen then thawed rib 

specimens. 

 

 

 

 

 

 

 

Table 4.18. Corrected strength and modulus values for the 6
th

 frozen then thawed ribs. 

 

 

 

 

 

 

 

 

 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension at 

Maximum 

Flexure load 

(mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 2ft-6-01 > 26.51 45.26942 0.0435 -26.50991 > 4.02762 > 2526.35700 2.07 4.1

2 2ft-6-02 > 15.15 83.59072 0.01841 -15.14726 > 3.04113 > 8959.87632 1.61 4.04

3 2ft-6-03 > 13.63 35.55756 0.02977 -13.63296 > 3.01913 > 2594.55939 1.89 3.22

4 2ft-6-04 > 12.56 37.46152 0.02537 -12.55728 > 2.81106 > 2714.10848 1.73 3.36

5 2ft-6-05 > 12.18 37.47588 0.02455 -12.17535 > 2.85206 > 2849.50188 1.65 3.58

6 2ft-6-06 > 21.86 41.12965 0.02906 -21.85844 > 2.66475 > 3436.27473 2.09 3.65

7 2ft-6-07 > 18.94 40.13602 0.02606 -18.94285 > 2.47238 > 3186.75251 2.02 3.47

8 2ft-6-08 > 23.04 45.30711 0.04182 -23.03545 > 4.24062 > 3899.07664 1.89 4.27

Mean 17.98 45.74099 0.02982 -17.98244 3.14109 > 3770.81337 1.8125 3.71125

Standard 

Deviation
5.40247 15.70376 0.00865 5.40247 0.64213 2147.87450 0.30644 0.38084

Minimum 12.18 35.55756 0.01841 -26.50991 2.47238 2526.35700 1.16 3.22

 

Specimen 

label

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus  MPa

Flexure stress 

at Maximum 

Flexure load 

(MPa)

Corrected 

strength  

MPa

1 2ft-6-01 2526.35700 4288.880471 45.26942 76.8518192

2 2ft-6-02 3351.18462 5689.152514 43.39326138 73.6667507

3 2ft-6-03 2594.55939 4404.664542 35.55756 60.3644397

4 2ft-6-04 2714.10848 4607.617552 37.46152 63.5967053

5 2ft-6-05 2849.50188 4837.468721 37.47588 63.6210836

6 2ft-6-06 3436.27473 5833.606091 41.12965 69.8239214

7 2ft-6-07 3186.75251 5410.003656 40.13602 68.1370813

8 2ft-6-08 3899.07664 6619.283679 45.30711 76.9158038

Mean 3069.72691 5211.334654 40.71630267 69.1222006

Standard 

Deviation
479.74551 814.4419598 3.726098238 6.32562618

Minimum 2526.35700 35.55756 60.3644397
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Figure 4.21. Force-displacement graph showing how far the cross-head moved during 

loading of the 6
th

 frozen then thawed rib specimens. 

 

  Table 4.19 summarises the raw four-point bending results for the 6
th

 frozen 

then thawed ribs. Table 4.20 presents the corrected strength and elastic modulus 

results as calculated using an elliptical formula. The corrected data shows an elastic 

modulus mean of 5794.72MPa and a mean maximum load of 43.53N. There is some 

variability in the elastic modulus as indicated by a standard deviation of 1112.36MPa. 

There appears to be less variation in the maximum load with a standard deviation of 

6.21N. Figure 4.22 presents this data graphically. The red arrow indicates where the 

bone slipped off the cross-head during testing and does not signify a fracture. 
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Table 4.19. Measured 4-point bending results for the 7
th

 frozen then thawed rib 

specimens. 

 

 

 

 

 

 

 

Table 4.20. The corrected strength and modulus values for the 7
th

 frozen then thawed 

ribs. 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension at 

Maximum 

Flexure load 

(mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 2ft-7-01 > 19.15 45.31092 0.03218 -19.15142 > 3.08350 > 4050.38176 2 3.17

2 2ft-7-02 > 14.61 37.78048 0.03119 -14.60966 > 3.12988 > 2343.42232 1.91 3.18

3 2ft-7-03 > 24.09 50.25508 0.03327 -24.09224 > 2.99350 > 3549.57801 2.13 3.17

4 2ft-7-04 > 15.10 38.50179 0.027 -15.10496 > 2.75225 > 3078.45655 1.88 3.33

5 2ft-7-05 > 16.17 50.7484 0.02525 -16.17488 > 2.82981 > 3829.48400 1.71 3.27

6 2ft-7-06 > 11.26 46.12523 0.02275 -11.26429 > 2.92650 > 4126.73037 1.49 3.3

7 2ft-7-07 > 17.11 46.00613 0.02658 -17.11022 > 2.75381 > 3673.40333 1.85 3.26

8 2ft-7-08 > 10.47 33.58881 0.02602 -10.46688 > 2.89963 > 2655.50864 1.72 3.16

Mean 16 43.5396 0.02803 -15.99682 2.92111 > 3413.37062 1.83625 3.23

Standard 

Deviation
4.34996 6.21676 0.00373 4.34996 0.14168 655.23134 0.19639 0.06761

Minimum 10.47 33.58881 0.02275 -24.09224 2.75225 2343.42232 1.49 3.16

Maximum 24.09 50.7484 0.03327 -10.46688 3.12988 4126.73037 2.13 3.33

 

Specimen 

label

Flexure stress 

at Maximum 

Flexure load 

(MPa)

Corrected 

strength MPa

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus MPa

1 2ft-7-01 45.31092 76.92227184 4050.38176 6876.147446

2 2ft-7-02 37.78048 64.13818905 2343.42232 3978.320651

3 2ft-7-03 50.25508 85.31574564 3549.57801 6025.955876

4 2ft-7-04 38.50179 65.36272397 3078.45655 5226.154569

5 2ft-7-05 50.7484 86.15323239 3829.48400 6501.139444

6 2ft-7-06 46.12523 78.3046886 4126.73037 7005.760981

7 2ft-7-07 46.00613 78.10249799 3673.40333 6236.168445

8 2ft-7-08 33.58881 57.02218303 2655.50864 4508.13529

Mean 43.5396 73.91518308 3413.37062 5794.722834

Standard 

Deviation
6.21676 10.55390848 655.23134 1112.35621

Minimum 33.58881 57.02218303 2343.42232 3978.320651

Maximum 50.7484 86.15323239 4126.73037 7005.760981
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Figure 4.22. Force-displacement graph showing how far the cross-head moved during 

loading of the 7
th

 frozen then thawed rib specimens. Red arrow indicated where the 

bone slipped off the support span. 

 

4.2.4. Four-point bending in fresh ribs   

  Table 4.21 summarises the raw four-point bending results for the 5
th

 fresh ribs. 

