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ABSTRACT 

The non-avian theropod dinosaurs are arguably some of the most iconic of extinct 

animals. One aspect of non-avian theropod biology that has always been of interest is 

terrestrial locomotion, as well as how it evolved on the line to modern birds. This topic 

has received extensive research attention over the past 25 years, but key questions 

remain unanswered. For example, the three-dimensional (3-D) limb posture and limb 

excursion used during stance and gait, bone loading mechanics or athletic ability in non-

avian theropods remains vaguely understood, as does how the locomotor repertoire of 

modern birds was acquired. In this thesis, the question of theropod locomotion was 

addressed through a multi-faceted approach that integrated three disparate lines of 

evidence: fossil theropod footprints and trackways, comparative biomechanics of 

modern bird and human terrestrial locomotion, and cancellous bone architecture in the 

main bones of the hindlimb.  

Analysis of Late Triassic theropod trackways indicated that step width, the mediolateral 

(transverse) distance between successive footfalls, decreased with increasing speed. 

Mediolateral limb movements were thus an important aspect of non-avian theropod 

locomotion. A decrease of step width with increasing speed was also observed in birds 

and humans. However, in humans, the decrease occurred abruptly and dramatically at 

the walk-run transition, whereas in birds and the theropod trackmakers, this occurred 

gradually. In birds, the continuous change in this parameter with speed parallels the 

pattern previously noted for other kinematic parameters, and is linked to the use of a 

‘grounded running’ gait at intermediate speeds. By extension, it is inferred that the non-

avian theropod trackmakers may have also used a more continuous locomotor 

repertoire, and hence this feature had begun to evolve well before the origin of birds. 

A comparison of basic kinematic and kinetic (ground reaction force) features across 

twelve species of birds across much of their speed range also revealed the continuous 

nature of bird terrestrial locomotion with respect to speed. A series of equations were 

derived that can be used to accurately predict kinematic and kinetic aspects of avian 

terrestrial locomotion, given just speed, hip height and body mass. These predictive 

equations may also be potentially applied to extinct theropods, facilitating more detailed 

biomechanical modelling of locomotion. The analysis undertaken here also indicated 
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that both body size and centre of mass location can potentially exert important 

influences on how kinematic and kinetic parameters varied with speed. This is of some 

importance for future biomechanical modelling attempts, and may also complicate how 

stance and gait patterns are interpreted from fossil theropod trackways. 

Through computed tomographic scanning and quantitative image analysis, a number of 

important differences in 3-D cancellous bone architecture were observed in the main 

hindlimb bones of various extinct and extant theropod species. Some of these pertained 

to the femoral head and medial femoral condyle, where differing degrees of anterior or 

posterior inclination reflected differences in hip and knee flexion. Others pertained to 

the gross architectural patterns in the entire end of a bone, such as the presence or 

absence of a double-arcuate pattern in the proximal femur. The observed architectural 

patterns in more basal theropods (e.g., tyrannosaurs) showed considerable similarity to 

that observed in humans, whereas that of more derived theropods (e.g., paravians) 

showed much similarity to that observed in birds. These differences are inferred to 

reflect differences in posture, with more erect postures in more basal theropods and 

more crouched (but not yet bird-like) postures in derived non-avian theropods. 

The observed architectural patterns of cancellous bone were also utilized in a reverse 

application of the ‘trajectorial theory’, through a novel integration of musculoskeletal 

and finite element models of the whole hindlimb. This modelling effort, validated with 

an extant bird, sought to determine the posture in which principal stress trajectories 

most strongly aligned with observed cancellous bone architecture in the femur, tibia and 

fibula. The approach was applied to a tyrannosaur (Daspletosaurus) and a paravian 

(Troodon), and the resulting postures were found to correlate with the inferences drawn 

above. Furthermore, the results of this approach have clarified the manner of 

articulation of the non-avian theropod hip joint; the articulation with the acetabulum 

was centred about the apex of the femoral head, rather than more laterally. In addition to 

examining postures, this modelling approach also facilitated the quantitative testing of 

hypotheses concerning muscular control strategies and bone loading mechanics. This 

revealed that a long-axis rotation mechanism of hip support, with considerable torsional 

loading of the femur, probably evolved in a step-wise fashion in theropods. 
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The results of this study have provided new, quantitative support of many 

interpretations or hypotheses proposed previously; uniquely, however, this is the first 

time that many of these have been tested with independent lines of evidence. This study 

has also indicated that some aspects of avian locomotor biomechanics (e.g., continuous 

locomotor repertoire, prominent torsional loading of bones) may have greater antiquity 

than previously appreciated. It has produced a greater empirical foundation for the 

undertaking of more sophisticated and better grounded 3-D biomechanical modelling of 

extinct theropod locomotion in the future. Additionally, this study has developed a 

number of new and innovative approaches to quantitatively examine questions of 

theropod locomotor biomechanics. The integrated modelling approach developed here, 

which utilizes cancellous bone architecture to derive postures and musculoskeletal 

loading mechanics, can also be applied to understand locomotor biomechanics and its 

evolution in other groups of extinct tetrapod vertebrates.  
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Chapter 1 

General introduction 

1.1 Background 

Theropoda includes some of the most iconic of extinct animals, as well as the most 

species-rich group of modern-day terrestrial vertebrates, the birds (Gauthier, 1986; 

Sereno, 1999; Bennett and Owens, 2002; Chiappe and Witmer, 2002; Weishampel et 

al., 2004; Holtz, 2012; Naish, 2012). Most extinct, non-avian theropods were 

carnivorous, and many were far larger than any other group of terrestrial carnivores to 

have ever lived. It therefore comes as little surprise that non-avian theropods have been 

the subject of considerable palaeontological research. One aspect of non-avian theropod 

biology that has always been of interest and controversy is their manner of stance, 

posture and terrestrial locomotion. Over their 230 million year history, theropods have 

spanned an incredible range of body size, from the 2 g Mellisuga helenae to the 8 tonne 

Tyrannosaurus rex (Dunning, 2007; Henderson, 1999; Hutchinson et al., 2011), and, 

despite being exclusively bipedal, have displayed a wide range of locomotor 

morphologies (Paul, 1988; Baumel and Witmer, 1993; Gatesy and Middleton, 1997; 

Middleton and Gatesy, 2000). This makes them excellent candidates for research into a 

whole host of questions concerning the biomechanics of terrestrial locomotion, as well 

as the consequences of large body size on locomotor performance. 

In addition to better understanding theropod locomotor biomechanics per se, 

understanding how theropods moved around helps elucidate what they were like as 

living animals. Locomotion has played an important role in arguments surrounding 

dinosaur physiology, behaviour and palaeoecology (Ostrom, 1969; Bakker, 1980; 

Thulborn, 1984; Bakker, 1986; Paul, 1988, Molnar and Farlow, 1990; Horner and 

Lessem, 1993; Thomas and Farlow, 1997; Bell and Snively, 2008; Paul, 2008; Pontzer 

et al., 2009). Understanding locomotion in dinosaurs also helps enrich an understanding 

of dinosaur evolution. Approximately three-quarters of the features that distinguish 

dinosaurs from other animals relate to their erect (parasagittal), primitively bipedal 

posture and locomotion (Novas, 1996; Brusatte, 2012). Furthermore, much of dinosaur 

evolution was accompanied by major changes in locomotor morphology, and by 
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inference, behaviour (Novas, 1996; Gatesy and Middleton, 1997; Middleton and Gatesy, 

2000; Carrano, 2000; Gatesy, 2002; Carrano, 2005; Maidment et al., 2014). In this 

regard, non-avian theropods are of particular relevance, for they are central to the task 

of charting the evolution of locomotor behaviour on the line to modern birds 

(Hutchinson and Gatesy, 2000; Gatesy, 2002; Hutchinson and Allen, 2009; Heers and 

Dial, 2012). Not only did the majority of motor pattern evolution in Sauria apparently 

take place on the line from the ancestral archosaur to birds (Gatesy, 1999b), but 

theropod evolution also saw the origin of a novel locomotor pattern, avian flight 

(Gatsey, 2002; Hutchinson and Allen, 2009; Heers and Dial, 2012).  

 

In addressing questions of theropod posture, stance and gait, a natural starting point is to 

examine terrestrial locomotion in living theropods. After decades of research, it is now 

clear that birds employ a very characteristic manner of striding, parasagittal bipedalism, 

distinctly different from that employed by humans, the only other extant obligate biped. 

Humans use an erect, plantigrade posture, with the femur almost vertically oriented and 

with forward movement driven mainly by movement at the hip (Winter, 2009). In 

contrast, birds move with a strongly crouched, digitigrade posture, in which the femur is 

subhorizontally oriented (i.e., oriented more horizontally than vertically) for much of 

the stride, and where the majority of limb movement occurs at the knee, driven by the 

‘hamstring’ muscles (Cracraft, 1971; Gatesy, 1990, 1991b; Gatesy and Biewener, 1991; 

Gatesy, 1999a,b; Abourhachid and Renous, 2000; Rubenson et al., 2007; Smith et al., 

2010; Abourachid et al., 2011; Nyakatura et al., 2012; Stoessel and Fischer, 2012 ; 

Andrada et al., 2013a; Grossi et al., 2014). This reflects the location of their whole-body 

centre of mass (COM), which is well anterior to the hips (Hutchinson and Allen, 2009; 

Allen et al. 2013; Grossi et al., 2014), as a result of both tail reduction and forelimb 

proliferation. Birds also display the curious phenomenon of ‘grounded running’ (Gatesy 

and Biewener, 1991; Gatesy, 1999a; Rubenson et al., 2004; Hancock et al., 2007; 

Andrada et al., 2013a,b), whereby at intermediate speeds they run without an aerial 

phase in the stride cycle. At the level of individual bones, birds are also quite distinct in 

that, during terrestrial locomotion, the main bones of the hindlimb are loaded 

predominantly in torsion, as demonstrated by several in vivo strain gauge studies 

(Biewener et al., 1986; Carrano, 1998; Carrano and Biewener, 1999; Main and 

Biewener, 2007; Verner et al., 2016). This is in contrast to the typical pattern observed 

in parasagittal mammals, including humans, where bending is the dominant loading 
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regime (Biewener, 1991; Aamodt et al., 1997). Such a mode of bone loading is 

perplexing, given that bone is weakest in shear, the primary kind of stress engendered 

by torsional loading (Currey, 2002). Perhaps reflecting this characteristic nature of bone 

loading, the main bones of the avian hindlimb exhibit allometric scaling relationships 

that differ from those of other extant terrestrial vertebrate groups (Gatesy, 1991b, 

Carrano, 1998; Blob, 2000).  

The distinct locomotor biomechanics of modern birds raises the question as to whether 

their extinct, non-avian ancestors exhibited similar locomotor patterns, and if not, when 

and how did this distinct suite of behaviours evolve on the line to modern birds? The 

most direct evidence of locomotion in non-avian theropods, fossil footprints and 

trackways (sequences of successive footprints), demonstrate beyond doubt that they (i) 

were obligatorily bipedal, (ii) were habitually digitigrade, (iii) used striding locomotion 

(they did not hop, as do macropod marsupials), and (iv) did not drag their tails on the 

ground (Gillette and Lockley, 1989; Thulborn, 1990; Lockley, 1991; Farlow et al., 

2012). Moreover, the gross morphology of limb bone articulations, in association with 

trackway evidence, indicate that they held their limbs in a roughly parasagittal fashion, 

with the feet positioned close to the midline (Charig, 1972; Wade, 1989). In these 

regards, non-avian theropods were much like their modern descendants. However, 

studies of limb bone morphology and scaling relationships (Gatesy, 1990, 1991b, 1995; 

Carrano, 1998; Christiansen, 1999; Farlow et al., 2000) suggest that the femur of non-

avian theropods was habitually held in a subvertical orientation (i.e., oriented more 

vertically than horizontally) during stance and gait, rather than the subhorizontal 

orientation observed in birds. Analyses of hindlimb segment proportions also suggest 

differences between non-avian and avian theropod limb mechanics (Gatesy and 

Middleton, 1997; Carrano, 1998), although more recent discoveries of increasingly bird-

like paravians tend to blur the distinction (Xu et al., 2014). 

The development of computational biomechanical models has provided further insight, 

especially into more complex aspects of non-avian theropod locomotion. They have 

facilitated estimates of the muscle mass required for stance and gait at a given speed 

(Hutchinson and Garcia, 2002; Hutchinson, 2004b; Gatesy et al., 2009), potential speed 

capabilities (Hutchinson and Garcia, 2002; Hutchinson, 2004b; Sellers and Manning, 

2007; Gatesy et al., 2009; Bates et al., 2010), muscle moment arms in different postures 
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(Hutchinson et al., 2005, 2008; Bates and Schachner, 2012; Bates et al., 2012) and 

whole-body COM positions (Henderson, 1999; Hutchinson et al., 2007; Allen et al., 

2009; Bates et al., 2009a,b; Hutchinson et al., 2011; Bates et al., 2012; Allen et al., 

2013). Although the results of these computational studies can sometimes be sensitive 

to model assumptions (Hutchinson, 2004a, Allen et al., 2009; Bates et al., 2010), they 

have collectively provided further evidence for a subvertical orientation of the non-

avian theropod femur during habitual stance and gait. Furthermore, they also suggest 

that the whole-body COM of non-avian theropods was more posteriorly located than in 

birds, closer to the hips, although this probably varied throughout theropod evolution 

(Henderson, 1999; Hutchinson et al., 2007; Allen et al., 2009; Bates et al., 2009a,b; 

Hutchinson et al., 2011; Bates et al., 2012; Allen et al., 2013). 

 

Despite the considerable effort towards better understanding locomotion in non-avian 

theropods, only a few general conclusions have been able to be drawn thus far, in 

addition to those afforded by trackway evidence. It is currently inferred that most, if not 

all, non-avian theropods stood and moved with a subvertical femoral posture, in 

association with a whole-body COM positioned relatively close to the hips. The larger 

species (e.g., Tyrannosaurus, Giganotosaurus) were probably not as athletically capable 

as the smaller species (e.g., Ceolophysis, Velociraptor), although to what degree 

remains the subject of lively debate (Bakker, 1986; Paul, 1988, Holtz, 1994; Farlow et 

al., 1995; Mazzetta et al., 1998; Paul, 1998, Blanco and Mazzetta, 2001; Hutchinson and 

Garcia, 2002; Hutchinson, 2004b; Sellers and Manning, 2007; Paul, 2008, 2010; 

Persons and Currie, 2011a,b). Hence, whilst the majority of non-avian theropods seem 

to have locomoted differently from their avian descendants, little can be said at present 

regarding specific details. For instance, the three-dimensional (3-D), whole-limb posture 

used during stance, the manner of limb excursion during gait, bone loading mechanics, 

or how these factors changed with body size or speed, remains poorly understood 

(Hutchinson and Gatesy, 2006; Gatesy et al., 2009). Whilst trackway evidence shows 

that theropods of all sizes placed their feet close to the midline during locomotion, the 

configuration of the limb bones and joints that allowed such foot placement is uncertain 

(Hotton, 1980; Paul, 1988, 1998; Henderson, 2003; Hutchinson et al., 2005, 2007; 

Hutchinson and Allen, 2009). Whether any non-avian theropod exhibited a more 

continuous locomotor repertoire like birds has received almost no consideration (Farlow 

et al., 2000). In addition, whilst substantial changes to musculoskeletal architecture 
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along the line to birds are evident (Gatesy, 1990, 1991b, 1995, 2002; Hutchinson and 

Gatesy, 2000; Hutchinson, 2001a,b, 2002; Carrano and Hutchinson, 2002; Hutchinson, 

2002; Hutchinson and Allen, 2009; Allen et al., 2013; Pittman et al., 2013), it  remains 

to be determined as to exactly how, when or why the unique locomotor repertoire of 

modern birds evolved (Hutchinson and Allen, 2009; Allen et al., 2013). 

 

1.2 Statement of the problem 

 

The question of terrestrial locomotor biomechanics in theropods concerns three 

interrelated problems.  

 

First and foremost is the fact that little can be said with certainty as to the specific 

locomotor behaviour exhibited by extinct, non-avian theropods. Currently, there is not 

enough understood about them to be able to predict how a particular species may have 

walked or ran, how this might have changed with increasing speed, and what its 

maximal locomotor performance might have been. Without a more detailed 

understanding, questions concerning other aspects of non-avian theropod biology, such 

as behaviour, physiology and ecology, are difficult to address. This is particularly 

pertinent in regards to ‘morphotype I theropods’ (sensu Fastovsky and Smith, 2004), 

those giant, multitonne, bipedal carnivores that have no equivalent in modern terrestrial 

faunas. 

 

The second problem concerns the fact that whilst much is known about terrestrial 

locomotion in modern birds, relatively little is known about how many important factors 

change with body size or speed. Especially little is known about kinetic factors, such as 

the ground reaction force (GRF) or the forces and moments in muscles or joints. This in 

itself constitutes a significant void in knowledge of bird locomotor biomechanics, but it 

also represents an obstacle in attempting to better understand locomotion in extinct, 

non-avian theropods. This is because such factors are not preserved in the fossil record, 

and hence must be estimated when attempting to understand a given extinct species. Yet 

if it is not known about how these factors relate with body size or speed in living 

theropods, this confounds attempts to derive generalizations that could be extrapolated 

to extinct theropods. 
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The third and final problem is that little can be said with certainty as to the evolution of  

theropod locomotor behaviour. Through a variety of empirical and theoretical studies it 

has been inferred that many profound changes must have occurred within theropods on 

the line to modern birds. These changes include: significant modifications of pelvic and 

hindlimb osteology, musculature and proportions; changes to tail length and 

construction; changes in the position of the whole-body COM; changes to femoral 

orientation during stance; a shift from caudofemoralis-mediated, hip-based limb 

retraction to ‘hamstring’-mediated, knee-based limb retraction; a shift from bending-

dominant to torsion-dominant bone loading; and a shift from abductor-mediated to 

medial rotator-mediated limb support (Gatesy, 1990, 1991b, 1995, 2002; Carrano 1998; 

Hutchinson and Gatesy, 2000; Hutchinson, 2001a,b, 2002, 2006; Hutchinson and Allen, 

2009; Allen et al., 2013; Pittman et al., 2013). Aside from osteological transformations, 

however, the timing and tempo of many of these changes remains ambiguous. For 

instance, earlier studies of limb proportions and whole-bone scaling painted a relatively 

clear-cut distinction between non-avian theropods and birds (Gatesy, 1991b; Gatesy and 

Middleton, 1997; Carrano, 1998), suggesting a rather sudden transformation of 

hindlimb biomechanics; however, more recent analysis of osteological muscle scarring 

evidence and estimations of whole-body COM position suggest gradual, incremental 

change across much of theropod evolution (Hutchinson and Gatesy, 2000; Hutchinson, 

2001a,b; Allen et al., 2013). Furthermore, few of the biomechanical changes inferred to 

have occurred in theropod evolution have been quantitatively tested (Allen et al., 2013). 

Thus, whilst it is known what changes must have occurred to result in modern birds, it 

is often unknown when, how or why they occurred.  