These ribs have an elastic modulus mean of 2878.29MPa and a mean maximum load 

of 20.11N. There is a noticeable amount of variability in the elastic modulus as 

indicated by a standard deviation of 4684.74MPa. There appears to be less variation in 

the maximum load with a standard deviation of 3.29N. Figures 4.23 and 4.24 present 

this data graphically.  
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Table 4.21. Measured 4-point bending results for the 5
th

 fresh rib specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23. Force-displacement graph showing how far the cross-head moved during 

loading of the 5
th

 fresh rib specimens. 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 fr5-1 > 19.28 9.18177 0.03454 -19.28172 > 2.20644 > 493.68761 3 7

2 fr5-2 > 15.78 8.76551 0.0403 -15.77791 > 2.57444 > 396.18602 3 6

3 fr5-3 > 18.11 10.0597 0.04031 -18.10747 > 2.57506 > 488.72585 3 6

4 fr5-4 > 19.61 10.89306 0.03561 -19.60751 > 2.27519 > 622.17881 3 6

5 fr5-5 > 20.50 25.63021 0.02674 -20.50417 > 2.56294 > 2175.11952 2 6

6 fr5-6 > 17.73 88.63002 0.01323 -17.726 > 2.53656 > 14269.80748 1 6

7 fr5-7 > 25.05 31.31524 0.03267 -25.05219 > 3.13100 > 2408.50995 2 6

8 fr5-8 > 24.81 31.01211 0.03442 -24.80969 > 3.29881 > 2172.13933 2 6

Mean 20.11 26.93595 0.03223 -20.10833 2.64505 > 2878.29432 2.375 6.125

Standard 

Deviation
3.29647 26.80942 0.00881 3.29647 0.38194 4684.74248 0.74402 0.35355

Minimum 15.78 8.76551 0.01323 -25.05219 2.20644 396.18602 1 6

Maximum 25.05 88.63002 0.04031 -15.77791 3.29881 14269.80748 3 7
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Figure 4.24. Flexure stress-strain graph for the 5
th

 fresh rib specimens. 

 

  Table 4.22 summarises the raw four-point bending results for the 6
th

 fresh ribs. 

These ribs have an elastic modulus mean of 1515.07MPa and a mean maximum load 

of 21.62N. There is a large amount of variability in the elastic modulus as indicated 

by a standard deviation of 1016.24MPa. There appears to be minimal variation in the 

maximum load with a standard deviation of 1.75N. Figures 4.25 and 4.26 present this 

data graphically. 
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Table 4.22. Measured 4-point bending results for the 6
th

 fresh rib specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.25. Force-displacement graph showing how far the cross-head moved during 

loading of the 6
th

 fresh rib specimens. 

 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension at 

Maximum 

Flexure load 

(mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 fr6-1 > 20.47 11.37447 0.03525 -20.47405 > 2.25213 > 705.89492 3 6

2 fr6-2 > 21.62 12.01013 0.03218 -21.61823 > 2.05569 > 761.07608 3 6

3 fr6-3 > 20.31 13.54021 0.03405 -20.31032 > 2.17563 > 824.69944 3 5

4 fr6-4 > 20.78 31.16877 0.02856 -20.77918 > 2.73731 > 2467.50086 2 5

5 fr6-5 > 21.01 11.67024 0.03181 -21.00642 > 2.03237 > 668.00726 3 6

6 fr6-6 > 23.90 15.93462 0.03225 -23.90193 > 2.06050 > 991.81250 3 5

7 fr6-7 > 24.78 37.17398 0.03067 -24.78265 > 2.93888 > 3027.94983 2 5

8 fr6-8 > 20.10 25.12523 0.02158 -20.10019 > 2.06813 > 2673.58440 2 6

Mean 21.62 19.74971 0.03079 -21.62162 2.29008 > 1515.06566 2.625 5.5

Standard 

Deviation
1.75789 10.08062 0.00423 1.75789 0.35027 1016.24532 0.51755 0.53452

Minimum 20.1 11.37447 0.02158 -24.78265 2.03237 668.00726 2 5

Maximum 24.78 37.17398 0.03525 -20.10019 2.93888 3027.94983 3 6



102 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26. Flexure stress-strain graph for the 6
th

 fresh rib specimens. 

   

  Table 4.23 summarises the raw four-point bending results for the 7
th

 fresh ribs. 

These ribs have an elastic modulus mean of 1740.26MPa and a mean maximum load 

of 21.85N. There is a large amount of variability in the elastic modulus as indicated 

by a standard deviation of 1050.33MPa. There appears to be a small amount of 

variation in the maximum load with a standard deviation of 3.72N. Figures 4.27 and 

4.28 present this data graphically. 
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Table 4.23. Measured 4-point bending results for the 7
th

 fresh rib specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27. Force-displacement graph showing how far the cross-head moved during 

loading of the 7
th

 fresh rib specimens. 

 

Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure load 

(N)

Flexure 

extension 

at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 fr7-1 > 20.46 11.3648 0.03208 -20.45665 > 2.04931 > 660.93865 3 6

2 fr7-2 > 20.63 25.78424 0.02562 -20.62739 > 2.45506 > 2267.93557 2 6

3 fr7-3 > 21.95 27.43372 0.01917 -21.94698 > 1.83688 > 2851.29256 2 6

4 fr7-4 > 22.10 12.27753 0.04314 -22.09955 > 2.75600 > 685.13181 3 6

5 fr7-5 > 19.49 10.82519 0.03433 -19.48534 > 2.19325 > 596.18698 3 6

6 fr7-6 > 20.70 31.056 0.02345 -20.704 > 2.24731 > 2900.30710 2 5

7 fr7-7 > 30.65 20.43411 0.04083 -30.65116 > 2.60856 > 1218.07382 3 5

8 fr7-8 > 18.82 28.23485 0.02582 -18.82323 > 2.47481 > 2742.25343 2 5

Mean 21.85 20.92631 0.03055 -21.84929 2.32765 > 1740.26499 2.5 5.625

Standard 

Deviation
3.72318 8.37061 0.00851 3.72318 0.30311 1050.32964 0.53452 0.51755

Minimum 18.82 10.82519 0.01917 -30.65116 1.83688 596.18698 2 5

Maximum 30.65 31.056 0.04314 -18.82323 2.756 2900.3071 3 6
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Figure 4.28. Flexure stress-strain graph for the 7
th

 fresh rib specimens. 

 

Protocol Two 

  The results of four-point bending tests on the 5
th

 fresh ribs in protocol two are 

summarised in Table 4.24 and presented graphically in Figure 4.29. The stress-strain 

graphs for protocol two could not be generated as they are calculated using the 

rectangular formula instead of the elliptical formula. Table 4.25 summarises the 

corrected values for flexure stress at maximum, strength and modulus. The corrected 

modulus shows a mean of 5929.66MPa with a maximum load of 14.36N. There is a 

large amount of variability in the corrected modulus as indicated by a standard 

deviation of 1952.13MPa although this is similar to the un-corrected data. 
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Table 4.24. Measured 4-point bending results for the 5
th

 fresh rib specimens. 

 

 

 

 

 

 

 

Table 4.25. The corrected strength and modulus values for the 5
th

 fresh rib specimens. 

 

 

 

 

 

 

 

 

 

 

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension at 

Maximum 

Flexure load 

(mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 2fr-5-01 > 13.58 41.10261 0.02712 -13.57853 > 3.28981 > 2949.79723 1.58 3.97

2 2fr-5-02 > 12.59 44.82035 0.01712 -12.5908 > 2.23200 > 5133.65977 1.47 3.9

3 2fr-5-03 > 7.55 39.42098 0.01463 -7.55487 > 2.39631 > 5354.56555 1.17 4.2

4 2fr-5-04 > 23.20 39.62557 0.02806 -23.19675 > 2.63650 > 2937.72162 2.04 4.22

5 2fr-5-05 > 22.73 46.90246 0.02827 -22.72683 > 3.06144 > 3731.48007 1.77 4.64

6 2fr-5-06 > 14.71 41.68353 0.02653 -14.70697 > 3.21856 > 2693.73353 1.58 4.24

7 2fr-5-07 > 5.79 24.68507 0.01623 -5.79218 > 2.35731 > 2793.62388 1.32 4.04

8 2fr-5-08 > 14.74 36.67008 0.0293 -14.73654 > 3.10231 > 2348.24068 1.81 3.68

Mean 14.36 39.36383 0.02341 -14.36043 2.78678 > 3492.85279 1.5925 4.11125

Standard 

Deviation
6.2314 6.73798 0.00623 6.2314 0.42791 1149.90027 0.27958 0.28573

Minimum 5.79 24.68507 0.01463 -23.19675 2.232 2348.24068 1.17 3.68

Maximum 23.2 46.90246 0.0293 -5.79218 3.28981 5354.56555 2.04 4.64

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Corrected 

Strength 

(Mpa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus 

(Mpa)

1 2fr-5-01 > 13.58 41.10261 69.778017 2949.79723 5007.7355

2 2fr-5-02 > 12.59 44.82035 76.089454 5133.65977 8715.1789

3 2fr-5-03 > 7.55 39.42098 66.923191 5354.56555 9090.2005

4 2fr-5-04 > 23.20 39.62557 67.270514 2937.72162 4987.2353

5 2fr-5-05 > 22.73 46.90246 79.624156 3731.48007 6334.7627

6 2fr-5-06 > 14.71 41.68353 70.764218 2693.73353 4573.0279

7 2fr-5-07 > 5.79 24.68507 41.906712 2793.62388 4742.6072

8 2fr-5-08 > 14.74 36.67008 62.253114 2348.24068 3986.5006

Mean 14.36 39.36383 66.82617 3492.85279 5929.6561

Standard 

Deviation
6.2314 6.73798

11.43876
1149.90027

1952.133

Minimum 5.79 24.68507 41.906712 2348.24068 3986.5006

Maximum 23.2 46.90246 79.624156 5354.56555 9090.2005
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Figure 4.29. Force-displacement graph showing how far the cross-head moved during 

the loading of the 5
th

 fresh rib specimens.  

 

  Table 4.26 summarises the raw four-point bending results for the 6
th

 fresh ribs. 

Table 4.27 presents the corrected strength and elastic modulus results as calculated 

using an elliptical formula. The corrected data shows an elastic modulus mean of 

2796.84MPa and a mean maximum load of 17.54N. There is some variability in the 

elastic modulus as indicated by a standard deviation of 330.11MPa. There appears to 

be less variation in the maximum load with a standard deviation of 6.83N. Figure 4.30 

presents this data graphically. 
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Table 4.26. Measured 4-point bending results for the 6
th

 fresh rib specimens. 

 

 

 

 

 

 

 

Table 4.27. The corrected strength and modulus values for the 6
th

 fresh ribs 

 

 

 

 

 

 

 

 

 

 

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension at 

Maximum 

Flexure load 

(mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 2fr-6-01 > 15.01 43.51501 0.02769 -15.01387 > 2.83856 > 3214.27904 1.87 2.96

2 2fr-6-02 > 16.98 48.05933 0.05646 -16.97604 > 5.88094 > 3170.69877 1.84 3.13

3 2fr-6-03 > 26.77 38.41343 0.03022 -26.76564 > 2.38338 > 2549.97310 2.43 3.54

4 2fr-6-04 > 9.11 31.37479 0.01867 -9.11229 > 2.20900 > 3088.70873 1.62 3.32

5 2fr-6-05 > 18.72 40.25438 0.02957 -18.71848 > 2.62425 > 2327.96287 2.16 2.99

6 2fr-6-06 > 18.72 45.28048 0.0321 -18.72409 > 2.94400 > 2588.29197 2.09 2.84

7 2fr-6-07 > 26.47 37.36201 0.02845 -26.47428 > 2.26281 > 2601.90722 2.41 3.66

8 2fr-6-08 > 8.55 32.32558 0.01823 -8.55394 > 2.21181 > 2832.89485 1.58 3.18

Mean 17.54 39.57313 0.03018 -17.54233 2.91934 > 2796.83957 2 3.2025

Standard 

Deviation
6.82641 5.93495 0.01183 6.82641 1.22991 330.10672 0.32733 0.28739

Minimum 8.55 31.37479 0.01823 -26.76564 2.209 2327.96287 1.58 2.84

Maximum 26.77 48.05933 0.05646 -8.55394 5.88094 3214.27904 2.43 3.66

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Corrected 

Strength 

(Mpa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus 

(Mpa)

1 2fr-6-01 > 15.01 43.51501 73.8734378 3214.27904 5456.73418

2 2fr-6-02 > 16.98 48.05933 81.5881215 3170.69877 5382.74996

3 2fr-6-03 > 26.77 38.41343 65.2127192 2549.9731 4328.97244

4 2fr-6-04 > 9.11 31.37479 53.2635428 3088.70873 5243.55923

5 2fr-6-05 > 18.72 40.25438 68.3380157 2327.96287 3952.07585

6 2fr-6-06 > 18.72 45.28048 76.8705953 2588.29197 4394.02463

7 2fr-6-07 > 26.47 37.36201 63.4277717 2601.90722 4417.13862

8 2fr-6-08 > 8.55 32.32558 54.8776554 2832.89485 4809.27573

Mean 17.54 39.57313 67.1814888 2796.83957 4748.06633

Standard 

Deviation
6.82641 5.93495 10.0754926 330.10672

560.407047

Minimum 8.55 31.37479 53.2635428 2327.96287 3952.07585

Maximum 26.77 48.05933 81.5881215 3214.27904 5456.73418
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Figure 4.30. Force-displacement graph showing how far the cross-head moved during 

loading of the 6
th

 fresh rib specimens. 

 

  Table 4.28 summarises the raw four-point bending results for the 6
th

 fresh ribs. 

Table 4.29 presents the corrected strength and elastic modulus results as calculated 

using an elliptical formula. The corrected data shows an elastic modulus mean of 

5493.60MPa and a mean maximum load of 17.26N. There is some variability in the 

elastic modulus as indicated by a standard deviation of 1330.68MPa. There appears to 

be less variation in the maximum load with a standard deviation of 6.57N. Figure 4.31 

presents this data graphically. 
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Table 4.28. Measured 4-point bending results for the 7
th

 fresh rib specimens. 

 

 

 

 

 

 

 

Table 4.29. The corrected strength and modulus values for the 7
th

 fresh rib specimens. 

 

 

 

 

 

 

 

 

 

 

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension 

at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 2fr-7-01 > 15.30 43.41746 0.02843 -15.30253 > 3.04413 > 3570.66426 1.79 3.3

2 2fr-7-02 > 14.94 42.67308 0.02547 -14.94445 > 2.54256 > 4094.35897 1.92 2.85

3 2fr-7-03 > 28.39 40.05318 0.03261 -28.3906 > 2.41331 > 2254.57238 2.59 3.17

4 2fr-7-04 > 10.63 44.33752 0.01835 -10.62568 > 2.22563 > 4472.26840 1.58 2.88

5 2fr-7-05 > 25.80 35.26065 0.03097 -25.80402 > 2.24844 > 2395.14367 2.64 3.15

6 2fr-7-06 > 16.30 39.15273 0.03183 -16.29693 > 2.77300 > 2769.10402 2.2 2.58

7 2fr-7-07 > 16.58 41.04924 0.02976 -16.57503 > 2.67788 > 3052.85024 2.13 2.67

8 2fr-7-08 > 10.12 37.93431 0.02094 -10.12252 > 2.36044 > 3279.00881 1.7 2.77

Mean 17.26 40.48477 0.02729 -17.25772 2.53567 > 3235.99634 2.06875 2.92125

Standard 

Deviation
6.57309 3.031 0.00526 6.57309 0.2827 783.83351 0.39527 0.25826

Minimum 10.12 35.26065 0.01835 -28.3906 2.22563 2254.57238 1.58 2.58

Maximum 28.39 44.33752 0.03261 -10.12252 3.04413 4472.2684 2.64 3.3

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Corrected 

Strength 

(Mpa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus 

(Mpa)

1 2fr-7-01 > 15.30 43.41746 73.707832 3570.66426 6061.753

2 2fr-7-02 > 14.94 42.67308 72.444132 4094.35897 6950.8055

3 2fr-7-03 > 28.39 40.05318 67.996448 2254.57238 3827.4842

4 2fr-7-04 > 10.63 44.33752 75.269775 4472.2684 7592.3651

5 2fr-7-05 > 25.80 35.26065 59.860389 2395.14367 4066.1256

6 2fr-7-06 > 16.30 39.15273 66.467795 2769.10402 4700.981

7 2fr-7-07 > 16.58 41.04924 69.687413 3052.85024 5182.6839

8 2fr-7-08 > 10.12 37.93431 64.399339 3279.00881 5566.6229

Mean 17.26 40.48477 68.729138 3235.99634 5493.6026

Standard 

Deviation
6.57309 3.031 5.1455898 783.83351 1330.6782

Minimum 10.12 35.26065 59.860389 2254.57238 3827.4842

Maximum 28.39 44.33752 75.269775 4472.2684 7592.3651
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Figure 4.31. Force-displacement graph showing how far the cross-head moved during 

loading of the 7
th

 fresh rib specimens. 