 

1.3 Thesis aims 

 

The overarching aim of this thesis is to take a multi-faceted approach toward 

investigating the biomechanics of terrestrial locomotion in both extinct and modern 

theropods, and how this evolved throughout the course of theropod history. It will draw 

upon new lines of evidence not previously investigated in theropods, as well as 

investigate previously studied lines of evidence, but in new and quantitative ways 

(Figure 1.1). By synthesizing data and methods from such disparate fields as ichnology, 

comparative animal and human biomechanics, bone architecture and musculoskeletal  
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FIGURE 1.1. This thesis brings together a wide variety of different lines of evidence to 
address the question of theropod locomotor biomechanics. Previously, these lines of 
evidence have mostly been studied independent of one another. By integrating these 
disparate lines of evidence, a more rigorous and quantitative understanding of theropod 
locomotion and its evolution can emerge.  

modelling, and integrating them in a quantitative and mechanistic fashion, this thesis 

also aims to help steer an understanding of theropod biology towards being more 

explicit, more quantitative and better grounded in empirical data. The specific aims of 

this thesis are: 

1. To determine how step width changes with speed in non-avian theropods, via

analysis of fossil footprints and trackways. This will elucidate the importance of
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mediolateral limb movements in non-avian theropod locomotion, but also provide a 

new base for comparison with speed-related changes in step width in extant 

obligate bipeds, birds and humans. 

2. To determine how several fundamental aspects of terrestrial locomotion, including 

the GRF, vary with body size and speed in modern ground-dwelling birds. This will 

facilitate the development of empirical relationships that have predictive value for 

extinct theropods. 

3. To investigate the nature of cancellous bone architecture in the main hindlimb 

bones of extinct and extant theropods, to determine how this relates to limb posture 

and biomechanics in extant bipeds, and to use this to help infer locomotor 

biomechanics in extinct theropods. 

In each aspect of the thesis, comparison is made to both birds and humans. Previous 

studies of non-avian theropod hindlimb locomotion have largely neglected humans in 

any comparative treatment. Yet, as the only obligate, striding bipeds alive today, both 

birds and humans have the potential to provide insight into questions concerning 

locomotion in extinct, obligate striding bipeds, such as non-avian theropods. Moreover, 

they are quite distinct in their musculoskeletal anatomy and locomotor biomechanics, 

and are distantly related to each other (having evolved bipedalism independently). They 

are hence good contrasts with which comparisons to extinct non-avian theropods can be 

made, and with which general patterns of bipedal locomotor biomechanics can be 

elucidated. 

 

1.4 Thesis organization 

 

This thesis comprises nine chapters and two appendices. 

 

Chapter 1 (this chapter) provides a general introduction to the thesis, outlining its 

rationale and intent. 

 

Chapter 2 presents a review of the literature as it relates to the aims of the thesis. The 

first part covers the literature relating to the first two aims, that is, aspects of theropod 

locomotion concerning whole-animal movement and external measurements made 

thereof. The second part covers the literature relating to the third aim of the thesis, that 
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is, the mechanobiology of cancellous bone and how this has great potential utility for 

understanding locomotor biomechanics in extinct vertebrate species. 

 

Chapter 3 investigates how step width changes with increasing speed in non-avian 

theropods, ground-dwelling birds and humans. By identifying patterns of similarity and 

contrast between the groups, evidence is produced to suggest that most, if not all, non-

avian theropods used a continuous locomotor repertoire. Grounded running, such a 

peculiar feature of modern bird terrestrial locomotion, may therefore have greater 

antiquity than previously appreciated. 

 

Chapter 4 investigates how several important kinematic and kinetic variables of 

terrestrial locomotion, including the nature of the GRF, change with body size and 

speed in ground-dwelling birds. This is the first study to compare both kinematic and 

kinetic aspects of terrestrial locomotion in modern birds, across a wide range of both 

speeds and body sizes. In turn, empirical predictive relationships are derived that can be 

applied to extinct theropods, such that future attempts to understand theropod 

locomotion have greater empirical grounding. 

 

Chapter 5 presents a simulation study into the effects of cracks on quantitative 

architectural analysis of cancellous bone. It demonstrates that even fine cracks have the 

potential to significantly influence the results of such analyses, which has important 

implications for the investigation of fossil specimens. 

 

Chapter 6 quantitatively investigates cancellous bone architecture in the main hindlimb 

bones of a variety of extinct, non-avian theropods and extant, ground-dwelling birds. 

This is the first such survey of cancellous bone in theropods, and more widely, 

dinosaurs; the results produced here are entirely new, and have considerable potential to 

clarify and refine an understanding of locomotor biomechanics in this group. 

 

Chapter 7 outlines and validates a new biomechanical modelling approach to 

understanding theropod hindlimb locomotor biomechanics, whereby the architecture of 

cancellous bone is used to derive a ‘characteristic posture’ for a given species. This 

approach, which integrates observations of cancellous bone architecture with 3-D 

musculoskeletal and finite element modelling, provides a new avenue by which to 
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analyse, test and refine palaeobiomechanical hypotheses, not just for non-avian 

theropods, but potentially many other extinct tetrapod groups as well. 

 

Chapter 8 applies the new approach developed in Chapter 7 to two species of extinct, 

non-avian theropod, to derive characteristic postures for them. In addition to clarifying 

questions concerning 3-D posture and limb articulation, the findings from this study 

quantitatively test long-standing hypotheses of limb bone loading mechanics and 

muscular control strategies, and how these aspects evolved on the line to birds. 

 

Chapter 9 summarises the results of the thesis and discusses their significance, along 

with that of the new approaches developed here, in the context of the broader literature. 

Methodological considerations arising from the thesis are also discussed, and directions 

for future research are outlined. 

 

Appendix A extends the discussion presented in the second part of Chapter 2, by 

providing further examination of a number of empirical studies that have previously 

questioned whether cancellous bone is equally sensitive to all loading conditions, and 

therefore useful in all situations. 

 

Appendix B lists all the specimens examined in the study reported in Chapter 6, as well 

as the settings and techniques used to acquire and process the data. 

 

A total of approximately 3.0 Tb of data was collected, and a further 2.1 Tb of derived 

data, models and analysis results was produced, throughout the course of this study. A 

complete copy of all data (raw and derived), models and software scripts used in this 

study are kept in perpetuity in the Geosciences Collection of the Queensland Museum. 

Additionally, copies of the photographic and tomographic data collected for fossil 

specimens are held with the respective Museums in which the fossils are housed.  
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Chapter 2 

Literature review 
 

 

2.1 Scope 

 

This chapter reviews the literature as it relates to the aims of the thesis, and is divided 

into two main parts. The first part provides the context for the research presented in 

Chapters 3 and 4, which relate to the first two aims of the thesis. It pertains to aspects of 

terrestrial locomotion that concern the whole animal, which derive from measurements 

made external to the individual under study, such as fossil footprints, kinematics and 

kinetics, and thus do not pertain to organ-level features such as muscle forces or bone 

strains. The second part of the review provides the context for the research presented in 

Chapters 5–8, which relate to the third aim of the thesis. It pertains to evidence of 

locomotor biomechanics at the level of the bones, which are all that palaeontologists 

usually have to go by when investigating extinct dinosaurs. Particular attention is given 

to the mechanobiology of cancellous bone, and how this has great potential utility for 

understanding locomotor biomechanics in extinct vertebrate species such as non-avian 

dinosaurs. By identifying the pertinent gaps in current knowledge, as well avenues for 

fruitful future investigation, this chapter highlights the potential insight that can be 

gained when integrating the various disparate lines of evidence discussed here. 

 

2.2 Perspectives from the outside 

 

2.2.1 Fossil footprints 

 

Fossil footprints and trackways (sequences of successive footprints) are the most direct 

line of evidence of locomotion in extinct, non-avian theropods (Gillette and Lockley, 

1989; Thulborn, 1990; Lockley, 1991; Farlow et al., 2012). This is because they record 

the actual placement and motions of the feet during locomotion (e.g., Thulborn and 

Wade, 1989; Gatesy, 2001, 2003; Milàn et al., 2006); in rare instances, even the 

movement of the lower limb (metatarsus) can be recorded (Kuban, 1989; Gatesy et al., 

1999; Wilson et al., 2009). All known non-avian theropod footprints and trackways 

unequivocally demonstrate that these animals were digitigrade, parasagittal bipeds 
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which did not drag their tails along the ground, and which moved their hindlimbs 

successively one after another, that is, striding bipedalism (Thulborn, 1990; Lockley, 

1991). 

 

As trace fossils, fossil footprints cannot usually be assigned to a particular trackmaker; 

it is usually impossible to identify even the genus of trackmaker, let alone the species 

(Thulborn, 1990; Lockley, 1991; Hutchinson and Gatesy, 2006). Nonetheless, fossil 

footprints and trackways have provided insight on locomotion in extinct dinosaurs, most 

prominently with the estimation of the speed of the trackmaker. Here, stride length, the 

distance from one footprint to the next footprint made by the same foot, is used as a 

proxy for speed. Given the dimensions of a footprint, an estimate of the trackmaker size 

is possible, which in turn facilitates an estimate of relative and absolute speeds from 

measured stride lengths (Alexander, 1976; Farlow, 1981; Thulborn, 1982, 1984, 1990; 

Thulborn and Wade, 1984; Irby, 1996; Henderson, 2003; Farlow et al., 2012). These 

studies have shown that at least some medium-sized non-avian theropods were capable 

of considerable speed, possibly in excess of 40 km/hr (Farlow, 1981), although it needs 

to be acknowledged that the potential error associated with such estimations may be 

large (Alexander, 1991). Estimated dinosaur speeds have also been used in 

interpretations of the gaits used by a particular trackmaker (e.g., Thulborn, 1982; 

Thulborn and Wade, 1984), but again the inferences drawn must be viewed with caution 

(Hutchinson and Allen, 2009). 

 

Trackways of non-avian theropods all demonstrate that they placed their feet close to 

the body midline (Wade, 1984). However, the exact mediolateral (transverse) distance 

between successive footfalls, step width, possibly varied with speed, gait, the species of 

trackmaker or even the nature of the underlying substrate. A single trackway reported 

by Day et al. (2002, 2004) shows that in at least one instance, step width decreased 

when the trackmaker was moving faster (as indicated by greater stride length), that is, 

the feet were placed closer to the midline. This is consistent with what is known for 

humans: the step width used during running is markedly less than it is during walking 

(Donelan et al., 2001, 2004; Arellano and Kram, 2011a). By and large, however, very 

little is known about how non-avian theropod footprints and trackways may have varied 

with speed or gait. In turn, trackways have provided little insight into how non-avian 

theropod locomotion may have varied with speed. 
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2.2.2 Terrestrial locomotion in birds 

 

Terrestrial locomotion in extant theropods has been extensively studied, in particular 

over the past two decades. In ground-dwelling birds (species that spend most or all of 

their time on the ground), locomotion is characterized by a digitigrade, largely 

parasagittal bipedal posture, where the feet are placed close to the body midline, and 

where forward progression is achieved via striding. In this respect their locomotion is 

quite similar to that of humans, as well as what has been inferred for non-avian 

theropods on the basis of fossil footprints. However, unlike humans, birds employ a 

strongly crouched posture, whereby the femur is subhorizontally oriented for much of 

the stride, and where the primary fulcrum of limb movement is the knee, not the hip 

(Cracraft, 1971; Clark and Alexander, 1973; Lewandowski, 1978; Gatesy, 1990; 

Carrano, 1998; Gatesy, 1999a; Abourachid and Renous, 2000; Rubenson et al., 2007; 

Goetz et al., 2008; Smith et al., 2010; Abourachid et al., 2011; Nyakatura et al., 2012; 

Stoessel and Fischer, 2012; Andrada et al., 2013b; Grossi et al., 2014; Kambic et al., 

2015). 

 

A further distinction between human and bird locomotion is the degree of continuity of 

their gait patterns. In particular, birds employ the curious phenomenon of ‘grounded 

running’ (Clark and Alexander, 1973; Gatesy and Biewener, 1991; Gatesy, 1999a; 

Rubenson et al., 2004; Hancock et al., 2007; Nudds et al., 2011; Nyakatura et al., 2012; 

Andrada et al., 2013a,b). Here, at intermediate speeds the whole-body centre of mass 

(COM) exhibits little exchange of kinetic and potential energies (characteristic of 

human running), yet there are periods of double-support in the stride (i.e., duty factors 

are greater than 0.5; characteristic of human walking). That is, birds run without an 

aerial phase; only at greater speeds do duty factors decrease below 0.5, resulting in an 

aerial run. Birds therefore show a more ‘continuous’ gait pattern compared to that in 

humans. Concomitantly, kinematic parameters that have been previously measured in 

birds often show a continuous change with increasing speed, including duty factor, 

stance duration, stride frequency, stride length, step length and limb excursion angles 

(Gatesy, 1990; Gatesy and Biewener, 1991; Muir et al., 1996; Gatesy, 1999a; 

Abourachid and Renous, 2000; Rubenson et al., 2004; Hancock et al., 2007; Jones, 

2010; Nudds et al., 2011; Nyakatura et al., 2012; Kilbourne et al., 2016; Rose et al., 

2016; but see Gatesy and Biewener, 1991; Gatesy, 1999a). These same parameters 
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typically show an abrupt, discontinuous change at the walk-run transition in humans 

(Gatesy and Biewener, 1991; Hreljac, 1995; Cappellini et al., 2006). Thus, while 

‘walking’ and ‘running’ are easily recognizable in humans, the distinction is less clear 

in birds. Despite this apparent generality across birds, few studies have examined speed 

effects on kinematic parameters in a comparative fashion, across species of different 

body size (Gatesy and Biewener, 1991; Abourachid and Renous, 2000; Stoessel and 

Fischer, 2012). 

 

In contrast to kinematic aspects, an understanding of the kinetic aspects of avian 

terrestrial locomotion is less well developed. The most often investigated kinetic aspect 

is the ground reaction force (GRF), the force the feet exert upon the ground during 

locomotion. However, studies that have measured and reported the GRF for birds have 

typically been focused on other features of locomotion, rather than the GRF per se 

(Clark and Alexander, 1975; Cavagna et al., 1977; Muir et al., 1996; Roberts et al., 

1998; Roberts and Scales, 2002; Daley et al., 2006b; Hancock et al., 2007; Main and 

Biewener, 2007; Goetz et al., 2008; Smith et al., 2010; Rubenson et al., 2011; Andrada 

et al., 2013a; Rode et al., 2016). For example, the GRF has been measured for purposes 

of computing fluctuations in the whole-body COM over the stride (Clark and 

Alexander, 1975; Cavagna et al., 1977; Muir et al., 1996; Hancock et al., 2007) or for 

estimating musculoskeletal loading during the stance phase (Roberts et al., 1998; Daley 

et al., 2006; Goetz et al., 2008; Andrada et al., 2013; Rode et al., 2016). Temporal 

fluctuations in the whole-body COM have also been derived from kinematic 

measurements (Rubenson et al., 2004; Nyakatura et al., 2012). A handful of studies 

have previously investigated other kinetic aspects of terrestrial locomotion in birds, such 

as joint moments or powers (Rubenson and Marsh, 2009; Rubenson et al., 2011) or limb 

stiffnesses (Daley, 2006a; Andrada et al., 2013a). However, as these studies are sparsely 

scattered across the parameters investigated, the species studied, or the speeds at which 

data was collected, it is not yet possible to draw general conclusions that are applicable 

to ground-dwelling birds as a whole. 

 

One further void in knowledge of avian locomotor kinetics is how such factors change 

with body size or speed. Only a handful of studies to date have examined speed effects 

on kinetic parameters (Cavagna et al., 1977; Heglund et al., 1982; Rubenson et al., 

2004; Hancock et al., 2007; Rubenson and Marsh, 2009; Nyakatura et al., 2012; 
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Andrada et al., 2013a; Andrada et al., 2015). However, only in three of these were more 

than a single species investigated (Cavagna et al., 1977; Heglund et al., 1982; Andrada 

et al., 2015), and in each case only mechanical energy fluctuations were examined. 

Unlike kinematic parameters, the nature of mechanical energy fluctuations in birds 

appears to be more discontinuous with respect to speed, with a prominent change 

occurring at intermediate speeds (Cavagna et al., 1977; Rubenson et al., 2004; Hancock 

et al., 2007; Nyakatura et al., 2012).  

 

2.2.3 Summary 

 

Studies of fossil footprints and trackways have provided insight into general aspects of 

locomotor behaviour in extinct, non-avian theropods, such as overall limb posture and 

movement, as well as potential speed capabilities. Despite this, they currently have not 

provided much insight into how locomotion might change with different speeds. In 

modern theropods, the effect of speed on kinematic parameters is generally well-

studied, with these parameters changing continuously as speed increases. However, the 

effects of body size on kinematic parameters remains little explored, owing to the 

limited number of comparative (cross-species) studies having been conducted. This 

issue is particularly pertinent, given the large sizes that many extinct, non-avian 

theropods attained. The effects of speed or body size on any kinetic parameter remains 

little explored in birds, even for those as fundamental as the GRF. 

 

In order to better understand kinematic or kinetic aspects of non-avian theropod 

locomotion, and relate these to the fossil footprints and trackways left by non-avian 

theropods, a greater understanding of the effects of both speed and body size on avian 

terrestrial locomotion is required. This can only be accomplished through comparative 

studies across species and across a wide spectrum of locomotor speeds, encompassing 

the spectrum from walking through to aerial running. 
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2.3 Perspectives from the inside 

 

2.3.1 Osteological evidence 

 

There are a great many studies of how whole-bone morphology may relate to locomotor 

behaviour in extinct dinosaurs, which have typically been concerned with external 

features, such as bone shapes or proportions (e.g., Coombs, 1978; Gatesy, 1991b; 

Gatesy and Middleton, 1997; Carrano, 1998; Christiansen, 1999; Carrano, 2001, 2005; 

Maidment et al., 2012; Maidment and Barrett, 2014), joint range of motion (e.g., Paul, 

1998; Mallison, 2010a,b) or geometrical relationships between inferred muscle lines of 

action and joints (e.g., Russell, 1972; Carrano, 2000; Hutchinson et al., 2005, 2008; 

Bates et al., 2012; Maidment et al., 2014). However, the insight such studies can 

provide are usually only of a general nature, often having little bearing for 

understanding the posture or gait of any one species, and moreover carry the caveat of 

unknowns of soft tissue influences, which may be substantial (Hutchinson and Gatesy, 

2006; Bonnan et al., 2010; Tsai and Holliday, 2015). Additionally, these studies may 

only be able to clarify the range of potential locomotor behaviours employed by extinct 

dinosaurs, rather than the reconstruct the behaviours actually employed. 