  

4.2.5. Three-point bending 

Dried Ribs 

Table 4.30 summarises the raw four-point bending results for two dried ribs. Table 

4.31 presents the corrected strength and elastic modulus results as calculated using an 

elliptical formula. The corrected data shows a mean elastic modulus of 2235.93MPa 

and a mean maximum load of 24.8MPa. Figure 4.32 presents this data graphically. 
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Table 4.30. Measured 3-point bending results for two dried rib specimens. 

 

 

 

 

 

 

Table 4.31. Corrected strength and modulus values for two dried rib specimens. 

 

 

 

 

 

 

 

 

 

 

 

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure load 

(MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximu

m 

Flexure 

load (N)

Flexure 

extension 

at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 DR1-3a > 30.42 68.44083 0.04107 -30.4181 > 3.07988 > 3019.76570 2 5

2 DR1-3 > 19.19 43.16774 0.06041 -19.1857 > 4.53106 > 1452.10036 2 5

Mean 24.8 55.80428 0.05074 -24.8019 3.80547 > 2235.93303 2 5

Standard Deviation 7.94257 17.87077 0.01368 7.94257 1.02614 1108.50679 0 0

Minimum 19.19 43.16774 0.04107 -30.4181 3.07988 1452.10036 2 5

Maximum 30.42 68.44083 0.06041 -19.1857 4.53106 3019.7657 2 5

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Corrected 

Strength 

(MPa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus 

(MPa)

1 DR1-3a > 30.42 68.44083 116.18886 3019.7657 5126.5178

2 DR1-3 > 19.19 43.16774 73.283893 1452.10036 2465.1642

Mean 24.8 55.80428 94.736368 2235.93303 3795.841

Standard 

Deviation 7.94257 17.87077 30.338387 1108.50679 1881.8612

Minimum 19.19 43.16774 73.283893 1452.10036 2465.1642

Maximum 30.42 68.44083 116.18886 3019.7657 5126.5178
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Figure 4.32. Force-displacement graph showing how far the cross-head moved during 

loading of two dried rib specimens. 

 

Frozen then Thawed Ribs 

Table 4.32 summarises the raw four-point bending results for two frozen then thawed 

ribs. Table 4.33 presents the corrected strength and elastic modulus results as 

calculated using an elliptical formula. The corrected data shows a mean elastic 

modulus of 2209.86MPa and a mean maximum load of 12.35MPa. Figure 4.33 

presents this data graphically. 
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Table 4.32. Measured 3-point bending results for two frozen then thawed rib 

specimens. 

 

 

 

 

 

 

 

Table 4.33. Corrected strength and modulus values for two frozen then thawed rib 

specimens 

 

 

 

 

 

 

 

 

 

 

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension 

at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1
thawed3poin

tsem
> 11.90 26.78227 0.02482 -11.90323 > 1.86156 > 2035.56384 2 5

2 TR1-3a > 12.80 28.79693 0.02197 -12.79864 > 1.64781 > 2384.16510 2 5

Mean 12.35 27.7896 0.0234 -12.35093 1.75469 > 2209.86447 2 5

Standard 

Deviation
0.63315 1.42458 0.00202 0.63315 0.15114 246.49832 0 0

Minimum 11.9 26.78227 0.02197 -12.79864 1.64781 2035.56384 2 5

Maximum 12.8 28.79693 0.02482 -11.90323 1.86156 2384.1651 2 5

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Correced 

Strength 

(MPa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus 

(MPa)

1
thawed3poi

ntsem
> 11.90 26.78227

45.46703
2035.56384

3455.6834

2 TR1-3a > 12.80 28.79693 48.88723 2384.1651 4047.4878

Mean 12.35 27.7896 47.17713 2209.86447 3751.5856

Standard 

Deviation
0.63315 1.42458

2.418444
246.49832

418.4689

Minimum 11.9 26.78227 45.46703 2035.56384 3455.6834

Maximum 12.8 28.79693 48.88723 2384.1651 4047.4878
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Figure 4.33. Force-displacement graph showing how far the cross-head moved during 

loading of the two frozen then thawed specimens. 

 

Fresh Rib 

Table 4.34 summarises the raw four-point bending results for one fresh rib. Table 4.35 

presents the corrected strength and elastic modulus results as calculated using an 

elliptical formula. The corrected data shows an elastic modulus of 987.42 MPa and a 

maximum load of 22.73MPa. Figure 4.34 presents this data graphically. 
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Table 4.34. Measured 3-point bending results for a fresh rib specimen. 

 

 

 

 

Table 4.35. Corrected strength and modulus values for a fresh rib 

 

 

 

 

 

 

 

 

 

 

 

 

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure load 

(MPa)

Flexure 

strain at 

Maximum 

Flexure 

load 

(mm/mm)

Load at 

Maximum 

Flexure 

load (N)

Flexure 

extension 

at 

Maximum 

Flexure 

load (mm)

Modulus 

(Automatic) 

(MPa)

Thickness 

(mm)

Width 

(mm)

1 3f1 > 10.10 22.73198 0.04519 -10.1031 > 3.38950 > 987.41534 2 5

Mean 10.1 22.73198 0.04519 -10.1031 3.3895 > 987.41534 2 5

Standard 

Deviation ----- ----- ----- ----- ----- ----- ----- -----

Minimum 10.1 22.73198 0.04519 -10.1031 3.3895 987.41534 2 5

Maximum 10.1 22.73198 0.04519 -10.1031 3.3895 987.41534 2 5

 
Specimen 

label

Maximum 

Load (N)

Flexure 

stress at 

Maximum 

Flexure 

load (MPa)

Corrected 

Strength 

(MPa)

Modulus 

(Automatic) 

(MPa)

Corrected 

Modulus 

(MPa)

3f1 10.1 22.73198 38.59104 987.41534 1676.2898

Mean 10.1 22.73198 38.59104 987.41534 1676.2898

Standard 

Deviation

Minimum 10.1 22.73198 38.59104 987.41534 1676.2898

Maximum 10.1 22.73198 38.59104 987.41534 1676.2898
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Figure 4.34. Force-displacement graph showing how far the cross-head moved 

during loading of a fresh rib specimen. 
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4.3. Fracture morphology 

Dried Ribs  

There were 48 dried piglet ribs tested in this category all of which broke in a 

similar catastrophic manner. The fracture morphology appears to be initiated with a 

perpendicular fracture (Figure 4.35 white arrow) and then moves to a transverse 

oblique fracture (Figure 4.35 black arrow). 

 

 

 

 

 

 

Figure 4.35. SEM image of a fractures piglet rib during four-point bending. The 

fracture starts as a straight fracture (white arrow) and then progresses to a transverse 

oblique fracture (black arrow). 

 

Frozen then Thawed Ribs 

There were 48 frozen then thawed piglet ribs tested in this category. Of those 

that broke (11 out of 24 or 45.8%), each had a similar fracture morphology. The 

fracture morphology appears to be an incomplete greenstick fracture in the ribs that 

broke (Figure 4.36). Physical observations of the frozen and thawed category are 

interesting as it was found that some of the sample in Protocol One reached the same 
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extreme ‘U’ shape as was found in the fresh ribs, but the other half of the sample 

broke before reaching parallel. 

 

 

 

 

 

 

Figure 4.36. Fracture morphology of the fracture pattern seen in a frozen then thawed 

rib under four-point bending. The white arrow indicates the initiated straight fracture 

path, which terminates at the compressive surface (black arrow). 

 

Fresh Ribs 

  There were 48 fresh piglet ribs tested in this category, none of which 

fractured. When broken manually the fracture morphology appeared to be an 

incomplete greenstick fracture, similar to that of the frozen then thawed ribs (Figure 

4.37). 

 

 

 

 

TR5-5-01 X 12.4 

TR5-1-01 X 12.5 
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Figure 4.37. An example of how a fresh rib fractures under manual loading. The 

fracture appears to be a straight fracture. 

   

  For each of the three categories a selection of SEM images have been 

displayed. Due to the high number of images produced for any one bone, a selection 

of images has been chosen that most accurately show the microscopic detail from one 

bone in each category. 

Figures 4.38 to 4.42 are SEM images of the failure surface in a dry piglet rib. 

In each case the surface loaded in tension is the upper portion, with the surface loaded 

in compression occupying the lower half of the image. Figure 4.38 shows typical 

features of a dry bone fracture with a sharp fracture line along the tensile surface and 

a delaminated oblique fracture line on the compressive side. Higher magnification of 

the compressive fracture surface shows inter-lamellar cleaving and splitting (open 

arrows). Figure 4.39 illustrates the behaviour of fibe bundles during compressive 

failure. Cleaved bundles appear to buckle on the surface (open arrows) with inter-

lamellar bridging at the fracture tip (closed arrows). The ragged compressive fracture 

surface (Figure 4.40) shows irregular separation of fibre bundles each fracturing 

individually (open arrows), suggesting some fibre pull-out. The tensile fracture 

surface is illustrated in Figure 4.41 and shows clearly the roughness of separated and 

pulled-out bundles. Tensile fracture initiation parallell to the major fracsture is 
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illustrated in Figure 4.42. Here, there is precipitous surface fracturing with a smooth 

crack that shows none of the features of sub-surface pull-out and fracture seen in 

Figure 4.41. 

 

 

Figure 4.38. SEM sequence from x12.4 to x80 magnification showing typical features 

of a dry bone fracture with a sharp fracture line along the tensile surface and a 

delaminated oblique fracture line on the compressive side. 

 

DR5-1-01X 12.4 DR5-1-02X 26 

DR5-1-03X 80 
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Figure 4.39. Dried rib SEM sequence from x50 to x400 magnifications showing the 

the behaviour of fibe bundles during compressive failure. Cleaved bundles appear to 

buckle on the surface (open arrows) with inter-lamellar bridging at the fracture tip 

(closed arrows). 
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Figure 4.40. Dried rib SEM sequence from x80 to x1000 magnification illustrating 

the ragged compressive fracture surfacewhich shows irregular separation of fibre 

bundles each fracturing individually (open arrows), suggesting some fibre pull-out.  
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Figure 4.41. Dried rib SEM sequence from x25 magnification to x450 magnification 

showing the tensile fracture surface which illustrates clearly the roughness of 

separated and pulled-out fibre bundles.  
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Figure 4.42 Dried rib SEM sequence from x12.4 to x250 magnification 

showing the tensile fracture initiation parallell to the major. Here, there is precipitous 

surface fracturing with a smooth crack that shows none of the features of sub-surface 

pull-out and fracture seen in Figure 4.41. 

 

 

4.4.2. Frozen then Thawed Ribs 

The typical features of bony fracture in a frozen then thawed piglet rib are 

shown in Figures 4.43 to 4.46. The tensile surface broke in a macroscopically flat, 

transverse plane. Figure 4.44 shows the surface at various magnifications. The 

specimen failed without the extensive fibre pull-out seen in the dry specimen. The 

inner fracture surface of the rib shows markedly different features to those of the dry 

specimen (Figures 4.45 and 4.46). The fracture plane is smooth and is characterised 

by numerous sub-surface micro-cracks, running parallel to the outer surface of the rib. 
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The compressive fracture zone (Figure 4.46) is similarly smooth, with no evidence of 

delamination or oblique fracturing. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.43. Frozen and thawed rib SEM sequence showing the tensile surface from 

x12.4 to x1800 magnification. 
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Figure 4.44. Frozen and thawed rib SEM sequence from x100 to x800 magnification 

illustrating the smooth fracture plane which is characterised by numerous sub-surface 

micro-cracks, running parallel to the outer surface of the rib. 
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Figure 4.45. Frozen and thawed rib SEM sequence from x800 to x6400 magnification 

illustrating markedly different features to those of the dry specimen, with micro-

cracks running parallel to the main fracture site. Pull-out fibre bundles are evident 

within the micro-cracks. 
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Figure 4.46. Frozen and thawed rib SEM sequence from x100 to x270  magnification 

showing the compressive zone which is similarly smooth, with no evidence of 

delamination or oblique fracturing. 

 

4.4.3. Fresh Ribs 

  Evidence of periosteal damage on the tensile surface of a fresh piglet rib is  

shown in Figure 4.47. There is extensive collagenous fibre pull-out resulting in a 

rough, irregular fracture surface. Individual collagen bundles are drawn out and 

separated prior to fracture (open arrows). Once the periosteum is reflected there is 

evidence of smooth micro-damage on the tensile surface of the bone (Figure 4.48 

open arrows), suggesting at least some surface failure of the bone. At higher 

magnification (Figure 4.49) the micro-damage presents as an elliptical depression 

with noticeable fibre bundles (closed arrows). 
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Figure 4.47. Fresh rib SEM sequence from x50 to x300 magnification showing the 

fresh rib with the periosteum intact. There is evidence of periosteal damage on the 

tensile surface with extensive collagenous fibre pull-out resulting in a rough, irregular 

fracture surface. Individual collagen bundles are drawn out and separated prior to 

fracture (open arrows). 

 

 

 

 

 

 

 

 

 

 

Figure 4.48.  Fresh rib SEM sequence from x33 to x100 magnification. The 

periosteum is reflected here and there is evidence of smooth micro-damage on the 

tensile surface of the bone suggesting at least some surface failure of the bone. 
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Figure 4.49. Fresh rib SEM sequence from x100 to x700 magnification. At the higher 

magnification the micro-damage presents as an elliptical depression with noticeable 

fibre bundles (closed arrows). 

 

 

 

 

 

 

 

 

 

 

 

3ptF-09X 100 3ptF-15X 300 

3ptF-16X 700 



130 
 

4.5 Statistical Analyses 

  Multiple linear regression models were used to estimate the effect of bone 

type, protocol, thickness and width on the following outcomes: strength, strain, 

modulus and maximum load. Coefficients with an associated p-value less than 0.05 

were considered as statistically significant. All statistical analyses were performed 

with R 2.12.2 for Windows 2010. 

To determine if there were any differences in strength, strain, modulus and maximum 

load between the different bone types, the two different protocols, and the thickness 

and width of each of the specimens, a test of normality was conducted for each 

variable prior to testing. If QQ-plots and linear model diagnostics showed that any 

variable was not normally distributed, data were log transformed. All log transformed 

data was back-transformed to give ratios. 