 

A further line of osteological evidence that has frequently been investigated by 

palaeontologists is the cross-sectional geometry of the mid-shaft of limb bones (e.g., 

Alexander 1983b, 1985, 1989a, 1991; Currey and Alexander, 1985; Heinrich et al., 

1993; Farlow et al., 1995; Fariña et al., 1997; Christiansen, 1997, 1998; Mazzetta et al., 

1998; Wilson and Carrano, 1999; Blob, 2001; Lovejoy et al., 2002; Kubo and Benton, 

2007; Farke and Alicea, 2009; Shaw and Ryan, 2012; Cubo et al., 2015). The manner in 

which cortical bone is distributed around a diaphyseal cross-section may theoretically 

relate to the magnitude and direction of bending and torsional stresses (Wainwright et 

al., 1976; Biewener, 1992a; Brassey et al., 2013), thus providing insight into whole-

bone loading mechanics, and by extension, locomotor behaviour. However, a growing 

body of experimental evidence indicates that there is no simple one-to-one correlation 

between cortical bone morphology and the nature of bone loading, such as bending 

direction (Biewener and Taylor, 1986; Bertram and Biewener, 1988; Thomason, 1995; 

Demes et al., 1998, 2001; Main and Biewener, 2004; Pearson and Lieberman, 2004; 

Lieberman et al., 2004; Demes, 2007; Butcher et al., 2008; Wallace et al., 2014). 
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Without a strong comparative framework derived from suitable modern species, which 

may not always exist for a particular extinct species, inferences drawn solely from 

observations of mid-shaft cortical bone morphology should therefore be viewed with 

skepticism. 

 

One aspect of osteology that has remained almost completely overlooked by  

palaeontologists is the nature of cancellous bone, the other main type of bone tissue 

found in limb bones. The second part of this chapter will review current understanding 

of cancellous bone biology and morphology (its architecture), insofar as these relate to 

its mechanical environment in the appendicular skeleton1. In doing so, it will highlight 

the great utility of cancellous bone architecture for understanding the biomechanics of 

locomotion in extinct tetrapod vertebrates. Additionally, it will expound the argument 

for a holistic approach toward investigating cancellous bone architecture, where 

consideration of microstructural characteristics across the whole bone has the potential 

to provide unparalleled insight into questions of posture, gait and loading mechanics. 

 

2.3.2 Cancellous bone basics 

 

Cancellous bone is a form of bone tissue found in the ends of long bones, vertebrae, 

throughout short bones (e.g., those of the wrist and ankle) and between the opposing 

cortices of many flat bones, such as those of the skull. It forms a key component of the 

skeleton; in humans, it comprises some 70% of the whole skeleton by volume (Huiskes, 

2000). It is distinguished from cortical bone primarily by its highly porous nature, 

giving it a ‘spongy’ appearance (Figure 2.1), although the two bone types also differ on 

a number of other, microstructural, details (Currey, 2002). The pore spaces of 

cancellous bone are usually filled with mechanically weak marrow, although in some 

bird bones this is replaced by gas. Consequently, cancellous bone is not as mechanically 

competent as cortical bone, having a distinctly lower stiffness (Young’s modulus) and  

 

                                                           
1 This chapter will not consider cancellous bone found in the dermal bones of the skull and other flat 
dermal bones; in the context of this thesis, it is restricted in scope to the endochondral bones of the 
appendicular skeleton. Furthermore, it will not consider medullary bone, the loosely packed bone that is 
periodically formed in birds (Dacke et al., 1993) and at least some dinosaurs (Schweitzer et al., 2005; Lee 
and Werning, 2008; Hübner, 2012), despite its superficial similarity to cancellous bone. Medullary bone 
is rapidly laid down to act as a calcium reservoir for the production of eggshells before they are laid, and 
consequently its tissue is not as mechanically competent as that of other, permanent bone tissues: its 
primary function is metabolic, rather than mechanical (Currey, 2002). 
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FIGURE 2.1. Cancellous bone occurrence and macrostructure, as illustrated here with 
the femur of a cow (Bos tauros), sectioned in the coronal plane. Cancellous bone occurs 
in the proximal and distal ends of the bone (as indicated by the braces), underlying the 
thin cortical bone capping the epiphyses and apophyses, as well as the metaphyses. A 
close up view of the cancellous bone (right) reveals the highly porous nature of the 
tissue, giving it a spongy appearance.  
 

 

strength (stress at yield), which may vary with the degree of porosity (Carter and 

Beaupré, 2001; Keaveny et al., 2001; Currey, 2002).  

 

At the macroscopic level, cancellous bone comprises an incredibly complex, three-

dimensional (3-D), lattice-like array of interlinking bony struts called trabeculae, from 

the Latin trabecula, meaning ‘small beam’2. The shape of individual trabeculae may be 

rod-like, plate-like or some variant in between (Singh, 1978). Despite the great variety 

of configurations of trabeculae throughout the vertebrate skeleton, the trabeculae 

themselves are remarkably consistent in their dimensions, about 30–500 µm across and 

typically on the order of 1–2 mm in length. The upper constraint to their transverse 

dimension is probably set by diffusion limits to cellular metabolism and signalling in, 

and regulation by, the osteocytes entrapped within the trabecular bone matrix 

                                                           
2 On a nomenclatorial note, in this thesis the term cancellous bone refers to the bone tissue as a whole 
(trabeculae and pore spaces), whereas the term trabecular bone is restricted to the bony material 
comprising the trabeculae themselves. 

10 cm
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(Mullender and Huiskes, 1995; Doube et al., 2011; Ryan and Shaw, 2013; Christen et 

al. 2015b). The lower constraint is likely set by the size of resorption lacunae created by 

osteoclasts during bone remodelling, about 30–50 µm (Currey, 2002; Barak et al. 

2013a); if the trabeculae were thinner than this, osteoclastic activity would cut them in 

two, rendering them functionally useless. 

 

The reason for why cancellous bone occurs where it does and in the manner it does in 

the vertebrate skeleton is almost purely mechanical in nature, except for during initial 

bone development. In the development of a long bone, bone tissue is formed through 

two processes: perichondral ossification, which forms the cortical bone, and 

endochondral ossification, which forms the cancellous bone (Carter and Beaupré, 2001; 

Salle et al., 2002). Being derived via endochondral ossification, then, cancellous bone 

necessarily develops on the insides of a cortical bone shell. Subsequent to its 

development and formation as the primary spongiosa, this is remodelled by osteoclasts 

and osteoblasts to form the secondary spongiosa of cancellous bone, under the strong 

influence of mechanical factors (Carter and Beaupré, 2001; Salle et al., 2002). In the 

case of long bones of the limbs, the permanence of cancellous bone at the ends 

(epiphyses and apophyses) is related to the complex, and sometimes unpredictable, 

loads engendered by joint interactions, as well as the large forces exerted by the pull of 

muscles (Carter and Beaupré, 2001; Currey, 2002). Here, cancellous bone receives the 

large joint and muscle forces and transmits them away from the end towards the stiffer, 

stronger and more voluminous cortical bone of the metaphysis and diaphysis (Hayes 

and Snyder, 1981; Sommerfeldt and Rubin, 2001; Currey, 2002; Barak et al., 2008; 

Nawathe et al. 2015). Whilst filling the entire end with cortical bone would achieve the 

same result, this would make the bone unnecessarily heavy, and thus be wasteful in 

terms of the material required to produce it, and the energy required to move it around 

and maintain it; cancellous bone is a mass-efficient solution to this problem (Martin et 

al., 1998; Huiskes, 2000; Currey, 2002). Furthermore, the greater compliance of 

cancellous bone proves advantageous when very high forces, and high rates of force 

application, are experienced. In such situations, as might occur during an impact load, 

cancellous bone can receive and redistribute the forces without leading to excessive 

stressing or deformation (i.e., damage) of the overlying articular cartilage (Currey, 

2002; Passi and Gefen, 2005). One additional benefit of its greater compliance is that, in 

the event of extreme (accidental) loading, cancellous bone will absorb considerable 
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amounts of energy by undergoing excessive plastic failure, thus helping to protect the 

bone as whole from potentially fatal catastrophic failure (Currey, 2002). 

 

One final function that cancellous bone performs is acting as a reservoir for calcium 

homeostasis, owing to the exceptionally high ratio of its surface area to volume (Swartz 

et al., 1998; Clarke, 2008). Its large surface area also leads to a rate of remodelling that 

is an order of magnitude greater than that of cortical bone; in humans, some 25% by 

volume is remodelled per year, compared to 2–3% for cortical bone (Parfitt, 1983; Lane 

et al., 1996; Huiskes et al., 2000; Clarke, 2008). This rapid remodelling of cancellous 

bone allows it to quickly adapt to changes in its mechanical environment. 

 

2.3.3 Empirical insights – experimental evidence 

 

In vivo experimental investigations of cancellous bone over the past three to four 

decades have contributed greatly to understanding how cancellous bone architecture is 

related to its mechanical environment. These studies have demonstrated that cancellous 

bone is highly sensitive to its mechanical environment. Moreover, when this 

environment changes, cancellous bone is able to adapt its architecture in and accurate 

and predictable fashion, especially in regards to the orientation of trabeculae (i.e., the 

fabric of the architecture). The approaches used by these studies may be broadly 

classified into two categories: those that investigate adaptation through invasive 

experiments, and those that investigate adaptation via imposing non-invasive changes to 

the locomotor behaviour of the subject. 

 

In the first category, several studies have surgically implanted load cells into the femora 

of dogs (Goldstein et al., 1991; Guldberg et al., 1997) or rabbits (van der Meulen et al., 

2006, 2009). Post-surgical activation of the load cells on a regular basis applied 

compressive loads to the local area of the bone. In the region surrounding the load cells, 

cancellous bone exhibited an increase in bone volume fraction (BVF, a measure of 

porosity), as well as a marked alteration in fabric: trabeculae become reoriented toward 

the direction of compressive stress applied by the load cells (Figure 2.2A–C). Moreover, 

the degree to which trabeculae were oriented also increased, increasing the anisotropy 

of the cancellous fabric, reflecting the change in anisotropy in the local stress field 

(Goldstein et al, 1991; van der Meulen et al., 2006). Additional to these studies is that of  
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FIGURE 2.2. Cancellous bone remodelling in response to experimentally induced 
alterations in mechanical loading. A–C, the study of Goldstein et al. (1991). In the distal 
femur of normal dogs (A), the principal directions of cancellous bone fabric (arrows) 
vary throughout the bone. After 38 weeks following surgical implantation of load cells 
(B, arrows indicate direction of principal compressive stress), the principal directions of 
the cancellous fabric were greatly altered, and were reoriented to align with the 
compressive stress applied by the load cells (C). D–F, the study of Pontzer et al. (2006). 
Subjecting guineafowl to running on inclined treadmills caused them to locomote with a 
more flexed knee posture compared to waling on the level (the angle θ is reduced). The 
postural change resulted in an altered relative orientation of the joint force that the distal 
femur experienced (E, F, red arrow), which after 45 days was found to produce a 
changed orientation of peak trabecular density (dotted arrow). 
 

 

Biewener et al. (1996), who examined the effect of Achilles tendon tenotomy on the 

cancellous bone architecture of the potoroo calcaneum. Compared to their contralateral 

controls, tenotomized (and therefore practically unloaded) calcanei had a significantly 

altered BVF, trabecular thickness, number and spacing, yet the preferred trabecular 

alignment did not change orientation. This negative result suggests that altered 

load cellsA B C

D

E F

normal (control) femur experimentally applied loads after 38 weeks

level treadmill subjects inclined treadmill subjects 
(after 45 days)

θ
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architectural patterns, insofar as fabric is concerned, are caused by changes in load 

direction, not by changes in load magnitude (Carter and Beaupré, 2001). 

 

As noted by Bertram and Swartz (1991), however, caution may be warranted when 

assessing the significance of the above studies’ results. In particular, the unnatural 

systems created by invasive manipulation may inadvertently affect the subject’s 

physiology in ways that could influence, and potentially confound, the response of 

cancellous bone. That is, the reorganization of cancellous bone architecture may 

progress via processes that are different to those occurring in normal, healthy bones. 

This problem can be partly, if not wholly, discounted at least for the study of Goldstein 

et al. (1991). In that study, it was found that cancellous bone reorganization was far 

more pronounced around load cells that applied loads at high strain rates compared to 

those that applied loads at low strain rates. If the response in cancellous architecture 

observed was purely pathological, then no difference between high and low strain rate 

environments would have been expected.  

 

In the second category of experimental approaches, cancellous bone adaptation has been 

investigated in individuals whose locomotor behaviour was modified, via non-invasive 

means. This typically produced distinct changes in the animals’ locomotor kinematics 

and kinetics, which in turn resulted in changes in cancellous bone architecture. The first 

such study involved housing and walking sheep on different substrates of contrasting 

compliance, soft grass and woodchip versus hard concrete and tarmac, for an extended 

period of time (Radin et al., 1982). The cancellous bone architecture of the ‘soft-

walked’ sheep was found to be identical to that of control animals, whereas that of the 

‘hard-walked’ sheep was both more anisotropic and differently oriented, being more 

strongly aligned with the tibiofemoral articulation. More recently, Richmond et al. 

(2005) and Volpato et al. (2008) examined the cancellous bone architecture in the ilium 

and proximal femur of bipedally-trained Japanese macaques. Compared to quadrupedal 

wild individuals, the architecture in the bipedal macaques was quite distinct. One tract 

of trabeculae that is well-developed in the proximal femur of wild macaques (the 

arcuate, ‘primary tensile system’) was hardly present in the bipedal individuals. 

Furthermore, in both the distal femur and ilium, the cancellous architecture in bipedal 

macaques was distinctly more anisotropic compared to their wild counterparts. These 

stark differences reflect not only the different loads imposed by different locomotor 
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behaviours, but also the more stereotypical nature of loads in the bipedal animals 

(Richmond et al., 2005; Volpato et al., 2008). 

 

A few studies have examined the response of cancellous bone architecture to controlled 

changes in limb kinematics, by subjecting various species to locomoting on inclined 

treadmills (Pontzer et al., 2006; Polk et al., 2008; Barak et al., 2011). In each 

experiment, the angle of flexion of a particular focal joint at peak limb loading, 

estimated by the occurrence of peak normal ground reaction force, was altered by a 

consistent amount between those individuals locomoting on inclined treadmills versus 

those on level treadmills. Remarkably, each study found that changes in cancellous bone 

architecture tracked these changes in joint kinematics with great precision, even after 

only a short duration of altered loading conditions (34 days by Barak et al., 2011; 45 

days by Pontzer et al., 2006 and Polk et al., 2008). Pontzer et al. (2006) found that in 

guineafowl, running on 20° inclined treadmills caused knee flexion to increase by 13.7°; 

the change in orientation of peak trabecular density in the medial femoral condyle, 

reflecting the orientation of the thickest, densest or most numerous trabeculae, was 

13.6° (Figure 2.2D–F). In sheep, walking on inclined treadmills (15% grade) caused 

knee flexion to increase by 13.5°, with a consequent posterior shift in the region of 

maximal density of subchondral bone by 10–16° in the medial femoral condyle (Polk et 

al., 2008). Further, walking on inclined treadmills (7° inclination) caused the ankles of 

sheep to flex by 3.6° more; the principal orientation of trabeculae in the distal tibia 

consequently altered by 2.7–4.3° (Barak et al., 2011). 

 

Further insight has also been derived from studying the consequences of pathology-

induced gait change on cancellous bone architecture. For example, humans suffering 

from osteoarthritis of the knee can move with a varus limb malalignment, where the 

crus is oriented more medially relative to the thigh, altering the loading directions on the 

proximal tibia, particularly on the medial condyle. Kamibayashi et al. (1995) and 

Podsiadlo et al (2008) found that this resulted in an altered cancellous bone fabric 

compared to normal individuals, with increased proximodistal alignment of trabeculae. 

Similarly, increased degeneration of articular cartilage on the proximal talus of humans 

leads to altered loading conditions, which in turn results in altered cancellous bone 

architecture with different fabric orientation (Schiff et al., 2007). 
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2.3.4 Empirical insights – evidence from the field 

 

Knowledge of how cancellous bone architecture relates to its mechanical environment 

has also been gained through investigation of groups of related species that exhibit 

disparate habitual locomotor behaviours and lifestyles. Such comparative studies have 

focused almost exclusively on primates, for two reasons. Firstly, primates display a 

large variety of locomotor behaviours, and hence are suitable for this line of enquiry. 

Secondly, interest in primate locomotor behaviour and bone architecture has been 

driven by the strong anthropologic interests in better understanding primate and human 

evolution. 

 

Over the past two decades, a number of important findings have resulted from this 

comparative approach. Firstly, the degree of anisotropy (DA) of cancellous bone fabric 

strongly relates to the degree to which locomotor behaviour is stereotyped. That is, for a 

given part of a particular bone, species that engage in highly stereotypical locomotor 

behaviours, such as leaping, have a more anisotropic cancellous bone fabric than species 

that engage in more generalized or variable locomotor behaviours, such as quadrupedal 

climbing (Rafferty, 1998; Fajardo and Müller, 2001; Ryan and Ketcham, 2002b; 

MacLatchy and Müller, 2002; Maga et al., 2006; Scherf, 2008; Griffin et al., 2010; 

Hébert et al., 2012; Su et al., 2013; Tsegai et al., 2013). This is presumably because 

more stereotyped behaviours engender more predictable (i.e., less varied) loading 

conditions on the bones involved (Fajardo and Müller, 2001; Ryan and Ketcham, 

2002b; MacLatchy and Müller, 2002; Maga et al., 2006; Griffin et al., 2010; Hébert et 

al., 2012; Su et al., 2013), although this remains to be tested experimentally. The 

primary direction of cancellous bone fabric, as well as intraspecific variability in this 

direction, is also often distinctive between species of different locomotor behaviours 

(Ryan and Ketcham, 2005; Barak et al., 2013b; Matarazzo, 2015). For example, in the 

proximal femora of leaping primates, the primary fabric directions are relatively tightly 

clustered together, whereas in non-leaping species they are more variable, oriented 

across a wider range of directions (Ryan and Ketcham, 2005; Figure 2.3). Moreover, Su 

et al. (2013) found that in the hominid talus, different locomotor behaviours are also 

associated with differences in the regional pattern of fabric anisotropy and fabric 

direction throughout the bone. 
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FIGURE 2.3. Differences in cancellous bone architectures associated with different 
locomotor behaviours in primates. The primary fabric directions of cancellous bone 
(arrows) in species that engage in more stereotypical locomotor behaviours (A), such as 
bipedal leaping, tend to be different from that in species that engage in other, more 
generalized behaviour (B), such as quadrupedal walking or climbing. Furthermore, the 
range of intraspecific variability in the primary fabric directions (grey sector) tends to 
be greater in those species that engage in less stereotypical behaviours, where the loads 
engendered by locomotion are more varied. 
 

 

Different locomotor behaviours can also often be distinguished on the basis of features 

other than cancellous bone fabric direction or anisotropy. Distinctions have been 

identified in BVF (Maga et al., 2006; Tsegai et al., 2013; Chirchir et al., 2016), the 

relative abundance of rod-like and plate-like trabeculae (Scherf et al., 2005) and the 

spatial variation in BVF or trabecular thickness throughout a given bone (Rafferty, 

1998; Hébert et al., 2012; Tsegai et al, 2013). These distinctions are also presumed to 

directly reflect differences in locomotor behaviour. For example, Hébert et al. (2012) 

found that in climbing species, BVF and mean trabecular thickness was higher in the 

medial side of the talus compared to the lateral side. This was suggested to reflect 

greater forces acting on the medial side of the foot during habitually sustained foot 

inversion, which is required for climbing or walking along branches. 

 

Several studies have demonstrated that differences in locomotor behaviour can also be 

identified by considering several architectural parameters together, via discriminant 

function analysis (Ryan and Shaw, 2012; Hébert et al., 2012; Matarazzo, 2015) or 

principal component analysis (Hébert et al., 2012; Scherf et al., 2013). These studies 

have also shown that rather than forming discrete categories of architectural features, 

A B
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the different ‘categories’ of locomotor behaviour form more of a continuum. As such, 

species with more disparate locomotor patterns (such as habitual bipeds versus habitual 

brachiators) present cancellous bone architectures that are more different from one 

another compared to species with more similar locomotor patterns (such as arboreal 

quadrupeds versus terrestrial quadrupeds; Ryan and Shaw, 2012).  

 

Two studies’ results in particular deserve special attention for their bearing on how 

 cancellous bone architecture relates to its mechanical environment (Ryan and Ketcham, 

2005; Barak et al., 2013b). In addition to finding that the primary fabric directions of 

cancellous bone in the proximal femur are more tightly clustered together in leaping 

versus non-leaping primates, Ryan and Ketcham (2005) also found that this tightly 

clustered, highly anisotropic pattern was present in three separate groups of primates, 

each having independently evolved leaping behaviour (galagos, tarsiers and indriids). 

Thus, multiple convergences in cancellous bone architecture toward the same pattern 

have occurred, in parallel with convergence towards the same locomotor behaviour. The 

second important finding is that of Barak et al. (2013b), who demonstrated a close 

association between ankle flexion angle in chimpanzees (which walk ‘bent-legged’) and 

humans (which walk ‘extended-legged’), and the primary direction of cancellous bone 

fabric in the distal tibia. In chimpanzees, the ankle is flexed 10.3° less than in humans at 

peak loading, and the fabric orientation of cancellous bone in the sagittal plane is 7.7° 

more oblique than in humans. Collectively, these two studies re-iterate that cancellous 

bone architecture strongly reflects its mechanical environment. They also demonstrate 

that the high sensitivity of cancellous bone to differences in loading environment 

applies across species, just as well as it does in controlled experimental studies of a 

single species. 

 

Despite the very strong evidence provided by many empirical studies, several other 

studies have produced results that, at first appearance, question whether cancellous bone 

is equally sensitive and responsive to its loading environment in all species and in all 

situations, or whether cancellous bone architecture reflects locomotor behaviour equally 

well in all bones in all species. Close scrutiny of the methodologies employed by each 

study, however, reveals that in each case the findings may be interpreted in a different 

light. For the sake of fluency and clarity, a detailed discussion of these studies is 

presented in Appendix A.  
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2.3.5 Theoretical insights on cancellous bone mechanobiology 

 

The above empirical studies have provided a strong body of evidence that cancellous 

bone is highly adapted to its mechanical environment, that it responds to changes in its 

mechanical environment with high sensitivity, and that this holds true both within and 

across species. In particular, the orientation of cancellous bone fabric appears to be 

particularly telling of differences in mechanical loading and locomotor behaviour. 

 

That the directionality of cancellous bone fabric shows strong correspondence to 

mechanical loading was first suggested more than 150 years ago (von Meyer, 1867; see 

also Skedros and Baucom, 2007). This became widely publicised by Wolff (1892) as 

the trajectorial theory, which was proposed as an overarching paradigm that related 

cancellous bone architecture to its mechanical environment. In the form enounced by 

Wolff, the theory states that there is a perfect one-to-one correspondence between the 

trabeculae of the cancellous bone architecture and the trajectories of principal stresses3 

in a linearly elastic, homogenous, isotropic object in the shape of the whole bone, if the 

elastic model is statically loaded in the same way as the bone in life (Murray, 1936; 

Cowin, 2001). In other words, the trabeculae of cancellous bone are physical 

embodiments of the principal stress trajectories, that is, they are aligned with each other 

(Figure 2.4). Wolff (1892) also proposed that changes in the loading regime that a bone 

experienced would result in changes in the cancellous architecture to reorient the 

trabeculae with the new principal stress trajectories4. 

 

Almost as soon as Wolff proposed his ‘theory’ it was recognized to be invalid for many 

reasons (Murray, 1936; Cowin, 2001). For example, it is nonsensical to compare the 

principal stress trajectories in cancellous bone with those occurring within a 

homogenous body, for cancellous bone is not homogenous. The trajectories of principal 

stress in cancellous bone will only be present within the bony part of the tissue (i.e., the 

trabeculae), and here they often do not follow the geometry of the trabecular struts even  

                                                           
3 When a volume of material is under stress due to applied load, there will be three orthogonal directions 
in which the shear component is zero; that is, only normal stresses (compressive or tensile) occur in these 
directions. The normal stresses in these directions are termed the principal stresses, and tangent lines to 
these directions form a network of principal stress trajectories. These trajectories essentially show how 
compressive and tensile forces are distributed throughout a body under loading. 
4 This is what ‘Wolff’s Law’ meant to Wolff, although in modern times the concept of Wolff’s Law has 
come to mean the functional adaptation of bone (cortical or cancellous) to its mechanical environment, or 
changes therein (Roesler, 1981).  



 

29 
 

 

 

 

 

 

 

 

 

FIGURE 2.4. Trabeculae tend to align themselves with the orientation of principal 
stresses resulting from in vivo loading. A, coronal micro-computed tomographic section 
through a human proximal femur, illustrating the architecture of cancellous bone. Image 
provided courtesy of SCANCO Medical AG. B, a typical loading regime experienced 
by the femur during locomotion, here the single-legged stance phase of walking (after 
Rudman et al., 2006). This consists of the joint reaction force applied by the acetabulum 
(JRF), the force of the adductor muscles pulling on the trochanter (add) and the small 
forces applied by the capsular ligaments (c). C, principal stress trajectories resulting 
from the loading regime in B, as calculated by a two-dimensional finite element analysis 
(after Rudman et al., 2006). Note the striking correspondence of the main tracts of 
trabeculae in A and the principal stress trajectories in C. 
 

 

closely (Huiskes, 2000; Cowin, 2001). Furthermore, there can be no one-to-one 

correspondence between trabeculae and principal stress trajectories, because in a given 

volume there are an infinite number of trajectories, yet there are only a finite number of 

trabeculae. A further objection, which will be returned to below, is that principal stress  

trajectories by definition are mutually orthogonal, yet the trabeculae of cancellous bone 

often do not intersect at right angles (Murray, 1936; Skedros and Baucom, 2007). 

 

Despite these problems with the trajectorial theory, a relationship of some form does 

obviously exist between the fabric of cancellous bone and the patterns of principal stress 

trajectories generated from physiological loading, because the same striking similarities 

between architecture and trajectories are observed over and over in many various 

situations. Experimental evidence has shown that trabeculae in the calcaneum of sheep 

(Lanyon, 1974), potoroos (Biewener et al., 1996) and mule deer (Su et al., 1999) are 

strongly aligned with the directions of principal strain measured in vivo on the lateral 

cortical surface. Moreover, many theoretical, usually finite element-based, studies have 

likewise demonstrated remarkable closeness between the orientation of trabeculae and 

principal stress trajectories in the human proximal femur (Koch, 1917; Pauwels, 1980; 
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Carter et al., 1989; Vander Sloten and Van der Perre, 1989; Beaupré et al., 1990; Jacobs 

et al., 1997; Miller et al., 2002; Rudman et al., 2006; Sverdlova, 2011), human 

calcaneum (Giddings et al., 2000; Gefen and Seliktar, 2004), human patella (Hayes and 

Snyder, 1981), human ulna (Jacobs, 2000), horse ischium (Currey, 2002), horse thoracic 

vertebra (Currey, 2002) and horse calcaneum (Vander Sloten and Van der Perre, 1989), 

under physiological loading regimes.  

 

As a means to explaining this striking phenomenon, Cowin (1989) suggested that the 

key lies in the spatial scale at which cancellous bone can be considered as a continuous 

material, that is, the scale at which the mechanical behaviour of a volume of cancellous 

bone structure can be replaced by a set of material properties that are averaged across 

the same volume. Only at this scale, or larger, can the averaged architecture and 

mechanical properties of cancellous bone be legitimately compared with the averaged 

network of principal stress trajectories (Oxnard and Yang, 1981; Cowin et al., 1992; 

Martin et al., 1998; Tsubota et al., 2002, 2009). The spatial scale at which the 

continuum concept can be invoked for cancellous bone has been suggested to be at least 

three to five times trabecular spacing (Harrigan et al., 1988; Cowin et al., 1992; Cowin, 

2001). Under this ‘resolution length restriction’ (Cowin, 2001), then, the trajectorial 

theory can be reformulated thus: at remodelling equilibrium (Cowin, 1986), the 

principal material directions5 of a given volume of cancellous bone are aligned with 

principal stress trajectories, but only at spatial scales at which the cancellous bone can 

be treated as a continuous material. 

 

Whilst the trajectorial theory aptly describes the phenomenological association between 

cancellous bone architecture and its mechanical environment, it does not actually link 

the two together via a mechanistic explanation. Moreover, the adaptation of cancellous 

bone to its mechanical environment cannot take place at the continuum level, because 

remodelling of trabecular bone occurs at the level of individual osteocytes; trabeculae 

cannot ‘sense’ and respond to principal stresses at the continuum level (Huiskes, 2000). 

                                                           
5 In an anisotropic continuous material, there exist a number of directions in which a given mechanical 
property (e.g., stiffness) is at its greatest or is lowest magnitude; these are its principal material directions. 
In an orthotropic material such as bone (Cowin, 1986; Pidaparti and Turner, 1997; Keaveny et al., 2001), 
there are two such directions (one maximum, one minimum), which are orthogonal; there is also a third 
principal direction which is mutually orthogonal to the first two and is a minimax (intermediate). 
Perfectly isotropic materials have no principal directions, for each mechanical property is the same in 
every direction. 
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The first step towards bridging the gap between cellular remodelling activities and 

cancellous bone adaptation at the continuum level was provided by Fyhrie and Carter 

(1986). Based on the assumption that strain energy density (SED) is a stimulus for 

trabecular remodelling, they demonstrated that in a given volume of cancellous bone, 

SED will be minimized when the architecture is anisotropic such that (i) the direction of 

maximum stiffness is parallel to that of the maximum principal stress, (ii) the direction 

of minimum stiffness is parallel to that of the minimum principal stress, and (iii) the 

direction of the intermediate stiffness is parallel to that of the intermediate principal 

stress. That is, a minimum SED in a given volume of cancellous bone is achieved when 

the textural anisotropy of cancellous bone exactly cancels out the continuum level 

principal stresses (Turner, 1992).  

 

The work of Fyhrie and Carter (1986) therefore suggested a possible reason for the why 

the trajectorial theory appears to hold, namely, bone remodelling based on a SED 

stimulus. Additionally, it also implied that the fabric of cancellous architecture plays a 

significant role in determining the strength of cancellous bone. This has subsequently 

been borne out in numerous studies, which have demonstrated that BVF and fabric 

anisotropy are by far the two most important parameters in determining the mechanical 

behaviour of cancellous bone specimens, explaining up to 97% of the variance in 

mechanical properties (Turner et al., 1990; Turner, 1992; Goldstein et al., 1993; Cowin, 

1997; Odgaard et al., 1997; Kabel et al., 1999; Ulrich et al., 1999; Mittra et al., 2005; 

Maquer et al., 2015). It has also been found that the principal material directions in 

cancellous bone are very closely aligned with the principal fabric directions of its 

architecture (Figure 2.5); that is, the principal axes of the mechanical compliance matrix 

and fabric tensors are closely aligned (Turner et al., 1990; Odgaard et al., 1997)6. 

Moreover, the DA of the fabric relates closely with the DA of the mechanical 

properties: the relative magnitudes of eigenvalues of the fabric tensor closely match that 

of their respective compliance matrix eigenvalues (Odgaard et al., 1997)7. 

                                                           
6 The compliance matrix C of a volume of material is a square matrix of order six (generalized Hooke’s 
Law for anisotropic materials) that describes its mechanical properties in terms of values of Young’s 
modulus, shear modulus and Poisson’s ratio. The fabric tensor H is a positive definite second-rank tensor 
that quantitatively describes the 3-D microstructural arrangement of trabeculae in a volume of cancellous 
bone (Cowin, 1986). The principal axes of C and H are given by their eigenvectors (see next footnote).  
7 For a given matrix A, there are one or more vectors v which maintain their original direction when 
multiplied by the matrix, although they are dilated by some scaling factor: Av = λv. These vectors v are 
the matrix’s eigenvectors, and the scaling factors λ are the matrix’s eigenvalues. The relative magnitudes 
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FIGURE 2.5. Cancellous bone fabric as represented by its principal architectural 
directions. A, a cube of cancellous bone of side length 5.33 mm, from the proximal 
femur of a freshwater crocodile (Crocodylus johnstoni), with the principal directions of 
the bone’s architecture superimposed. As an orthotropic material, cancellous bone fabric 
is completely described by three principal directions. B, the fabric ellipsoid 
representation for this cube of cancellous bone is derived from the vectors that describe 
the principal architectural directions. The ellipsoid’s major, semimajor and minor axes 
are given by the primary (u1), secondary (u2) and tertiary (u3) directions of the 
cancellous bone architecture, which correspond to the eigenvectors of the fabric tensor. 
The relative lengths of each axis depend on the relative magnitudes of the principal 
directions, which correspond to the eigenvalues of the fabric tensor. The degree of 
anisotropy (DA) describes the extent to which the trabeculae are aligned within a 
sample, and is given as the relative magnitude of the primary and tertiary eigenvalues 
(i.e., DA = e1/e3); in this instance DA = 1.44. The cancellous bone geometry was 
derived via micro-computed tomographic scanning (Siemens Inveon, 80 kV, 500 µA, 
900 ms exposure, 53.3 µm isotropic esolution) and 3-D visualization (Mimics 17.0, 
Materialise NV, Belgium). The material directions were calculated using the mean 
intercept length method as implemented in the software Quant3D (see Ketcham and 
Ryan, 2004). 
 

 

In the past three decades the hypothesis of Fyhrie and Carter (1986) has been expanded 

upon in detail, with considerable research addressing the actual biological processes that 

drive the adaptation of cancellous bone to its mechanical environment. A vast amount of 

effort has been directed toward this topic, driven by both the impetus to better 

 

                                                                                                                                                                                     

of the eigenvalues describe the relative extent to which the matrix A is oriented in each direction given by 
the eigenvectors. 
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understand osteoporosis and joint arthoplasty in humans, as well as the development of 

more sophisticated computational approaches. Computational modelling in particular 

has contributed substantially to a better understanding of cancellous bone 

mechanobiology at the cellular level. Common to each modelling study is the notion of 

the ‘mechanostat’ of bone (Frost, 1987, 2003; Lambers et al., 2013; Schulte et al., 2013; 

Christen et al., 2014; Cresswell et al., 2016): bone remodels through the addition of 

bone tissue by osteoblasts to areas experiencing high strain (i.e., overloaded areas) and 

the removal of bone tissue by osteoclasts from areas experiencing low strain (i.e., 

underloaded areas) (Figure 2.6A–D). By this process, at remodelling equilibrium all 

parts of the cancellous structure bear the same amount of strain, or more correctly, their 

SED is the same. In such a ‘fully stressed’ structure, all parts are equally utilized in 

supporting the external loads; cancellous bone is thus a maximal strength for minimal 

mass structure (Jang and Kim, 2008, 2010a,b; Phillips, 2012).  

 

From the foregoing, it would seem that SED is a key stimulus that drives cancellous 

bone adaptation. This indeed appears to be the case. Numerous continuum-level finite 

element computational studies have used uniform SED, or a related measure, such as 

strain or stress, as a remodelling objective, which results in the accurate prediction of 

bulk density distributions and fabric direction and anisotropy (Carter et al., 1989; 

Beaupré et al., 1990; Jacobs et al., 1997; Turner et al., 1997; Carter and Beaupré, 2001; 

Coelho et al., 2009; Kowalczyk, 2010). Additionally, a plethora of high-resolution 

computational studies have investigated cancellous bone remodelling at the cellular 

level, by simulating the cellular processes of bone resorption and formation. Beginning 

with an isotropic structure and using a uniform SED (or a related measure) as a 

remodelling objective, the models spontaneously ‘self-trabeculate’ (Martin et al., 1998) 

to produce a cancellous structure with trabeculae of realistic proportions, and in those 

models simulating whole bones, life-like whole-bone architectures (Mullender and 

Huiskes, 1995; Smith et al., 1997; Adachi et al., 2001; Huiskes et al., 2000; Ruimerman 

et al., 2005; Tsubota et al., 2002, 2009; Jang and Kim, 2008, 2010a,b; Boyle and Kim, 

2011; Phillips, 2012; Wang et al., 2012; Phillips et al., 2015; Figure 2.6E,F). Moreover, 

these trabeculae, or more correctly, the fabric directions, are aligned with the 

continuum-level principal stress trajectories, and when the loading regime changes, the 

model re-adapts to produce a new cancellous architecture, where the trabeculae are 

aligned with the new continuum-level principal stress trajectories (Mullender and  
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FIGURE 2.6. Cancellous bone remodelling at the cellular level can bring about changes 
in the entire architecture at the whole-bone level. A–D, schematic illustration of the 
mechanostat of cancellous bone. Given an initial architecture in A, a change in the 
loading regime will lead to some parts becoming overloaded (high stress, dotted) and 
others becoming underloaded (low stress, horizontal hatching) in B. Remodelling by 
osteoblasts and osteoclasts (C) acts to deposit bone material in those overloaded areas 
(dark grey) and remove bone material from those underloaded areas (light grey); arrows 
show direction in which local bone surface moves. This continues ad infinitum until all 
bone tissue is neither too highly strained nor too little strained. E,F illustrates the 
application of the mechanostat principal on the level of the whole bone, via 
computational modelling (adapted from Jang and Kim, 2008, 2010a). In this example of 
the human proximal femur, with loads simulating both the joint reaction force and 
forces from the abductor muscles, the initially isotropic architecture (E) undergoes 
remodelling until equilibrium is reached. The resulting equilibrium architecture (F) is 
extremely similar to that observed in the real specimen (cf. Figure 2.4A). 
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Huiskes, 1995; Huiskes et al., 2000; Adachi et al., 2001; Ruimerman et al., 2005; Wang 

et al., 2012).  

 

In replicating the fundamental characteristics of cancellous bone adaptation to 

mechanical loading, the above computational studies have provided a mechanistic and 

deterministic explanation for the striking coincidence between continuum-level 

principal stresses and fabric orientation (the trajectorial theory). In particular, in a 

volume of cancellous bone that is not adapted to its current mechanical environment, 

local differences in strain magnitude, and thus SED, will exist, creating strain gradients 

in space. These gradients produce flow in the extracellular fluid of the marrow, 

stimulating osteocytes and bone lining cells to initiate the remodelling process 

(Harrigan and Hamilton, 1993; Weinbaum et al., 1994; Turner et al., 1997; Wang et al., 

1999; Adachi et al. 2010; Webster et al. 2015)8. The stimulus for remodelling therefore 

continues as long as a strain gradient exists; the end result being the attainment of a 

uniform SED, and a cancellous bone structure that is optimized for strength with respect 

to mass. Hence, the trajectorial theory, which is a global pattern observable on the scale 

of whole bones, is the result of the local actions of cells. 