Strength 

One outlier (#23) was found to skew the data and as such was removed from the 

analysis. The multiple linear regression model had an R-squared value of 0.9127 

which represents the proportion of variability explained by the model. Based on this 

model it was found that with a 1mm increase in thickness one would expect 0.54 

times less strength (95% CI: 0.49, 0.59, p-value <0.001). With every 1mm in width 

one would expect to find 0.86 times less strength (95% CI: 0.83, 0.90, p-value 

<0.001). It was shown that Protocol Two provided a significant increase in the 

determination of strength by 1.46 times more in comparison to Protocol One (95% CI: 

1.32, 1.62,p-value <0.001). Multiple comparisons between the three different bone 

types showed that fresh ribs, on average, were 0.29 times stronger than dry ribs (p-

value <0.001), frozen then thawed ribs were on average 0.36 times stronger than dry 
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ribs (p-value < 0.001), and thawed ribs were on average 1.26 times stronger than fresh 

(p-value = <0.001). This data is presented graphically in Figure 4.50. 

 

 

 

 

 

 

 

 

 

Figure 4.50. The effect of bone type on strength. The dots represent the ratios 

between bones and the horizontal lines represent 95% confidence intervals as adjusted 

for by the Westfall method for multiple comparisons. 

 

Strain 

  Two outliers (#78, 130) were found to skew the data and as such were 

removed from the analysis. The multiple linear regression model had an R-squared 

value of 0.6205 which represents the proportion of variability explained by the model. 

Based on this model it was found that with a 1mm increase in thickness one would 

expect an increase of 12.22mm/mm of strain (p-value <0.001). It was shown that on 

average Protocol Two had 2mm/mm less strain than Protocol One (p-value <0.001). 

Multiple comparisons between the three different bone types showed that fresh ribs 
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had 0.0004mm less strain per mm when compared to dried ribs, but this was not 

significantly different (p-value = 0.69). Thawed ribs had 0.006 mm/mm more strain 

then dried ribs (p-value <0.001) and 0.007mm/mm strain than fresh ribs (p-value 

<0.001). Although these differences are statistically significant they are too small to 

make much difference to the data. This data is presented graphically in Figure 4.51. 

 

 

 

 

 

 

 

 

 

Figure 4.51. The effect of bone type on strain. The dots represent the ratios between 

bones and the horizontal lines represent 95% confidence intervals as adjusted for by the 

Westfall method for multiple comparisons. 

 

Modulus 

  The multiple linear regression model had a R-squared value of 0.9019 which 

represents the proportion of variability explained by the model. Based on this model, 

it was found that with a 1mm increase in thickness one would expect 0.34 times 

increase in elastic modulus (95% CI: 0.32, 0.40, p-value <0.001). With every 1mm in 



133 
 

width one would expect to find 0.86 times increase in elastic modulus (95% CI: 0.80, 

0.89, p-value <0.001). It was shown that Protocol Two provided a significant increase 

in the determination of elastic modulus 1.29 times more when compared to Protocol 

One (95% CI: 1.14, 1.45, p-value <0.001). Multiple comparisons between the three 

different bone types showed that fresh ribs, on average, had an elastic modulus 0.37 

times less than dry ribs (p-value <0.001), frozen then thawed ribs on average, had an 

elastic modulus 0.40 times less than dry ribs (p-value < 0.001) and thawed ribs had, 

on average, an elastic modulus 1.08 times more than fresh ribs (p-value = <0.001). 

This data is presented graphically in Figure 4.52. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.52. The effect of bone type on modulus. The dots represent the ratios between 

bones and the horizontal lines represent 95% confidence intervals as adjusted for by the 

Westfall method for multiple comparisons. 
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Maximum Load 

  The initial multiple linear regression model showed that protocol was not a 

significant variable so was removed prior to analysis. The new model had a R-squared 

value of 0.7735 which represents the proportion of variability explained by the model. 

Based on this model it was found that with a 1mm increase in thickness one would 

expect a 1.55 times increase in maximum load (95% CI: 1.39, 1.72, p-value <0.001). 

With every 1mm in width one would expect to find a 1.11 times increase in maximum 

load (95% CI: 1.06, 1.16, p-value <0.001). Multiple comparisons between the three 

different bone types showed that fresh ribs, on average, had a maximum load 0.28 times 

less than dry ribs (p-value <0.001), frozen then thawed ribs on average, had a 

maximum load 0.38 times less than dry ribs (p-value < 0.001) and thawed ribs had, on 

average, a maximum load 1.33 times more than fresh ribs (p-value = <0.001). This data 

is presented graphically in Figure 4.53. 

 

 

 

 

 

 

 

 

 
Figure 4.53. The effect of bone type on maximum load. The dots represent the ratios between 

bones and the horizontal lines represent 95% confidence intervals as adjusted for by the 

Westfall method for multiple comparisons. 
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Chapter Five: Discussion 

 

5.1 Introduction 

  The primary objectives of my thesis were firstly, to examine the 

biomechanical behaviour of juvenile ribs in an experimental animal, under conditions 

that mimic the compressive loading effects assumed to occur in shaken baby 

syndrome; and secondly, to investigate the method of storage of bone for 

experimental studies and its effect on the stress/strain responses.  

Many experimental studies are conducted using animals or their constituents 

as models for various functionalities found in humans. One of the most common 

animals used as a proxy for human studies is the domestic pig Sus scrofa. Historically, 

anatomist and orthopaedic surgeon Dr. John Hunter (1728-1793) was the first 

individual to use pigs in experiments to investigate a phenomenon he found 

particularly interesting. Whilst eating a pork roast one night he questioned why the 

bone under the meat was stained pink, to which his host replied, the pigs were fed 

madder-dyed bran. To determine if this was indeed the cause of the staining Hunter 

fed two pigs madder for two weeks and one control pig no madder for the same 

amount of time. The first pig was killed after two weeks while the second pig was 

taken off madder to two weeks and then killed. The first pig revealed that the outer 

cortex of the bone was stained red while the second pig revealed that only the inner 

cortex was stained red (Friedenberg, 2005). Not only was Hunter the first to use pigs 

but he was also the first to use piglets in a scientific manner. He drilled two holes two 

inches apart in the tibia of a piglet and inserted a bead of shot which he re-examined 

when the pig had matured, and found that they had not moved.  
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This led him to conclude that long bones grew longitudinally from both ends 

(which had not previously been known) in conjunction with interstitial growth 

(Friedenberg, 2005). These experiments set the stage for the continued use of pigs in 

medical and forensic experiments (Patterson et al., 2008). The use of immature pigs in 

experimental studies are not as common as using adult pigs. In fact, to the best of my 

knowledge, there have been no biomechanical studies conducted on piglet ribs as a 

simulation for infant ribs. There has however, been a series of studies conducted by 

Koo et al. (1995; 2002), Picaud et al. (1996) and Fusch (1999) that used whole piglets 

to determine the most accurate method of determining body composition in infants. 

These studies examined various types of x-ray absorptiometry techniques, particularly 

fan beam and pencil beam dual-energy x-rays, with piglets as a model and found that 

the two techniques were strongly predictive of each other although the data had to be 

adjusted in each technique to be predictive of the other (Koo et al., 2003). 

There is, however, a growing body of literature that provides information on 

immature rib fractures in situ which comes from radiographic or post-mortem 

imaging of child abuse cases. The fracture patterns documented in these suggest that 

compressive forces on the rib cage may produce fractures at the point of lateral 

curvature of the ribs (DiMaio and DiMaio, 1989) and that the types of fracture found 

can be classified as oblique, transverse, or greenstick (Figure 5.1) (Gonzalez et al., 

1954). Oblique fractures, usually concentrated on the curvature of the ribs, are said to 

be produced by crushing, bending or grinding, and transverse fractures (more 

common) are said to be produced by direct blows to the chest (Galloway, 1999). 