 

A rigid application of the trajectorial theory to cancellous bone would predict that 

trabeculae are oriented at right angles to each other. However, this is often not the case; 

in fact, orthogonal intersections seem to be the exception, rather than the rule (Murray, 

1936). The reason for this apparent paradox is that up until this point it has been 

assumed that cancellous bone is adapted to a single, invariant loading regime. In reality, 

most bones experience multiple, often diverse loading regimes. It is this adaptation to 

multiple different loading regimes, in which the principal stress trajectories of each are 

different, that produces the observed nonorthogonality in the majority of cancellous 

bone architectures (Heřt, 1994; Pidaparti and Turner, 1997; Skedros and Baucom, 

2007). Thus, only in bones that experience a single loading regime would an orthogonal 

‘trajectorial structure’ be expected in cancellous bone. One such example is the 

calcaneum of digitigrade mammals, such as sheep (Lanyon, 1974), mule deer (Skedros 

et al., 2004, 2007; Skedros and Baucom, 2007), horses (Vander Sloten and Van der 

Perre, 1989), macropod marsupials (Biewener et al., 1996) and cattle (Figure 2.7).  

                                                           
8 Note that microdamage accumulation in trabecular bone may also play a part as a remodelling stimulus 
(Martin et al., 1998; Currey, 2002). 
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FIGURE 2.7. Orthogonal arrangements of trabeculae usually reflect a highly consistent 
loading regime experienced by a bone. A, sagittal section through the calcaneum of a 
cow, with the pull of the Achilles tendon on the distal end indicated by the arrow. B, a 
force applied to the free end of a cantilever beam is comparable to the loading regime 
experienced by the cow calcaneum during locomotion. The bending of the cantilever 
beam produces principal stress trajectories that are very similar to the overall 
arrangement of trabeculae in the calcaneum (solid lines are trajectories of compressive 
stress; dashed lines are trajectories of tensile stress). Since the calcaneum is only loaded 
in this fashion, the two systems of trabeculae (one curving from up, one curving down) 
tend to intersect at right angles.  
 

 

These bones are loaded in an extremely consistent manner, by the pull on the distal end 

from the Achilles tendon and superficial digital flexor tendons. In addition to 

maximizing mass efficiency in the context of multiple varying loads, nonorthogonal 

trabeculae also serve to help to reduce potentially dangerous shear stresses that can 

result from the ‘shear coupling effect’ (Pidaparti and Turner, 1997; Skedros and 

Baucom, 2007). 
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In the context of the above considerations, a uniform SED distribution within a volume 

of cancellous bone is not usually achieved in any single given loading regime (van 

Rietbergen et al., 1999, 2003; Jang and Kim, 2008). Rather, it is the time-averaged  

distribution of SED, resulting from multiple daily loading regimes that a bone 

experiences, which is uniform and which therefore drives cancellous bone remodelling. 

This fact has been demonstrated on numerous occasions by computational simulations 

of the bone remodelling process. Specifically, no one loading regime will lead to 

replication of all the observed architectural features in a bone; only when multiple 

loading regimes are considered can all of a bone’s cancellous architecture be explained 

(Carter et al., 1989; Beaupré et al., 1990; Jacobs et al., 1997; Turner et al., 1997; Carter 

and Beaupré, 2001; Tsubota et al., 2002, 2009; Jang and Kim, 2008, 2010a,b; Coelho et 

al., 2009; Boyle and Kim, 2011; Sverdlova, 2011; Phillips et al., 2015). Furthermore, in 

those studies where fabric architecture was estimated, in each one the orientations of 

principal material directions were nonorthogonal, thus reflecting reality (Carter et al., 

1989; Beaupré et al., 1990; Jacobs et al., 1997; Carter and Beaupré, 2001; Tsubota et al., 

2002, 2009; Jang and Kim, 2008, 2010a,b; Kowalczyk, 2010; Boyle and Kim, 2011; 

Phillips et al., 2015; Geraldes et al., 2016). 

 

2.3.6 Non-mechanical influences on cancellous bone architecture 

 

Up until this point, this chapter has dealt exclusively with how the architecture of 

cancellous bone reflects its mechanical environment. Although mechanical influences 

are evidently very strong, other influences may also exist. Two pertinent factors in 

particular are discussed here: ontogeny and genetics. Epigenetic influences on 

cancellous bone mechanobiology may also exist, but exactly what these could be 

remains unknown.  

 

Many studies have demonstrated that the cancellous architecture in a particular region 

of a bone changes considerably throughout the ontogeny of an individual (Townsley, 

1948; Nafei et al., 2000a,b; Tanck et al., 2001; Wolschrijn and Weijs, 2005; Ryan and 

Krovitz, 2006; Volpato, 2008; Gosman and Ketcham, 2009; Abel and Macho, 2011; 

Gosman et al., 2011; Raichlen et al., 2015). Such changes are obviously necessitated by 

increases in absolute bone size, and it therefore comes as little surprise that the most 

rapid changes occur early in ontogeny, during the growth of an individual (Tanck et al., 
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2001; Ryan and Krovitz, 2006; Gosman and Ketcham, 2009; Gosman et al., 2011; 

Raichlen et al., 2015). Moreover, the timing of these ontogenetic changes in cancellous 

bone architecture often reflect the timing of ontogenetic changes in locomotor 

behaviour, especially the initial commencement of sustained locomotor-induced loading 

(Townsley, 1948; Tanck et al., 2001; Wolschrijn and Weijs, 2005; Ryan and Krovitz, 

2006; Volpato, 2008; Gosman and Ketcham, 2009; Gosman et al., 2011; Raichlen et al., 

2015). Therefore, mechanical factors can influence cancellous bone remodelling not 

only in the adult, but across the entire lifespan of an individual. 

 

Given that the adaptation of cancellous bone to its mechanical environment occurs 

throughout the life of an individual, an interesting proposition arises if the rate at which 

bone remodels decreases through ontogeny (Christiansen et al., 2000; Keaveny and 

Yeh, 2002; Lieberman et al., 2003; Pearson and Lieberman, 2004). That is, the adaptive 

response of cancellous bone in the adult may not be as proficient as in earlier stages of 

life. If this is true, then the architecture observed in the adult may reflect, to some 

degree, the habitual loading experienced during ontogeny, and not just the current 

habitual loading environment (Pontzer et al., 2006; Pettersson et al., 2010). This 

phenomenon of ontogenetic inertia has not been investigated in any great detail, but a 

general consideration may nevertheless be made. The potential for ontogenetic inertia in 

cancellous bone architecture will depend on at least four variables, namely (i) the 

absolute rate at which cancellous bone remodels, (ii) the lifespan of the individual, (iii) 

the absolute increase in bone size through ontogeny, and (iv) the degree to which 

locomotor-induced loading changes through ontogeny.  

 

Ontogenetic inertia will be minimal in species that have a high rate of bone remodelling 

compared to the length of their lifespan. For example, adult humans remodel about 25% 

by volume of their cancellous bone per year (Parfitt, 1983; Huiskes et al., 2000). Given 

the lengthy lifespan of humans, this implies that cancellous bone will be turned over 

many times during the life of an individual, erasing the ‘signals’ of locomotor-induced 

loading from earlier stages in life9. Further, great increase in the absolute size of limb 

bones through ontogeny, as seen in humans, will also result in the complete turning over 

                                                           
9 There may be some small, immediate component of ontogenetic inertia, however. This is because bone 
(re)modelling can only occur on pre-existing bone surfaces (Mullender and Huiskes, 1995; Martin et al., 
1998; Carter and Beapré, 2001), and hence there may be some lag left over between successive ‘bone 
generations’. Over the lifetime of an individual, however, this will be inconsequential. 
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of cancellous bone many times. If locomotor behaviour does not change appreciably 

throughout ontogeny, then ontogenetic changes in locomotor-induced bone loading will 

be minimal. Consequently, the cancellous bone architecture observed in the adult will 

reflect the current habitual loading environment, because this environment has remained 

effectively unaltered for a significant length of time. Such a pattern is also observed in 

humans, where locomotor behaviour effectively matures by the age of four years 

(Sutherland, 1997), and the cancellous bone architecture in the human proximal femur 

and tibia is effectively unchanged from about nine years of age onward (Ryan and 

Krovitz, 2006; Gosman and Ketcham, 2009). Minimal ontogenetic inertia would also be 

expected for ostriches, which have a high rate of bone remodelling (Currey, 2003), a 

sizeable lifespan (Davies, 2002), exhibit great increase in bone size from chick to adult, 

and which show little ontogenetic change in locomotor behaviour as far as limb posture 

is concerned (Smith et al., 2010).  

 

As regards genetic influences on cancellous bone architecture, these influences probably 

depend on the scale at which the issue is approached. Many studies have investigated 

the genetic effects on cancellous bone adaptation to mechanical loading, particularly in 

different strains of mice, and have shown that genetics can indeed modulate cancellous 

bone mechanobiology (e.g., Judex et al., 2004; Havill et al., 2010; Wallace et al., 2012, 

2015). However, the aforementioned investigations concern within-species differences, 

and concern very specific regions of a given bone. They hence do not illustrate how 

genetics influences the adaptation of entire bones, across the skeleton, and across 

species that load their bones in different manners. A further complicating factor is that 

genetic differences may also influence neuromusculoskeletal mechanics, which in turn 

may influence cancellous bone mechanobiology, but this remains to be assessed. 

 

In terms of the architecture of whole bones, it is well-recognized that there is a strong 

genetic influence during the period of a bone’s initial development. The basic structure 

of the whole bone derives from the systematic expression of positional information 

encoded in the genome (Lanyon, 1996; Lovejoy et al., 2002). Moreover, recent research 

has indicated that some aspects of the finer-scale architectural features may also be 

influenced by genetic factors, in addition to mechanical factors. For example, the gross 

architecture of cancellous bone (such as density distribution) observed in the adult 

human ilium appears quite early on during foetal development, well before the onset of 



 

40 
 

locomotor-induced loading, suggestive of genetic influence (Cunningham and Black, 

2008a,b; Abel and Macho, 2011). However, such a phenomenon is not observed in the 

human proximal femur or tibia (Ryan and Krovitz, 2006; Gosman and Ketcham, 2009). 

The early appearance of an adult-like gross architecture may alternatively result from in 

utero muscular contractions, producing mechanical stimulation of the developing bones 

(Lanyon, 1974; Cunningham and Black, 2009a,b; Abel and Macho, 2011). Further 

insight is provided by a second example, namely the development of the calcaneum in 

artiodactyl ungulates. In both sheep (Lanyon, 1974) and mule deer (Skedros et al., 

2004), the cancellous bone architecture observed in the adult calcaneum is present in the 

foetus, paralleling the situation in the human ilium. However, when Lanyon and 

Goodship (reported by Skerry, 2000) transected the Achilles tendon of a developing 

foetal lamb in utero, they found that subsequent prenatal growth resulted in a 

disorganized architecture in the experimental calcaneum, compared to the contralateral 

control. This suggests that in some situations at least, prenatal loading can be 

responsible for the cancellous bone architecture observed in a newborn animal, possibly 

diminishing the significance of genetic influences.  

 

In general then, it appears that the influences on a bone’s cancellous architecture shift 

during ontogeny, from a dominant role of genetic influences in early prenatal 

development (in utero or in ovo), to an increasingly important role for extragenetic 

stimuli, such as mechanical loading, in later development and postnatal ontogeny 

(Skedros et al., 2007). That is, there exists a basic, genetically determined template for 

the gross architecture of cancellous bone, which is subsequently built upon and 

remodelled during postnatal ontogeny in response to mechanical loading.  

 

Genetic influences on cancellous bone architecture may also extend across species. If 

the genetic control of cancellous bone architecture is strong enough, the potential arises 

that the cancellous architecture observed in a given bone in a particular species may not 

entirely reflect the loads experienced by the individual in life, but also the loads 

experienced by the homologous bone somewhere in the past of the species’ evolutionary 

history. For example, if a species of primate that engages in quadrupedal locomotion 

recently evolved from a species which engaged in leaping locomotion, it may inherit 

some architectural characteristics from its ancestors. That is, whilst it is a quadruped, its 

cancellous bone architecture may be somewhat ‘leaper-like’ in nature (Ryan and 
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Ketcham, 2005). This phenomenon of phylogenetic inertia (Blomberg and Garland, 

2002) has received only limited attention in the context of cancellous bone architecture, 

but what research has been conducted shows only a weak effect, if any (Ryan and Shaw, 

2012, 2013; Scherf et al., 2013; Tsegai et al., 2013). This further suggests that the 

architecture of cancellous bone observed in the adult is largely, if not entirely, 

influenced by mechanical stimuli (Skedros et al., 2007). 

 

The possibility of phylogenetic inertia can only exist if the genome itself is subject to 

the influences of the mechanical loading environment a bone experiences in life. That 

is, the genome that codes for the initial template of cancellous bone architecture is 

influenced how the bone is loaded in life. Or, put another way, patterns of bone loading 

resulting from a particular locomotor behaviour lead to selection on the phenotype, 

which in turn influences the genome (populational allele frequencies) over generations, 

affecting the predetermination of gross architectural features prior to eventual bone use 

and loading in life (Townsley, 1948; Lanyon, 1974; Saparin et al., 2011; Ryan and 

Shaw, 2012, 2013). If epigenetic factors are involved, then the adaptation of the genome 

may possibly be achieved very quickly. It would indeed be advantageous to have some 

form of a blueprint in place for the gross architecture of cancellous bone, because this 

starts the bone ‘off on the right foot’ as soon as the animal is born (or hatches). In many 

animals, the young have to start locomoting – and often have to keep up with the adults 

– as soon as they are born (or hatch); with the cancellous bone architecture already 

somewhat pre-adapted, this would make the bone more structurally efficient from the 

very first day of postnatal loading. Phylogenetic inertia may also occur through shared 

(inherited) similarities in developmental biology, similarities in whole-bone geometry 

(posing similar mechanical constraints on movement and bone loading), or similarities 

in neuromuscular control, although none of these have received scientific scrutiny. 

 

In light of the above considerations, there appear to be at least three different pathways 

that the relationship between cancellous bone architecture and its mechanical 

environment can take (Figure 2.8): 

i. A direct pathway, whereby locomotor-induced bone loading leads to changes in 

cancellous bone architecture, via adaptive remodelling throughout the lifetime of an 

individual.  
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ii. An indirect pathway, whereby patterns of locomotor behaviour lead to selection on 

the genome (i.e., adaptation over generations), which in turn affects the genetic 

predetermination of gross architectural features prior to loading. 

iii. A direct pathway, whereby prenatal muscular contractions produce bone loading, 

leading to adaptive remodelling prior to the commencement of postnatal, 

locomotor-induced loading. 

If epigenetic factors are involved in cancellous bone mechanobiology, then a fourth, 

indirect, pathway would exist. These pathways are not mutually exclusive of each other, 

and it is likely that they all contribute to the final architecture observed in cancellous 

bone, to varying degrees. Pathway (i) can explain changes in cancellous bone 

architecture in response to changes in loading conditions within individuals, either 

naturally or experimentally. Pathways (i) and (ii) can explain how cancellous bone 

architecture reflects the loads experienced in post-natal life, and hence why different 

cancellous bone architectures reflect different locomotor behaviours, such as those 

between different species. Pathways (ii) and (iii) can explain the presence of gross 

architectural features that are characteristic and reflective of adult locomotion, yet 

which are present in neonates before the onset of locomotor-induced loading.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2.8. Three different ways in which the architecture of cancellous bone can be 
influenced by its mechanical environment. See main text for full discussion. The dashed 
grey pathway for signifies that it currently remains unknown as to if and how 
epigenetics may influence cancellous bone mechanobiology. 
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2.3.7 Summary 

 

Cancellous bone is remarkable in its ability to adapt its architecture to the prevailing 

mechanical environment, which is the time-averaged sum of loading regimes 

experienced on a daily basis. It is highly sensitive to its loading environment, and when 

this environment changes, it alters its architecture in a predictable fashion. Thus, 

differences in cancellous bone architecture are indicative of differences in mechanical 

loading. In particular, fabric direction is one of the more telling aspects of differences in 

bone loading and locomotor behaviour. Whilst ontogenetic, genetic and epigenetic 

factors may potentially influence the architecture of cancellous bone, currently available 

evidence indicates that none exert a significant influence on that which is observed in 

the adult animal. 

 

Clearly, cancellous bone architecture has the potential to be an important source of 

information for better understanding locomotor biomechanics in extinct, non-avian 

theropods, and extinct tetrapods in general. Despite its great potential utility, relatively 

few studies have drawn upon it in developing and testing hypotheses of behaviour in 

extinct tetrapods (Sues, 1978; Thomason, 1985; Macchiarelli et al., 1999; Rook et al., 

1999; Ryan and Ketcham, 2002a; Moreno et al., 2007; Scherf, 2008; DeSilva and 

Devlin, 2012; Hébert et al., 2012; Barak et al., 2013b; D’Anastasio et al., 2013; Su et 

al., 2013; Bishop et al., 2015; Skinner et al., 2015). Not surprisingly, almost all of them 

focus on primates. The approach of many of these studies has largely been limited to 

comparing the architecture of cancellous bone in a given extinct species to that of extant 

related species, essentially asking the question “what extant species is the extinct one 

closest to?” That is, similarity (or difference) in cancellous bone architecture implies 

similarity (or differences) in locomotor behaviour. Even then, comparisons are often 

limited to discrete sub-regions of the bone of interest, rather than architectural patterns 

throughout a whole bone. 

 

The ‘compare and contrast’ approach may serve as an ideal starting point towards 

addressing locomotor behaviour in extinct species, but it cannot by itself provide insight 

into whole-bone loading or musculoskeletal mechanics. Furthermore, whilst it may be 

useful when applied to a group of animals with close extant relatives of similar 

morphologies, such as primates, it may not be useful when investigating extinct animals 



 

44 
 

that are quite different from any extant animal group. A more appropriate way of 

addressing any extinct species is through a holistic, whole-bone approach. By looking at 

the ‘bigger picture’ and considering the architecture of cancellous bone throughout an 

entire bone, a great deal more insight can be gained, compared to focusing on a limited 

number of specific regions (Ryan and Test, 2007; Scherf, 2008; Saparin et al., 2011; 

Tsegai et al., 2013; Gross et al., 2014; Skinner et al., 2015; Kivell, 2016; Stephens et al., 

2016). Even more insight may be possible when looking at a bigger picture still, by 

considering the architectural patterns of multiple bones, rather than just one (Stephens et 

al. 2016). Most of the aforementioned whole-bone studies have focused on how scalar 

variables (e.g., BVF) vary throughout a bone. However, as the orientation of cancellous 

bone fabric is quite telling of loading conditions, and strongly reflects the mechanical 

performance of cancellous bone tissue as a whole, it is also deserved of considerable 

research attention. Moreover, cancellous bone fabric can be related to bone loading 

mechanics across the scale of whole bones, via the trajectorial theory: principal material 

directions, and hence principal fabric directions, are aligned with continuum-level 

principal stresses engendered by physiological loading. Thus, when a whole-bone 

approach is taken, cancellous bone fabric can be linked with whole-limb 

musculoskeletal biomechanics in a mechanistic fashion, rather than just 

phenomenologically.  

 

Extinct, non-avian theropods, and indeed all extinct dinosaurs, are a group of tetrapods 

that would be particularly suitable for this kind of investigation of cancellous bone 

architecture. Non-avian dinosaurs lived for a very long period of time and in a wide 

variety of environments, exhibited a diverse array of locomotor morphologies, and their 

fossils are relatively abundant and often well-preserved. They are also believed to have 

had high rates of bone growth and remodelling, comparable to that of extant mammals 

and birds (Currey, 2002; Brusatte, 2012; Reid, 2012), in contrast to that observed in 

most extant reptiles (Enlow, 1969; de Ricqlés, 1976; Currey, 2002). Especially in the 

larger species, they also had sizeable lifespans and large absolute increases in bone size 

through ontogeny, since the largest dinosaurs still hatched from eggs 30 cm across or 

less (Horner, 2000). They would hence be expected to show minimal ontogenetic inertia 

in the adult. The time is therefore ripe to investigate cancellous bone architecture in the 

limb bones of non-avian theropods, in a holistic fashion, to further understanding of 

locomotor behaviour and evolution in this group. 
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2.4 Summary and this thesis 

  

The disparate lines of evidence covered in this chapter (fossil footprints, comparative 

biomechanics, cancellous bone architecture) can each provide bearing on questions 

concerning theropod locomotor biomechanics and its evolution. Each line of evidence is 

also unique in the insight that it can provide in addressing these questions, and thus can 

complement other lines of evidence. For instance, whilst fossil footprints provide 

evidence of foot placement and gross whole-body movement (e.g., speed), they do not 

provide much insight into the movement of individual limb segments, and can be 

difficult to assign to a particular species of trackmaker. In contrast, cancellous bone 

architecture records how the bones themselves were used in life, and can be positively 

associated with a given species. Likewise, whilst cancellous bone constitutes a useful 

dataset in its own right, it is nonetheless a static dataset; comparative biomechanical 

investigation of locomotion in extant theropods can reveal dynamic aspects of 

locomotion, and how these may vary with speed or body size. Therefore, when these 

different lines of evidence are integrated, they provide new and formidable ways of 

testing and developing palaeobiomechanical hypotheses, enriching an understanding of 

theropod locomotor biomechanics and evolution. It is the intention of the thesis to do 

exactly that. 
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Chapter 3 

Using step width to compare locomotor 
biomechanics between extinct, non-avian 
theropod dinosaurs and modern obligate bipeds 

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A left footprint from the K-20 non-avian theropod trackway preserved at the Culpeper 
Quarry site in Virginia, USA (photograph from Weems, 1992). The trackways at this 
site are approximately 211 million years old. 
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3.1 Introduction 

 

There are only two kinds of obligate biped alive today, birds and humans, but the 

manner of striding, terrestrial locomotion differs markedly between the two groups. 

Humans use a plantigrade, erect posture, in which the femur is subvertically oriented 

during the stance and forward movement occurs mainly at the hip (Winter, 2009). In 

contrast, birds use a strongly crouched, digitigrade posture, in which the femur is 

subhorizontally oriented for much of the stride, and where limb movement occurs 

principally at the knee joint (Cracraft, 1971; Clark and Alexander, 1973; Lewandowski, 

1978; Gatesy, 1990; Carrano, 1998; Gatesy, 1999a; Abourachid and Renous, 2000; 

Rubenson et al., 2007; Goetz et al., 2008; Smith et al., 2010; Abourachid et al., 2011; 

Nyakatura et al., 2012; Stoessel and Fischer, 2012; Andrada et al., 2013b; Grossi et al., 

2014). Birds also differ markedly from humans in the use of a more continuous gait 

pattern, involving ‘grounded running’  at intermediate speeds, where they run without 

an aerial phase (Clark and Alexander, 1973; Gatesy and Biewener, 1991; Gatesy, 

1999a; Rubenson et al., 2004; Hancock et al., 2007; Nudds et al., 2011; Nyakatura et al., 

2012; Andrada et al., 2013a,b). In reflection of this more continuous gait pattern, many 

kinematic parameters that have been previously measured in birds often show a 

continuous change with increasing speed, whereas in humans they typically show an 

abrupt, discontinuous change at the walk-run transition (Gatesy, 1990; Gatesy and 

Biewener, 1991; Hreljac, 1995; Muir et al., 1996; Gatesy, 1999a; Abourachid and 

Renous, 2000; Rubenson et al., 2004; Cappellini et al., 2006; Hancock et al., 2007; 

Jones, 2010; Nudds et al., 2011; Nyakatura et al., 2012; Kilbourne et al., 2016; Rose et 

al., 2016). 

 

On the basis of fossil footprints and trackways (ichnofossils), as well as gross osteology, 

extinct, non-avian theropods are inferred to have also been bipedal animals (Charig, 

1972; Wade, 1989; Thulborn, 1990; Lockley, 1991; Farlow et al., 2012). In particular, 

ichnofossils unequivocally demonstrate that these animals were digitigrade, obligatorily 

striding, parasagittal bipeds which did not drag their tails along the ground. Non-avian 

theropod ichnofossils have also facilitated estimates of speed capabilities of the 

trackmakers, using stride length as a proxy (Alexander, 1976; Farlow, 1981; Thulborn, 

1982, 1984, 1990; Thulborn and Wade, 1984; Farlow et al., 2012), yet they remain to be 

investigated with regards to how locomotor kinematics may have changed with speed. 
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The locomotor patterns exhibited by birds and humans leads to the prediction that 

whether a given non-avian theropod trackmaker exhibited a continuous or discontinuous 

locomotor behaviour, this should be detectable in kinematic measurements made from 

its tracks. One measurement that is amenable to such investigation is step width, the 

mediolateral (transverse) distance between successive footfalls. Step width is closely 

linked to the maintenance of coronal plane stability and energetic efficiency during both 

walking and running in humans (Bauby and Kuo, 2000; Donelan et al., 2001, 2004; 

Arellano and Kram, 2011a,b; Collins and Kuo, 2013). Indeed, stability may be of 

paramount importance for very large bipeds, such as giant non-avian theropods, because 

the consequences of falling over could be dire (Farlow et al., 1995). As such, 

investigation of step width and bipedal stability has the potential to offer important 

insight into non-avian theropod locomotor biomechanics. 

 

There are only three known non-avian theropod trackway sites across the world that 

record the trackmakers making a significant change in speed. These sites provide the 

opportunity to directly examine how non-avian theropod locomotion changed with 

increasing speed, and thus make comparisons to locomotion in birds and humans. Data 

from one site, in England, suggests that step width decreased with increasing speed 

(Day et al., 2002, 2004), but it is not extensive enough to ascertain whether this 

decrease occurred gradually or abruptly. A second site in South Korea (Kim and Huh, 

2010) is also too small to permit thorough analysis10. The third site, the Culpeper 

Crushed Stone Quarry trackways, from the Late Triassic (Norian, approximately 211 

million years ago) of Virginia, USA, is very extensive, comprising 20 individual 

trackways (Weems, 1987, 1992, 2006). Some of these trackways continue for well over 

100 m. From the stride lengths measured, it is clear that in some trackways, the 

trackmaker progressed from a slow walk to a fast run across the exposed area of the 

trackways (Weems, 2006), meaning that a large part of their speed spectrum was 

captured in these trackways. 

 

                                                           
10 In addition to being too small for detailed analysis, the data presented by Kim and Huh (2010) for the 
single trackway at the Hwasun Seoyu-ri Quarry (South Korea) is internally inconsistent. Specifically, 
successive pace lengths (the distance from one footprint to the next) often do not sum to the 
corresponding stride length or greater, such that a triangle describing the three successive footprints 
cannot be formed. In one instance, the difference is ten centimetres, even though Kim and Huh (2010) 
claim to have had measurement precision of one millimetre. The errors in the above measurements in 
turn lead to erroneous or inconsistent values in other calculated parameters, such as pace angulation. 
Such errors may stem in part from incomplete or poor preservation of some of the footprints. 
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In this chapter, the pattern of step width change versus speed in non-avian theropods  

was investigated further, using the dataset afforded by the Culpeper trackways. The 

results obtained from analysis of the trackways were compared to kinematic 

measurements collected for humans and a broad range of extant, ground-dwelling birds. 

It is hypothesized that birds will show a more continuous change in step width with 

increasing speed, whereas humans will show a discontinuous change. Comparison of 

the patterns observed in the trackways to those observed in modern bipeds will hence 

provide insight into non-avian theropod locomotor behaviour. Additionally, this 

comparison can help elucidate the importance of mediolateral limb movements in 

bipedal parasagittal animals, living and extinct. 

 

3.2 Methods 

 

Three data sets were collected for this study: measurements of the Culpeper theropod 

trackways, three-dimensional (3-D) kinematic data for humans, and 3-D kinematic data 

for modern ground-dwelling bird species. All experimental protocols used in this study 

were approved by the Griffith University Animal Ethics Committee (approval number 

AHS/01/14/AEC) and the University of Queensland Animal Ethics Committee 

(approval number SBS/102/14/ARC). Collection of the three wild bird species studied 

was approved by the Queensland Department of Environment and Heritage Protection 

(permit number WISP14699514). Written informed consent was obtained from the 

human subjects prior to participating in the study. 

 

3.2.1 Culpeper theropod trackways 

 

3.2.1.1 Data collection 

 

The Culpeper Crushed Stone Quarry trackways were exposed by mining operations in 

the quarry in the early 1990s. Upon their initial discovery, the entire set of trackways 

was excavated and measured by R.E. Weems and colleagues in the early 1990s 

(Weems, 1992, 2006). Unfortunately, once the trackways had been studied and 

measured, mining operations recommenced, destroying them. However, a number of 

exemplar footprint specimens were collected and are currently housed in the Culpeper 
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County Museum (Culpeper, Virginia) and the United States Geological Survey National 

Center (Reston, Virginia). 

 

Two principal measurements were made along each trackway (Figure 3.1): pace length 

(the distance from one footprint to the next) and pace bearing (the angle from one 

footprint to the next). Pace length was measured using a flexible tape to the nearest 

inch, and pace bearings were made using a compass to the nearest degree. Owing to 

differential preservation of footprints along the length of a given trackway, a novel 

technique was employed so as to facilitate a standardized measurement of pace length 

and bearing. Specifically, for each trackway a clear sheet of mylar film was laid on top 

of one of the best preserved footprints, whereupon the outline of the footprint was 

traced on the film with indelible pen. A small hole was then cut in the tracing at the 

posterior end of the impression of digit III, approximately in the centre of the footprint. 

By laying the traced outline on top of each footprint in the trackway and obtaining the 

best spatial fit between the outline and the footprint, a spot of paint was then applied to 

the footprints through the hole in the film. Thus, even if a given footprint was not 

completely preserved, an approximately ‘homologous’ landmark could be identified and 

marked (Figure 3.1B). Pace lengths and bearings were then measured using the paint 

spots as the points of reference (Figure 3.1C).  

 

All theropod footprints at Culpeper Quarry have been previously assigned to the 

ichnotaxon Kayentapus minor (Weems, 1992, 2006), although the taxonomic identity of 

the trackmakers themselves cannot be discerned with certainty. Clearly, however, they 

were small to medium-sized theropods (Weems, 2006), with the most likely candidate 

being some form of basal neotheropod, similar to Tawa or Coelophysis. The similarity 

in morphology of all the footprints suggests that a single genus, if not species, is 

recorded in the trackways (Weems, 1992, 2006). Moreover, the size of the footprints 

preserved indicates that the trackmakers were similar in size (Weems, 2006). Hence, by 

focusing only on the trackways preserved at Culpeper Quarry, this study effectively 

controls for the potentially confounding factors of differing species, differing body sizes 

or shapes, differing patterns of leg movements and differing substrate conditions. That 

is, the only factor likely responsible for any systematic change in step width with speed 

is speed itself. 
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FIGURE 3.1. The quantitative analysis of trackways to determine step width and stride 
length. A, life reconstruction of the trackmaker, likely to be some form of basal 
neotheropod. B, the footprints in plan view; the white dots mark the common reference 
point from which measurements were made. C, two principal measurements were made: 
pace length D, and bearing from one footprint to the next A. This allows the calculation 
of pace angulation θ. D, step width w and stride length S were then calculated 
trigonometrically from pace lengths and angulations. 
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3.2.1.2 Data analysis 

 

From the measured pace bearings AN–1 and AN, the pace angulation (in degrees) at 

footprint FN (Figure 3.1C) was determined as 

 









−−

−+
=

−

−

footprintrightaisif)(180

footprintleftaisif)(180

1

1

NNN

NNN

N
FAA

FAA
θ . (3.1) 

In turn, the stride length at (opposite to) footprint FN (Figure 3.1D) was calculated as 

 NNNNNN DDDDS θcos2 1

22

1 −− −+= ,  (3.2) 

where DN–1 and DN are the preceding and successive pace lengths. Step width at 

footprint FN was then calculated as  

 

N

NNN
N

S

DD
w

θsin1−= .  (3.3) 

Step width was thus defined here as the perpendicular distance from a footprint to the 

line of its corresponding stride length (Figure 3.1D), transverse to the direction of travel. 

Moreover, the manner in which pace angulation and step width were calculated here 

was such that if the feet crossed over the body midline, pace angulation became reflex 

(θN > 180°) and step width became negative.  

 

The calculated stride lengths and step widths were normalized to the estimated hip 

height of the trackmakers, 

 S* = S/h,   (3.4) 

 w* = w/h,  (3.5) 

where h is the hip height. Hip height was estimated via the equation of Thulborn (1984, 

1990; Thulborn and Wade, 1984) for small to medium-sized theropods, namely, 

 h = 3.06L
1.14,  (3.6) 

where L is the mean footprint length for each trackway, as reported by Weems (2006). 

Normalization of stride length and step width to hip height helps to facilitate fair 

comparison across the separate trackways. Additionally, relative stride length, S*, is 

commonly used as a proxy for speed of locomotion when speed itself cannot be 

measured, since animals tend to take relatively longer strides at faster speeds (Thulborn, 

1982; Alexander and Jayes, 1983; Gatesy and Biewener, 1991; Rubenson et al., 2004; 

Hancock et al., 2007; Nudds et al., 2011; Nyakatura et al., 2012). 
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Of the 20 trackways measured, only eight (trackways K-4, K-5, K-10, K-11, K-14, K-

15, K-17, K-20) were actually analysed. This is on account of two factors: 

i. These eight trackways are the only ones that showed evidence of a marked change in 

speed across the preserved length of the trackway. In each of the eight trackways, 

relative stride length S* significantly exceeded 1.8 across some part of their exposed 

length; all the other trackways showed a consistent, slow walking speed (S* 

generally between 1.5 and 1.8) throughout their exposed length. 

ii. These trackways were all made by individuals of about the same size (estimated h of 

1.1–1.2 m). By effectively controlling for body size across the individuals involved, 

this adds greater rigour to a comparison across trackways. 

The data for the eight trackways were analysed together for two reasons. Firstly, the 

trackways were occasionally missing individual prints or small sets of prints throughout 

their length, either due non-preservation or damage to the tracking layer. Secondly, 

within any single trackway, the interval over which the change in speed occurred was 

relatively short. For instance, in the K-15 trackway, the trackmaker accelerated from a 

walk (S* ≈ 1.8) to a fast run (S* ≈ 3.5) in less than five consecutive strides. Such 

relatively quick changes in speed afford only a limited number of data points in the 

transition between slow walking and running for any individual trackway. Thus, 

considering all the trackways together increases the size of the dataset, helping to 

identify any general patterns, as well as to even out individual variation. 

 

Segments of trackways that showed ‘abnormal’ behaviour were excluded from analysis. 

Such behaviours include the trackmaker stopping, shuffling around or abruptly making 

a sharp turn. Also, instances where manus (hand) prints of the trackmaker were present 

(i.e., the trackmaker bent down to all fours, perhaps to sniff the ground) were excluded. 

Sections of the trackways where the trackmaker made a significant change in direction 

(i.e., it was making a turn) were noted. These were both included and excluded from 

analysis, although this had no appreciable effect on the final results. Hence, there was 

little, if any, confounding effect of changes in direction on the results. It should be noted 

that none of the trackways analysed showed any indication of pathological gait, such as 

limping (cf. Lockley et al., 1994); that is, there was no regular alternation in pace length 

(short versus long) between consecutive paces. 
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3.2.2 Human kinematics 

 

3.2.2.1 Data collection 

 

Three healthy, adult, recreationally active volunteers (two male, one female) were 

studied (height 179.3 ± 3.2 cm, mass 79.7 ± 16.8 kg, means ± s.d.). A sample size of 

three was deemed sufficient, since the aim of the study was to elucidate major patterns, 

for broad comparative purposes (Alexander, 1976; Alexander and Jayes, 1978, 1983; 

Gatesy and Biewener, 1991; Rubenson et al., 2011). Reflective markers were placed on 

the end of the left and right big toe, and the markers’ 3-D trajectories during locomotion 

were recorded at 200 Hz using a 10-camera VICON MX T40-S series motion capture 

system (Vicon Oxford Metrics, Oxford, UK). The subjects walked and ran barefoot 

along a split-belt instrumented treadmill (Bertec Limited, Columbus, Ohio, USA) 

integrated with the motion capture system. The instrumented treadmill also recorded 3-

D ground reaction forces at 1 kHz, which was synchronized to the kinematic data.  

 

Prior to data collection, each subject’s natural walk-run transition speed was ascertained 

by starting them on the treadmill at a slow walking speed and gradually increasing the 

tread speed until they spontaneously switched to a run. This transition speed was 

checked by increasing the tread speed further, and then gradually decreasing the speed 

until the subject spontaneously switched back to a walk. For each subject, their walk-

run and run-walk transition speeds were approximately the same. 

 

Each subject undertook a number of steady-state walking and running trials at speed 

increments of 0.25 m/s, ranging from slow walking through to fast running speeds. For 

each trial, the subject initially stood still on the stationary tread, whence the tread speed 

was gradually increased to the desired trial speed over a period of 5–10 s. After the 

subject had reached a steady manner of locomotion, data recording commenced, lasting 

for a minimum of four strides. Subsequently, the tread speed was slowly reduced back 

to zero. The order of trial speeds was randomized, and the subjects did not know what 

the trial speed was going to be. For each trial the subjects were asked to use their 

preferred manner of locomotion (walking or running). One exception to this was the 

subject-specific walk-run transition speed, which was trialled twice. In the first trial, the 

subject used their naturally preferred gait, and in the second trial, they were instructed to 
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use the other gait. That is, if the first trial was a walk, then in the second trial they were 

instructed to run, and vice versa. The subject was allowed to rest between trials as 

required. 

 

In order to elucidate if there was any difference in how step width changes with 

increasing speed between accelerating and steady-state locomotion, two subjects also 

undertook accelerating trials. Using the programmable treadmill, each subject undertook 

both a slow and fast acceleration of 1.0 m/s2 and 2.5 m/s2, respectively, up to a peak 

tread speed of 3.25 m/s.  