Greenstick fractures are generally incomplete fractures. 



137 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Type of fractures and how to describe their location on the ribs (taken 

from Galloway, 1999). 

 

Given that the present study is the first to perform biomechanical testing on 

piglet ribs, the results are intriguing, particularly considering the currently accepted 

dogma in the literature that chest compression results in lateral fractures (Bilo, 

Robben and Van Rijn, 2010). Not one of the 48 fresh piglet ribs that were tested here 

failed to fracture, instead they all bent to an extreme ‘U’ shape with both ends of the 

rib being parallel. It was only after a manual attempt at bending the riblets past 

parallel that they eventually broke. This clearly undermines the idea that juvenile rib 
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fractures may result from manual chest compression such as was proposed by Bilo, 

Robben and van Rijn (2010). 

5.2. Biomechanical Analysis 

 During both protocols of four-point testing of dry ribs it was found that all of 

the 48 rib specimens fractured with a load ‘crack’. There was some bone slippage 

during testing which in turn resulted in a period of irregularities in the linear 

response of the force-deformation graphs. In contrast, the fresh ribs did not fracture, 

but instead bent to the point of touching the loading span head. When individual ribs 

were reduced by 1cm off each end, the resulting bone was so reduced in size that 

some grip on the support span was lost. This meant that there was also a degree of 

bone slippage during testing and this was reflected by irregularities of the resultant 

graph. The fresh bones in both protocols did not break, but instead bent to an 

extreme ‘U’ shape (Figure 5.2). During testing of the frozen then thawed category it 

was observed that in protocol one half the ribs broke and that these made a distinct 

cracking sound during fracture. None of the frozen then thawed ribs in protocol two 

broke. The frozen then thawed bones that did not break produced a similar ‘U’ shape 

to that of the fresh bones. 

 The mechanical behaviour of piglet bones appears to be strongly affected by 

its state of desiccation. Fracture toughness substantially reduces when specimens 

were dried. Furthermore, intermediate fracture toughness was observed in frozen 

then thawed ribs when compared to fresh or dried ribs. Perhaps not surprisingly, 

variation in compressive behaviour characterised piglet ribs at low loading rates 

employed in this study as shown in Figures 4.11, 4.12 and 4.13 (Dried Ribs); Figures 

4.20, 4.21 and 4.22 (Frozen then Thawed Ribs); and Figures 4.29, 4.30 and 4.31 
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(Fresh Ribs). This may be a reflection of small changes in bone density along the 

length of individual ribs in immature pigs. Unlike adults, it would be expected that 

stillborn piglets would show different levels of maturation. 

 The viscoelastic behaviour of bone has been attributed to its complex 

hierarchical structure (Rho et al., 1998) composed of Type I collagen and calcium 

phosphate mineral (Moss-Salentijn and Hendricks-Klyvert, 1990). How these 

components interact to produce different fracture behaviours requires an 

understanding of the mechanical responses of each of these levels of components. 

Here, we focused on only one variable – the state of hydration of immature ribs. 

Since collagen is a viscoelastic material and makes up a large proportion of bone by 

volume (Moss-Salentijn and Hendricks-Klyvert, 1990), it is reasonable to expect that 

wet bone would show ductile fracture patterns in contrast to brittle fracture in dry 

bone. This is exactly what the present study found. Surprisingly, frozen then thawed 

ribs showed a variable and intermediate behaviour under static loading. 

  This study showed that strength behaviour was significantly affected by bone 

type; frozen then thawed specimens produced strength results 1.26 times more than 

fresh ribs (p-value < 0.001) suggesting that using freezing as a storage method prior 

to testing will affect the biomechanical output of the specimen being tested. The 

implications of this are far-reaching. Previous research findings into freezing as a 

storage method have been inconsistent and contradictory. Sedlin and Hirsh (1966) 

determined that there was no significant difference in the strength of bone when 

comparing fresh specimens with frozen then thawed. A contradictory study by 

Sonstegard and Matthews (1977) found that there was in fact a significant 

difference. Similarly, a study by Reeves (2002) also evaluated the effects of frozen 
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storage and found that the period of time the specimen was frozen for prior to 

hydration significantly affected the biomechanical outcome. He found that bones 

frozen for 122 days decreased yield strain and strain failure but increased plastic 

strain. These results show that freezing a specimen prior to testing does have a 

significant effect on the output of biomechanical data.  However, a published study 

by Linde and Sørensen (1993) established that freezing testing specimens as a 

storage method did not produce any statistically significant effect on their 

biomechanical properties and as a consequence, subsequent studies have continued 

to use freezing as a storage method and have published biomechanical results. The 

results of the present study suggests that there is a significant difference in the output 

of strength behaviour of a bone when comparing frozen and then thawed with fresh 

bone. Interestingly, strain also showed a significant difference between these two 

categories but the difference is so minimal that it does not affect the outcome. 

Modulus, on the other hand, showed a highly significant difference between frozen 

then thawed and fresh specimens. The frozen then thawed ribs produced a modulus 

reading 1.08 times greater than fresh (p-value <0.001) suggesting that previous 

studies may be illustrating elastic properties higher than they should be. Similarly, 

maximum load results for frozen then thawed ribs were 1.33 times higher than fresh 

ribs (p-value < 0.001) suggesting that previous biomechanical studies that used 

frozen then thawed specimens may be misconstruing the actual maximum load 

capacity of the testing specimen. 

 Although there are no comparable studies on immature bone, the dependence 

of the viscoelastic behaviour of a bone on hydration in adult bones has recently been 

highlighted by Bembey et al. (2006). These authors used nanoindentation to 

determine the effect of hydration state on the time-dependent mechanical response 
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of mineralised bone and underlined the profound impact on the behaviour of bone 

via its effect on the organic phase. The viscoelastic properties based around Type I 

collagen under normal conditions are stabilized by hydrogen bonds formed between 

amino acid residues. This stabilization can be easily unbalanced when factors such 

as temperature are introduced (Bembey et al., 2006). 

Fractography. 

 An understanding of the micro-structure of bony fractures is imperative to an 

understanding of the mechanical behaviour of bone. At the SEM level, there were 

large and discernible differences in fracture behaviour between all three categories. 

The most noticeable difference between the three categories was the catastrophic 

fracture pattern seen in the dried ribs. All of the dried ribs exhibited the same 

fracture pattern suggesting that brittle fracture will occur when the bone is 

desiccated regardless of what number rib. In addition to the main fracture site, 

micro-cracks were found on along the long axis of the rib, adjacent to both ends of 

the main fracture location (Figures 4.38 and 4.42). The desiccation of dry ribs has 

shown that during fracture there appears to be fibrous pull-out suggesting fewer 

leniencies in the viscoelastic properties. 

 The frozen then thawed ribs displayed ‘gravel-type’ characteristics along the 

periosteal margin of the fracture site (Figure 4.43). This is in stark contrast to the 

smooth edges of the dried fracture suggesting the viscoelastic properties play a 

significant role in wet ribs when determining the behaviour of a fracture. In this 

case, the fracture is not catastrophic and is incomplete so does not span the width of 

the rib nor does it extend through the entire cross-section. The internal structure of 

the frozen then thawed fracture site is interesting in that it contrasts to its bony 
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surface. The interior of the fracture is smooth with micro-cracks running parallel to 

the main fracture site and within these micro-cracks the elastic properties are evident 

(Figure 4.45) in a matrix of fibre bundles endeavouring to hold the internal 

structures together. This fracture type is important as it gives an indication as to the 

way in which wet ribs behave when subjected to dynamic loading. It is reasonable to 

assume that these elastic properties – as shown in the fibre bundle matrix – are the 

reason that fracture in immature bones are either greenstick fractures or incomplete 

fractures. 