 

3.2.2.2 Data analysis 

 

The Cartesian coordinate system of the kinematic data collected was such that the y-axis 

was the anteroposterior direction (direction of locomotion), and the x-axis was the 

mediolateral direction. Given that the subject ran in a straight line parallel to the y-axis, 

as constrained by the treadmill, step width was calculated as the difference in the toe 

markers’ x-coordinate over successive footfalls. Footfalls were identified based on the 

vertical (z) coordinate of the toe markers, as well as the vertical component of the 

ground reaction force data. The marker trajectory data was not smoothed or filtered; 

instead a mean value over the duration of stance was taken in determining the x-

coordinate for each successive footfall. Step width was normalized to the standing hip 

height of the subjects, which was determined from standard anthropometry (Winter, 

2009). 

 

3.2.3 Bird kinematics 

 

3.2.3.1 Animals studied 

 

Eleven species of ground-dwelling bird were studied (Table 3.1). Data for ostriches and 

emus had been collected previously (ostriches: Rubenson et al., 2007; emus: Lamas et 

al., in review). Given logistical limitations and the objectives of this study, preference 

was given to maximizing the diversity of bird species investigated, rather than achieving 

a greater number of replicates for fewer species. All birds investigated in the present  
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TABLE 3.1. The species of bird studied, along with sample sizes and mean (± s.d.) 
masses and hip heights.  

 
 

 

study were considered to be adults based on skeletal maturity, with the possible 

exception of the domestic turkeys, which had sizeable chondroepiphyses as revealed in 

postmortem dissections, but were still of adult size. Following the conclusion of 

experiments, birds were euthanased by cervical dislocation and immediately weighed. 

 

3.2.3.2 Data collection 

 

Two experimental setups were used in the present study, one small indoor racetrack for 

the three quail species, and a larger outdoor one for the remaining species (Figure 3.2). 

The small racetrack (Figure 3.2A) consisted of an elevated 3 × 0.4 m wooden trackway, 

with dark ‘hiding places’ at either end. The perimeter of the trackway was walled with 

plywood except part of its lateral side, which was replaced with either clear acrylic (for 

lateral-anterior camera positions) or fine wire mesh (for anterolateral-posterolateral 

camera positions). The floor of the trackway was covered with fine grit sandpaper to 

reduce slippage. A forceplate was also mounted in the middle of the trackway, covered 

with fine grit sandpaper and flush with the surrounding trackway surface, as part of the 

study reported in Chapter 4. The large racetrack (Figure 3.2B) consisted of an 11 × 1 m 

strip of open ground, which was walled on one side by a large shed, and on the other 

Species 
n Mass, kg 

Hip height, 

mm 

Data 

collected scientific name common name 

Coturnix chinensis Chinese painted quail 3♂, 2♀ 0.047 ± 0.002 58.6 ± 4 this study 

Colinus virginianus Northern bobwhite quail 3♂, 2♀ 0.17 ± 0.014 77.8 ± 10.4 this study 

Coturnix japonica Japanese quail 1♂, 3♀ 0.301 ± 0.077 106.25 ± 7.5 this study 

Porphyrio porphyrio Purple swamphen 3♀ 0.623 ± 0.058 239 ± 14.1 this study 

Numida meleagris Helmeted guineafowl 2♂, 1♀ 1.257 ± 0.114 201.7 ± 15.5 this study 

Alectura lathami Australian brush turkey 2♀ 1.49 ± 0.057 267 ± 15.6 this study 

Threskiornis moluccus Australian white ibis 2♂ 1.54 ± 0.057 282.5 ± 30.4 this study 

Gallus gallus 
Domestic chicken 
(white leghorn breed) 

1♂, 2♀ 1.71 ± 0.521 254.3 ± 47.8 this study 

Meleagris gallopavo 
Domestic turkey 
(various mixed breeds) 

2♂, 3♀ 3.228 ± 0.9 365.2 ± 47.4 this study 

Dromaius 

novaehollandiae 
Emu 6♀ 38.58 ± 2.69 903.3 ± 35.0 

Lamas et al. 
(in review) 

Struthio camelus Ostrich 3♂ 74.87 ± 4.44 
1129.3 ± 
10.3 

Rubenson et 
al. (2007) 
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FIGURE 3.2. Diagrammatic illustration of the experimental setups used to obtain bird 
kinematics. A, small racetrack used for the three quail species. B, large racetrack used 
for the remaining species. Forceplates were also present in both racetracks as part of 
another study (reported in Chapter 4); these were mounted flush with the surrounding 
track surface and were covered with fine grit sandpaper. 
 

 

sides by opaque garden plastic. In the middle part of the lateral side of the racetrack, 

where the birds were filmed, the opaque plastic was replaced by fine wire mesh. Each 

end of the racetrack had ‘hiding boxes’ and shade. The top of the racetrack was covered 

with bird netting, to prevent escape of the birds. A forceplate was also mounted in the 

middle of the trackway, covered with coarse grit sandpaper and flush with the 

surrounding trackway surface, as part of the study reported in Chapter 4. The immediate 

surroundings of the forceplate and associated electronics were covered by a plywood 

board and carpet during use; the remainder of the racetrack floor was covered by dirt 

and gravel. 
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Birds were filmed at a 1280 × 1024 pixel resolution with two high-speed light video 

cameras (IL3-100 and HiSpec1, Fastec Imaging Corporation, San Diego, USA), 

synchronized using a manual trigger pulse. The framerate used was typically 250 

frames/sec, except for a very small fraction (~6%) of trials were inadvertently filmed at 

50–150 frames/sec due to equipment error. However, as these trials all pertained to 

larger bird species which moved at lower stride frequencies, this was of no concern. In 

the large racetrack, the cameras were oriented anterolaterally and posterolaterally 

relative to the direction of travel, and their orientations relative to one another were 

separated by at least 60°. A similar set of camera orientations was used for filming the 

painted quail in the small racetrack, although here the camera separations more closely 

approached 90°. For the Japanese and bobwhite quail, the cameras were oriented 

anteriorly and laterally to the direction of travel, with the anterior camera placed at one 

end of the racetrack. For both racetracks, 3-D wooden frames with markers of known 

coordinates were used to establish a calibration volume for each day’s trials, using a 11-

coefficient direct linear transform (Hedrick, 2008). The calibration volume for the small 

racetrack measured approximately 80 × 30 × 20 cm; the calibration volume for the large 

racetrack measured approximately 140 × 100 × 60 cm. The coordinate system of the 

calibration volume was such that the x-axis was the direction of travel (anteroposterior 

direction), the y-axis was left-to-right (mediolateral direction) and the z-axis was 

vertical. 

 

Prior to data collection, feathers from the back half of the birds were clipped, as were 

the wings, so as to allow the placement of small (2–5 mm) white markers, and so that 

the cameras’ views of the markers during locomotion was not obstructed. Up to three 

markers were placed on the midline of the back, along the sacrum, as part of the study 

reported in Chapter 4. A single marker was placed over the trochanteric crest of both 

hips, which was easily palpable for all birds studied. These markers were secured to the 

skin using non-toxic double-sided tape. Non-toxic, white acrylic paint was used to mark 

the base of the claw of digit III of both feet. 

 

Birds moved down the racetrack on their own accord at a self-selected speed, although 

sometimes additional motivation was used, such as making loud noises. The speeds 

used by the birds varied from slow walking speeds through to fast running speeds. Birds 

were also filmed during quiet standing, allowing the capture and measurement of the  
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height of the hip marker of the birds, taken to be standing hip height. 

 

3.2.3.3 Data analysis – present study and ostrich data 

 

Only those trials (or parts thereof) where the bird was moving in a relatively straight 

line were considered for analysis. Additionally, trials in which the bird displayed 

obviously abnormal behaviour (e.g., hopping, skipping, alternating pace lengths or 

sudden lurching to one side) were excluded from analysis. For each trial, toe markers 

were digitized and their 3-D coordinates calculated using DLTdv5 (Hedrick, 2008), a 

program written for MATLAB 8.0 (MathWorks, Natick, USA). The markers were 

digitized when the feet were firmly planted on the ground and fully stationary. 

Additionally, the hip marker in standing trials was digitized and its coordinates 

calculated, either using DLTdv5 or using a reference object of known dimensions 

within the field of view of the cameras. The calculated z-coordinate of the hip marker 

was taken as the standing hip height h of the bird. 

 

The calculated (x, y) coordinates of the left and right toe markers were used in the 

calculation of stride length and step width as follows (Figure 3.3). Firstly, the pace 

length from one footfall to the next was calculated as 
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and stride length at (opposite to) footfall FN was calculated as 
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The enclosed angle φN is that angle at footfall FN which is subtended by the triangle 

comprising the three consecutive footfalls {FN–1, FN, FN+1}, and was calculated as: 
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If the feet had not crossed over the midline, then this angle was equal to the pace 

angulation, θN. If the feet had crossed over the midline, then the pace angulation in 

degrees was  

 θN = 360 – φN.  (3.10) 

To determine whether the feet had crossed over the midline required the calculation and 

comparison of successive ‘pace gradients’, which are the Cartesian gradients of lines 

connecting the successive footfalls, as illustrated in Figure 3.3C. Step width at footprint 
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FIGURE 3.3. The calculation of step width and stride length in birds. A, the common 
point of reference for measurements was the base of the claw of digit III. B, from the (x, 
y) coordinates of the toe markers, the pace length D , stride length S, enclosed angle φ 
and step width w were calculated (see text for formulae). C, whether step width was 
positive or negative depended on whether crossover of the right (R) and left (L) feet had 
occurred or not. This can be determined by comparing the Cartesian gradients of lines 
connecting successive footfalls. These patterns hold true regardless of whether the bird 
is moving from left to right (i.e., x values are increasing) or right to left (i.e., x values 
are decreasing). 
 

 

FN was then calculated in the same manner as for the Culpeper theropod footprints 

(Equation 3.3). The calculations for the bird kinematic data here follow the same 

convention as outlined above for the Culpeper theropod footprints; if the feet crossed 
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over the midline, pace angulation was reflex and step width was negative. To permit fair 

comparison across birds of differing body size, the calculated stride lengths and step 

widths were then normalized to the standing hip height of the birds (Equations 3.4, 3.5). 

 

The data collected by Rubenson et al. (2007) for ostriches included 3-D trajectories of a 

marker on the tip of digit III for both right and left feet. The (x, y) coordinates of the 

markers during stance phase were extracted and analysed in the same fashion as above. 

Hip height was determined in the same way, from trials in which the bird was standing 

quietly. 

 

3.2.3.4 Data analysis – emu data 

 

In the data collected for emus by Lamas et al. (in review), a marker was placed only on 

the right digit III, in addition to two markers on the midline of the back. Whilst true step 

width and stride length could not be calculated, they could be estimated, using the 

trajectory of the back markers as a proxy for the body midline axis (Figure 3.4A). The 

body midline axis was determined by fitting a least-squares straight line to the (x, y) 

coordinates of the anterior of the two back markers, since this was the closer of the two 

to the whole-body centre of mass (COM). Only trials (or parts thereof) in which the bird 

was moving in a relatively straight line were included in this calculation. This produced 

the Cartesian equation describing the body axis (Figure 3.4B) as  

                                                               y = mx + c.  (3.11) 

Ideally, step width would be twice the distance d from the toe marker coordinates P(xP, 

yP) to the point of its perpendicular intersection with the body axis, I(xI, yI). The line IP 

that connects points P and I has a gradient of  
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and a y-intercept of  

 cIP = yP – mIPxIP.  (3.13) 

Solving the equations for both lines simultaneously, the coordinates of the intersection 

point I were calculated as  

 







+

−

−
= cmx

mm

cc
yx I

IP

IP
II ,),( .  (3.14) 

In turn, the perpendicular distance was calculated as 
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FIGURE 3.4. The calculation of step width and stride length in emus, using the data 
collected by Lamas et al. (in review). A, the common point of reference for 
measurement was the end of digit III on the right foot during stance. In addition, the 
trajectory of a back marker was used to define a ‘body axis’, by fitting a straight line 
through the marker trajectory. B, from the (x,y) coordinates of the toe marker and the 
Cartesian equation of the body axis, the perpendicular distance d can be calculated, and 
in turn step width estimated (see text for formulae). C, stride length at a particular 
footfall was estimated by averaging the preceding and following stride lengths, except 
for the first and last footfall, for which the first and last stride length were used, 
respectively. 
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and step width estimated as  

 w ≈ 2d.  (3.16) 

Determining whether the feet have crossed over the (estimated) midline requires 

determining if d was positive or negative. Since the birds always moved from right to 
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left in the experimental setup (towards the –x direction), if yP ≥ yI, d was positive (no 

crossover), otherwise it was negative (with crossover). The stride length at (opposite to) 

a given footfall could not be measured in the manner outlined above for the other 

species, owing to there being only one toe marker used. Hence, it was estimated by 

taking the mean of the preceding and following stride lengths, as illustrated in Figure 

3.4C. Step width and stride length were then normalized to standing hip height in the 

same fashion as the other species.  

 

Although the measures of step width and stride length for the emus are different 

compared to those employed for the other species investigated here, they nevertheless 

are calculated using the same line of reasoning. It is therefore expected that any 

relationship between these particular measures will be the same as the relationship 

between actual step width and stride length, were these available for measurement. It 

was thus deemed appropriate to maximize the sample of bird data here rather than to 

exclude the emu data. 

 

3.2.4 Statistics 

 

All individuals for a given species were considered together in comparisons of w* 

against S*. To ascertain whether w* changed in a consistent manner with S* for a given 

species, this would normally be tested using linear regression of some form and 

computing the significance of the slope. As the objective of the current study is to 

ascertain the overall relationship between w* and S*, rather than to predict one from the 

other, the most appropriate method of line fitting is major axis (MA) regression (Warton 

et al., 2006). However, the data were found to fail two assumptions of standard 

parametric tests of the slope, namely non-normal distribution of errors and 

heteroscedasticity, as determined in PAST 3.09 (Hammer et al., 2001). Consequently, a 

permutation test of the slope was used instead (Legendre and Legendre, 2012), 

implemented in a custom MATLAB script. For each species, the MA slope was 

determined; the values of w* were then randomly rearranged with respect to S* and the 

MA slope recomputed. A total of 100,000 replicates were conducted for each species’ 

data set. The significance (p-value) of the MA slope was the proportion of replicates for 

which the calculated MA slope was equal to or more extreme than the actual MA slope 

of the data. Considering the degree of scatter in the data (see below), the significance 
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level was conservatively set to p = 0.01. 

 

For both the theropod footprint and bird kinematic data sets, there was often a 

considerable amount of scatter and bias in the plot of w* versus S*. In the case of the 

theropod footprints, this was concentrated toward lower values of S*, stemming from a 

large proportion of the footprints being made at slower walking speeds (S* ≈ 1.5–1.7). 

To reduce the scatter and bias, the individual values of w* were binned into set, equal 

intervals of S*, and means were subsequently taken for each bin, permitting a 

comparison of narrow intervals of S* versus the mean w* for each interval. In addition 

to improving the detection of underlying patterns, the validity of this approach was 

demonstrated by the fact that MA regression lines, calculated from the raw data, neatly 

fitted the scatterplot of the binned data as well. As the sample size for each species was 

varied, two different bin interval sizes were used. In those species for which n ≥200 

(including the theropod footprint data), an interval of 0.05 was used; in those species for 

which n < 200, a coarser interval of 0.1 was used, so as to have sufficient data points 

within most bins for the averages to be meaningful. 

 

3.2.5 Caveats 

 

This study has three main caveats, which are worth noting. Firstly, this study compared 

steady-state locomotion data for humans and birds with largely non-steady-state 

locomotion data for the theropod trackways. Much of the increases in trackmaker speed 

beyond a slow walking pace were of relatively short duration, such that a sizeable 

portion of these increased speeds represent acceleration or deceleration phases. The 

comparison of steady-state and accelerating-decelerating data for humans, as described 

above, is an attempt to assess how important this difference may be. 

 

The second caveat of this study concerns the comparison of data for overground 

locomotion in the trackways and birds to treadmill locomotion in humans. The use of 

the treadmill in this study was chosen so as to facilitate the acquisition of a large amount 

of data in a short time span, and also because it was already set up and calibrated with 

the motion capture system. Whilst some kinematic differences have previously been 

found to exist between treadmill and overground locomotion, in general the kinematics 

of the two are quantitatively and qualitatively similar (Pereira et al., 2006; Riley et al., 
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2007, 2008). Moreover, as this study assessed gross patterns in data, the difference in 

methods of data collection was not considered significant. 

 

The third caveat concerns the fact that a single marker on the tip of digit III was used for 

kinematic measurements in the birds. Variation in foot orientation (amount of toe-in or 

toe-out) could hence affect calculated values of step width or stride length. In the 

absence of any evidence to the contrary, however, it is assumed here that the amount of 

toe-in or toe out did not change systematically with speed in the birds studied. 

Nonetheless, even if such a relationship with speed did exist, it is unlikely to alter the 

principal findings of this study, which are concerned with gross patterns of similarity 

and difference across species. 

 

3.3 Results 

 

3.3.1 Culpeper theropod trackways 

 

A comparison of w* versus S* (Figure 3.5A) suggests that step width does decrease 

with increasing speed; a permutation test of the slope supports this (P < 0.001). After 

binning w* into narrow intervals of S* and taking the mean for each interval, this 

pattern is more clearly illustrated (Figure 3.5B): as the theropods moved faster, they 

placed their feet closer to the midline. At slow walking speeds, step width is 

approximately 5–10% of estimated hip height; at fast running speeds (S* > 3.0), the feet 

typically cross the midline, as indicated by negative values for w*. Importantly, the 

pattern of decrease in w* with increasing S* was gradual or continuous; there was no 

sudden or discontinuous change in w* with increasing S*. 

 

3.3.2 Humans 

 

A comparison of mean w* (± s.d.) versus each trial speed recorded is shown for all three 

subjects in Figure 3.6A–C. The pattern exhibited by humans is in striking contrast to 

that for the Culpeper theropod trackways, in that step width experienced a large, 

precipitous decrease with increasing speed, coinciding with the transition from walking 

to running. Across the range of walking speeds examined, step width was approximately 

15 % of hip height, although it may have exhibited a slight gradual decrease with  
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FIGURE 3.5. Comparison of how step width changes with increasing stride length in 
the Culpeper non-avian theropods. A, the raw calculated data, with MA regression line. 
B, mean values of w* for each bin of S*, with MA line derived from raw data also 
plotted. In B, hollow circles are single data points; they are not means of multiple points 
for a given bin. Hence their apparent outlier nature can be accounted for as simply the 
only points that fell into those particular bins. 
 