 The examination of an unbroken fresh rib under the SEM yielded interesting 

results, particularly in relation to the role of the periosteum. Figure 4.47 illustrates 

the strain placed on the periosteum during compressive loading seen here by the 

drawn-out collagen bundles pulling away from the underlying layer of periosteum. It 

is perhaps, the reason for the distinct lack of fracture in all the fresh ribs. The micro-

damage to the periosteum also had an adverse affect on the underlying bone 

structure whereby it is evident that some failure of the bone surface occurred (Figure 

4.48). On closer inspection, there were very distinct elliptical depressions evident on 

the bony surface. This is important as it may suggest that the periosteum strains 

against such a force that it actually pulls away small portions of bone from the 

surface. These elliptical depressions may represent newly formed plexiform vascular 

canals that are situated closed to the surface, or they could be periosteal fibre 

attachment sites.   

 A recent study by Kieser et al. (submitted) examined the viscoelastic and 

biomechanical properties of adult ribs and found that shear failure in fresh ribs 

resulted in an oblique fracture line which is highly similar to the oblique fracture line 
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found in the dry bones of the present study. Additionally, their SEM of the tensile 

cortical fracture in a dry illustrated ragged cracking with no evidence of fibre pull-

out. This is in contrast to the present study as pull-out in the dried ribs was 

particularly evident. The wet bone SEM analysis in Kieser et al. (submitted) paper 

shows a fracture pattern characterised by lamellar pull-out, surface grooving caused 

by periosteal stretching and blunted fracture margins. This differs considerably from 

the present study which found no fracturing in wet bones. The surface grooving 

however, was found this study (Figure 4.48) but not to the same extent. Finally, their 

study indicates that although both wet and dry bones both displayed similar butterfly 

fracture patterns, the dry bones failed catastrophically and the wet bones did not, 

which coinsides nicely with the findings of the present study. They attribute the lack 

of catastrophic fracture in wet bone to the strength and viscoelasticity of the 

periosteum. 

Periosteum 

It is possible that the periosteum plays a part in the biomechanics of the rib 

hence it is likely that the process of freezing also has affected the elasticity of the 

periosteum. Because it is clear that the fibrous periosteum forms an intermediary 

between bone and its overlying soft tissue, the mechanical properties of the 

periosteum are critical to an understanding of the behaviour of bone under 

compression (Popowics et al., 2002). In other words, the degree to which the 

periosteum serves as an interface between bone and muscle will be reflected in the 

different failure behaviours of dry, frozen then thawed, and fresh bones such as pig 

ribs. Popowics et al. (2002) investigated the mechanical properties of Sus scrofa 

craniofacial periosteum in an attempt to detail how the biomechanical properties 

may influence intermembranous bone growth. Stiffness, peak stress, and peak strain 
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were the measured variables compared between three different craniofacial 

locations. Their results indicate striking differences between these three areas 

indicating that the periosteal location may influence the strength and stabilization of 

a bone. An additional study investigating the role of the periosteum in bone fracture 

was performed by Kitaoka et al. (1998) in acknowledgment of the small amount of 

research into the biomechanics of periosteum. This study demonstrated, through 

four-point bending, the difference in impact resistance and fracture type between 

goat ribs that had the periosteum intact and those that had the periosteum removed. 

Their results showed that there was no statistically significant difference in the 

impact resistance of the bones; however, the periosteum appeared to play an 

important role in the type of fracture. Ribs that had the periosteum intact fractured 

with the two sections un-separated where as the ribs with the periosteum removed 

fractured catastrophically into two separate sections (Kitaoka et al., 1998). 

Bone Strength and Crack Bridging 

The inherent toughness of bone has been attributed to a number of factors, 

including the so-called pull-out mechanism (Cox et al., 2001). Essentially, these 

authors hypothesised that in a brittle matrix composite such as bone, reinforcing 

fibres that are weakly bonded to the matrix can survive the passage of a crack, where 

they provide bridging traction that reduces the applied load at the crack tip. 

Although few studies have focused on the description of fracture resistance due to 

crack bridging (Kruzic et al., 2003), we hypothesise that such toughening 

mechanisms exist in young bone such as piglet ribs, and that they play an important 

role in fracture resistance. Crack bridging, observed directly through the SEM 

images of this study (Figures 4.43 to 4.29) probably also exist between bone and 

periosteum, where they might provide significant crack blunting. Additionally, after 
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dehydration, the importance of toughening mechanism reduced markedly, resulting 

in brittle fracture. 

Rib Fractures in Infants: Forensic Implications. 

 New Zealand has a large and growing problem with child abuse and has the 

third highest child abuse statistics out of 27 countries named in a UNICEF report on 

Child Maltreatment in Rich Nations (2003). Many ideas about child abuse and 

resulting injuries appear to be based on retrospective radiographic studies conducted 

by medical professionals and as such, rib fractures are often associated with shaken 

baby syndrome. This means that it is important to determine whether or not this is 

true and by what mechanism these injuries can be found. Shaken baby syndrome is 

the term most commonly used by medical professionals when infants or young 

children present signs of broken ribs, brain haemorrhage and/or metaphyseal fracture 

(Lonergan et al., 2003) and was first coined by Caffey  in 1946. So, is there any truth 

to these assumptions?  

 The results of this thesis seriously challenge the idea that shaken baby 

syndrome, or any manual chest compression resulting from resuscitation, can cause 

rib fractures in infants. The results also strongly suggest that not only is it unlikely 

that manual compression of infant ribs will result in fracture, but it challenges the 

core implications that come under the umbrella term ‘shaken baby syndrome’. Based 

on the biomechanical data in this thesis, the only possible way to produce a rib 

fracture through static compressive loading would be to load the ribs past parallel 

and in doing so, crush the internal organs associated with the thoracic area. Since 

there has been no shaken baby reports that include catastrophic thoracic crushing it 
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can be reasonably assumed that rib fractures are not a direct result of shaking an 

infant.   

 Although it has been accepted that the forces applied to the ribs need to have 

exceeded a certain point in order to break (Bilo et al., 2010) it has not been 

mentioned what this breaking point is or what kind of impact could produce this 

break. This thesis has attempted to address these questions and has produced some 

interesting results. 

The current study was conducted on a piglet model of rib fracture in infants, in 

which ribs derived from stillborn piglets were slowly compressed under controlled 

conditions. There are two obvious caveats to my conclusions. The first is that a 

stillborn piglet may not be an ideal model for rib fractures in live human infants, and 

the second is that non-accidental injuries result from violent rather than constant 

rates of force application. As such it is acknowledged that the static loading tests 

used in this study are not an accurate representation of the type of force application 

used in shaken baby syndrome. Within these limitations, my study concludes that the 

causality of rib fractures in shaken baby syndrome may not be as straight-forward as 

previously assumed.  
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Chapter Six: Conclusions 

 

  This thesis sought to better understand the biomechanical properties of 

immature piglet ribs as a means to understanding rib fractures associated with child 

abuse, specifically shaken baby syndrome. Additionally, the issue of storage has been 

addressed to determine whether or not freezing then thawing a specimen prior to 

testing has any significant affect on its biomechanical properties. Given the 

contradictory results of previous studies that have examined the issue of storage and 

its effect on biomechanical out-put, it was pertinent to understand firstly, if this was 

an issue, and secondly, if it had any effect on immature bones. 

  The biomechanical results of compressive loading produced during the present 

study challenge the concept of the causality of rib fractures in shaken baby syndrome 

and as such have far-reaching medico-legal implications. The results of the 

contentious issue on storage methods was addressed and found that not only does 

freezing a specimen significantly change the biomechanical output, it also changes the 

internal morphological structures. 
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