 

increasing speed. Step width was relatively constant across the whole range of running 

speeds, typically around zero (i.e., the feet are placed approximately on the midline), 

although again it may have exhibited a decrease with increasing speed. At the fastest 

speeds investigated, step width became negative. The same pattern of sudden change in 

w* was also observed in the accelerating-decelerating trials (Figure 3.6D). As the 

subjects transitioned from walking to running (or vice versa), w*changed abruptly, over 

the course of only a single step. Hence, there was no significant difference in how  
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FIGURE 3.6. Comparison of how step width changes with increasing speed in humans. 
A–C, plot of mean w* (± s.d.) against absolute speed for subjects 1 (A), 2 (B) and 3 (C). 
D, plot of w*changes through 60 consecutive steps for subject 2, across a slow 
acceleration of 1.0 m/s2, followed by a slow deceleration. Acceleration and deceleration 
phases are signified by the arrows. The subject begins moving at step 1. Note that the 
change from walking-like to running-like values for w* takes place over a single step 
during both acceleration and deceleration. 
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w*changed with increasing speed, whether it is through acceleration within a trial, or 

across steady-state trials at different speeds. 

3.3.3 Birds 

Four of the species studied (Colinus virginianus, Coturnix japonica, Numida meleagris 

and Gallus gallus) did not show a statistically significant pattern of w* versus S*, with 

values for w* largely varying between 0–0.2 (Figure 3.7A–D). A further two species 

(Coturnix chinensis and Alectura lathami), showed a significant pattern, but the slope of 

the MA regression line was positive (Figure 3.7E,F; w* increased slightly with S*). The 

remaining five species all showed a significant pattern with negative MA regression 

slopes, that is, w* decreased with increasing S* (Figure 3.7G–K). In each of these five 

species, this decrease in w* with increasing S* was continuous in nature. 

Following the above mixed results, further analysis revealed that a measure of bipedal 

stability could discriminate between those birds that showed a decrease in w* with 

increasing S* and those that did not (Figure 3.8A). This measure, 3 mh , where h is hip 

height (in metres) and m is mass (in kilograms), expresses standing hip height relative to 

body mass, assuming isometry. Birds that are relatively tall for their mass have a higher 

value of 3 mh , and are inherently more unstable, since stability decreases as the height 

of the COM above the ground increases (Hildebrand, 1985; Figure 3.8B). All species 

for which the mean value of 3 mh  was above 0.24 demonstrated a pattern of 

decreasing w* with increasing S*. 
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FIGURE 3.7. Comparison of how step width changes with increasing stride length in 
ground-dwelling birds. For each species, the raw data has been binned to intervals of S*, 
and the mean w* determined for each bin. A MA line derived from the raw data is also 
plotted for those species in which p < 0.01; it is red for negative slopes and dashed grey 
for positive slopes. A, C. virginianus (n = 221, n.s.). B, C. japonica (n = 419, n.s.). C, 
N. meleagris (n = 442, n.s.). D, G. gallus (n = 233, n.s.). E, C. chinensis (n = 840, slope 
= 0.0138, r2 = 0.007). F, A. lathami (n = 154, slope = 0.0159, r2 = 0.024). G, T. 

moluccus (n = 124, slope = -0.1067, r2 = 0.162). H, M. gallopavo (n = 185, slope = -
0.0081, r2 = 0.003). I, D. novaehollandiae (n = 1,140, slope = -0.0268, r2 = 0.027). J, S. 

camelus (n = 34, slope = -0.0411, r2 = 0.107). K, P. porphyrio (n = 78, slope = -0.0209, 
r

2 = 0.019). Hollow circles are single or double data points; they are not means of many 
points for a given bin. Hence in some instances, their apparent outlier nature may be 
accounted for as simply very few points that fell into those particular bins. Note 
differences in horizontal and vertical scales. 
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FIGURE 3.8. Bipedal stability in the birds investigated. A, comparison of mean (± s.d.) 

value of 3 mh  for each species of bird studied. Species with a mean value of 3 mh  

greater than 0.24 (white bars) demonstrated a pattern of decreasing w* with increasing 
S*. B, bipedal stability is influenced by the length of the legs (or equivalently, hip 
height) relative to body mass. For a point mass m on a massless leg of length l1 or l2 
(where l2 > l1), the mass with leg length l2 exerts a greater moment about the base of 
support than the mass with leg length l1, for the same leg orientation α. It is hence easier 
for the mass to be shifted away from a stable state and tipped over. That is, relatively 
longer legs increase instability. 
 

 

3.4 Discussion 

 

This study investigated how step width varied with speed (or its proxy, stride length) in 

one extinct and two extant groups of obligate biped. The non-avian theropods showed a 

pattern of continuous decrease in w* with increasing S*, a pattern that was also 

observed in about half of the bird species studied. These bird species were found to be 

those that are relatively tall (long-legged) for their mass. Humans, in stark contrast to 

the non-avian theropods and birds, showed a marked and abrupt decrease in w* at the 

walk-run transition. This abrupt decrease occurred in both acceleration within a trial and 

across steady-state trials at different speeds, supporting the validity of comparing 
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steady-state locomotion in humans and birds with largely non-steady-state locomotion 

in the theropod trackways. 

 

3.4.1 Step width in bipedal locomotion 

 

For all three kinds of obligate biped investigated, it was shown that, in general, if step 

width changed with speed of locomotion, it decreased with increasing speed: as the  

animals moved faster, the feet were placed closer to the body midline, and at fast  

running speeds, cross-over could occur. The observed pattern of step width decrease 

with increasing speed in the Triassic-aged Culpeper theropod trackways parallels the 

earlier observation of Day et al. (2002, 2004), of a large theropod trackway of Middle 

Jurassic (Bathonian) age. Step width has therefore been shown to decrease with 

increasing speed in two non-avian theropod trackways, more than 40 million years apart 

in age. Given that step width also decreased with increasing speed in many of the bird 

species investigated here, it is conceivable, from a phylogenetic standpoint, that such a 

pattern was present in many, if not most, extinct non-avian theropods.  

 

The findings for humans in this study also accord with those of previous studies 

(Donelan et al., 2001; Arellano and Kram, 2011a,b; Collins and Kuo, 2013; Orendurff et 

al., 2004), in that step width was approximately 10–20% of hip height in walking and 

was close to zero in running. This study is the first, however, to show how step width 

changes with speed in humans, and across the walk-run transition. Almost no previous 

data exist for how step width changes with speed in modern bird species. One exception 

is a recent study of walking in broiler chickens (Paxton et al., 2013), which showed that 

step width decreased with increasing speed in a continuous fashion. That no such 

pattern was observed for chickens in the present study is possibly due to different breeds 

studied. 

 

3.4.2 Step width and bipedal stability 

 

Step width is closely tied to mediolateral stability during both walking and running in 

humans (Bauby and Kuo, 2000; Donelan et al., 2001, 2004; Arellano and Kram, 

2011a,b; Collins and Kuo, 2013). The magnitude of step width employed appears to be 

that which minimizes metabolic cost, although swinging of the arms, which birds do not 
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do, may modulate this (Donelan et al., 2001; Arellano and Kram, 2011a,b). It remains 

unknown, however, as to why step width decreases with speed, as demonstrated in the 

present study for three kinds of obligatory biped. It is suggested here that this 

phenomenon may represent, in part at least, a tradeoff between mediolateral stability 

and energy economy. 

 

At slow speeds, the body has only limited linear momentum in the forward direction, 

such that it is relatively easy for lateral forces to displace the trajectory of the COM 

laterally, leading to postural instability. To counteract this, the feet assume a sizeable 

non-zero lateral placement relative to the midline. However, this would incur an 

energetic cost, as energy is expended in mediolateral movement of the COM 

(successively towards each footfall; Orendurff et al., 2004) instead of forward 

movement of the COM. This cost, which derives from the kinetic energy of lateral 

movement, would be comparatively greater in larger bipeds, as kinetic energy is 

proportional to the square of velocity, and hence linear dimensions (e.g., hip height). As 

the body moves faster, dynamic stability increases as linear momentum in the forward 

direction increases, decreasing the effect of lateral forces on the trajectory of the COM. 

Consequently, the feet are not required to have such large lateral placements, and so 

step width can be reduced. By reducing step width, and in turn lateral oscillations of the 

COM (Orendurff et al., 2004; Ortega and Farley, 2005), less energy in expended in 

mediolateral movement of the COM and more is expended in forward movement of the 

COM, improving economy.  

 

The above scenario of a stability-economy tradeoff may explain why five of the 11 bird 

species studied showed a pattern of decreasing w* with increasing S*, yet the others did 

not. Given the expectation that the energetic cost of unnecessarily large lateral 

displacements is disproportionally greater in taller bipeds, and given that taller bipeds 

are inherently less stable (Figure 3.8), this makes it more likely that a stability-economy 

tradeoff will exist in relatively taller birds. In turn, step width would tend to be more 

tightly modulated with increasing speed. An example illustrating this is the comparison 

between swamphen and guineafowl. The swamphen studied were only about half the 

mass of the guineafowl, and yet they were almost 20% taller at the hips; the swamphen 

showed a significant decrease of step width with increasing speed, while the guineafowl 

did not. 
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Step width may also decrease with speed simply because of basic anatomical 

constraints. As speed increases, stride length increases and the legs are spread further 

apart in the direction of travel, providing more room between each step for the legs to 

be placed closer toward the midline (in front of the previous leg), something that may 

not be as easily achieved at lower speeds and stride lengths without considerable 

yawing of the body. Additionally, positioning the feet closer to the midline (i.e., 

adducting the limbs more) at faster speeds may also help to limit increases in coronal 

plane joint moments incurred from higher ground reaction forces, and thereby serve to 

reduce joint stress. 

 

3.4.3 The gait patterns of non-avian theropods  

 

In both extant obligate bipeds studied, step width was found to display the same speed-

related pattern as many other previously investigated kinematic parameters. In birds, a 

continuous change with speed reflects a continuous locomotor repertoire, whilst in 

humans an abrupt change with speed reflects a discontinuous locomotor repertoire, with 

discrete and distinct gaits defined by those abrupt changes (Alexander, 1989b). In the 

non-avian theropod trackways at Culpeper Quarry, step width decreased with increasing 

speed in a continuous fashion. The so-called ‘walk-trot’ and ‘trot-run’ transitions, as 

defined by Thulborn (1982; at S* = 2.0 and S* = 2.9, respectively) are not characterized 

by sudden changes in step width. In light of the patterns exhibited by modern obligate 

bipeds, this suggests that the theropod trackmakers did not have discrete gaits, but rather 

had a continuous locomotor repertoire, as in modern birds. That is, grounded running 

was possibly a component of their locomotor repertoire (Figure 3.9). This realization 

should not be as surprising as it may first appear, however, for there are in fact a wide 

variety of extant animals that habitually employ a continuous locomotor repertoire (to 

one degree or another), in addition to birds. These animals use a variety of postures, and 

include opossums (Parchman et al., 2003; Biknevicius et al., 2013), marsupials 

(Biknevicius et al., 2013), frogs (Ahn et al., 2004), elephants (Hutchinson et al., 2003), 

primates (Schmitt, 1999; Demes and O’Neill, 2013), sheep (Jayes and Alexander, 1978) 

and even arthropods (Blickhan and Full, 1987; Full and Tu, 1990; Reinhardt and 

Blickhan, 2014). 
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FIGURE 3.9. The Culpeper theropod trackmakers are inferred to have had a continuous 
gait paradigm, probably including grounded running in their locomotor repertoire. A, at 
slow speeds of locomotion, the theropods would had walked in a fashion comparable to 
slow walking in both modern birds and humans. The COM (black and white disc) 
would have been lowest during double-support phases and highest at single-support 
phases, and kinetic (KE) and potential energies (PE) of the COM would have oscillated 
more or less out of phase. B, at faster speeds, the theropods probably employed 
grounded running, still having periods of double-support, yet where the COM is highest 
at double-support and lowest at single-support. Kinetic and potential energies would 
oscillate more or less in phase. C, at faster speeds still, the theropods would have 
become airborne (i.e., aerial running) as the vertical oscillations of the COM increase. 
Kinetic and potential energies continue to oscillate in phase. 
 

 

 

How might early theropods have accomplished grounded running in their locomotor 

repertoire? Basal theropods lacked many of the anatomical features unique to birds 

among modern faunas (Gatesy, 1990, 1995; Carrano, 1998; Farlow et al., 2000; 

Hutchinson, 2004; Hutchinson et al., 2005; Hutchinson and Allen, 2009), and therefore 

any anatomical or behavioural feature that could facilitate grounded running must have 

been present in basal theropods. One such feature may have been a digitigrade posture, 
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which was present even in the dinosauromorph lineage leading to dinosaurs proper 

(Brusatte et al., 2011). By raising the ankle joint off the ground, the hindlimb would 

have an additional degree of freedom of movement compared to a plantigrade posture, 

as is the case in humans. This additional degree of freedom would have increased the 

compliance of the hindlimb, as well as allowed the digits to maintain contact with the 

ground at faster speeds, which would otherwise necessitate aerial running. That 

grounded running was quite possibly present in an early, basal theropod may indicate 

that it was in fact present in the vast majority of extinct theropods, both non-avian and 

avian. Indeed, it may indicate that grounded running was primitive for the theropod 

lineage. Coupled with the hypothesis proposed here that grounded running may be 

associated with a digitigrade posture (in theropods at least), this also raises the question 

as to whether other groups of bipedal, digitigrade dinosaurs, such as ornithischians and 

basal sauropodomorphs, and even their dinosauromorph ancestors, also utilized 

grounded running as part of their locomotor repertoire. Such suggestions are purely 

speculative at the present time, and deserve further study before more conclusive 

interpretations can be made. 

 

The possibility of grounded running in extinct, non-avian theropods has implications for 

understanding their palaeobiology. This is because grounded running could confer 

several advantages to a bipedal predator, despite potentially higher energy expenditure 

(McMahon et al., 1987). Periods of double limb support makes grounded running more 

stable than aerial running at the same speed, including over uneven terrain (Gatesy and 

Biewener, 1991; Andrada et al., 2014). Double limb support also reduces the peak 

ground reaction forces experienced compared to aerial running (McMahon et al., 1987; 

Schmitt, 1999; Andrada et al., 2013b), which in turn would reduce bone and muscle 

stresses. Consequently, the predator can move faster whilst still maintaining stability 

and lowered musculoskeletal stresses. This would be particularly advantageous for the 

large to giant species (e.g., Allosaurus, Tyrannosaurus and Giganotosaurus), whose 

athletic capabilities have previously been questioned (e.g., Blanco and Mazzetta, 2001; 

Hutchinson and Garcia, 2002; Hutchinson, 2004b; Sellers and Manning, 2007). 

Grounded running may also improve visual acuity by increasing head stability 

(McMahon et al., 1987; Hancock et al., 2007), which would be of benefit during the 

pursuit of prey. Given these advantages to a predatory biped, it is tempting to consider 
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that these advantages may have helped facilitate the evolution of grounded running in 

theropods in the first instance. 

 

3.5 Conclusion 

 

By integrating ichnological and comparative biomechanical datasets, this study has 

revealed new insight into the biomechanics of terrestrial locomotion of theropods, and 

bipeds in general. Step width tended to decrease with increasing speed of locomotion in 

the obligate bipeds studied: humans, (some) birds and extinct, non-avian theropods. 

Thus, mediolateral limb movements were an important aspect of terrestrial locomotion 

in these animals, and hence future attempts at biomechanical modelling need to be 3-D 

in order to fully capture the range of limb postures used. 

 

The relationship between step width and speed may be modulated by a tradeoff between 

the need for stability and economy of energy expenditure. More importantly, however, 

the manner in which step width changes with speed is decidedly different between 

humans and theropods. Humans exhibited an abrupt, large decrease at the walk-run 

transition, whereas in both non-avian and avian theropods step width decreased 

gradually with speed. These differences reflect a discontinuous locomotor repertoire in 

humans, and a continuous locomotor repertoire in theropods. The non-avian theropods 

that made the trackways investigated are interpreted to have had a more continuous 

locomotor paradigm, much like modern birds, probably including grounding running as 

part of their repertoire. If this is so, the age and likely basal phylogenetic position of the 

trackmakers would suggest that the distinct locomotor repertoire of modern birds had 

begun to appear very early on in theropod evolution, more than 210 million years ago. 

This is far earlier than was previously considered for theropods (Farlow et al., 2000), 

and raises the possibility that other groups of bipedal dinosaurs may also have employed 

a more continuous locomotor repertoire. 

 

It is suggested here that one anatomical feature which may have facilitated the evolution 

of grounded running in theropods was a digitigrade posture. Grounded running presents 

a number of advantages to a predatory biped, and it is possible that these advantages 

may have also helped facilitate the evolution of this behaviour in theropods. 
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Chapter 4 

The influence of speed and size on avian 
terrestrial locomotor biomechanics: predicting 
locomotion in extinct theropod dinosaurs

 
 

 

 
 
 
 
 
 
 
 
 
 

 
 
Simultaneous recording of high-speed kinematic and ground reaction force data for a 
walking turkey, Meleagris gallopavo. The trajectories of the back and toe markers were 
tracked from video recordings, and the ground reaction forces exerted by the feet were 
measured by a forceplate (visible in lower right of frame). 
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4.1 Introduction 

 

What would an 8-tonne Tyrannosaurus rex have looked like moving at 5 m/s? Could it 

have managed to move as fast as 10 m/s, or faster? To better understand how extinct, 

non-avian theropods locomoted requires a thorough understanding of locomotion in 

extant theropods, birds. Despite having undergone profound evolutionary change, extant 

birds retain a great wealth of (homologous) anatomical similarities to their ancestors 

(Ostrom, 1976; Gauthier, 1986; Sereno, 1999; Chiappe and Witmer, 2002; Weishampel 

et al., 2004; Hutchinson and Allen, 2009; Naish, 2012; Turner et al., 2012), and are 

therefore an important source of information concerning extinct theropod locomotion. 

Also important as a source of information is the only other extant obligate biped, 

humans. Many studies have investigated terrestrial locomotion in modern birds, 

revealing it to be considerably different from that in humans, especially as regards 

posture and the degree of continuity of locomotor patterns (see Chapter 2).  

 

One aspect of avian terrestrial locomotion that remains less explored, however, is how 

kinematics and, particularly, kinetics change with increasing speed, or how these are 

influenced by body size. The last question is particularly pertinent, given the large sizes 

that many extinct theropods attained, well above that observed in extant species. Whilst 

a number of studies have investigated speed effects on kinematic parameters (Cracraft, 

1971; Gatesy, 1990; Muir et al., 1996; Gatesy, 1999a; Reilly, 2000; Rubenson et al., 

2004; Hancock et al., 2007; Jones, 2010; Nudds et al., 2011; Nyakatura et al., 2012; 

Rose et al., 2016), few have examined this in a comparative fashion, across species of 

different body size (Gatesy and Biewener, 1991, Abourachid and Renous, 2000; 

Stoessel and Fischer, 2012; Kilbourne et al., 2016). Only a handful of studies to date 

have examined speed effects on kinetic parameters (Cavagna et al., 1977; Heglund et 

al., 1982; Rubenson et al., 2004; Hancock et al., 2007; Rubenson and Marsh, 2009 

Nyakatura et al., 2012; Andrada et al., 2013a; Andrada et al., 2015). Only in three of 

these studies were more than a single species investigated (Cavagna et al., 1977; 

Heglund et al., 1982; Andrada et al., 2015), and in each case only mechanical energy 

fluctuations were examined. Consequently, there is a dearth of knowledge about how 

even some very basic and fundamental aspects of terrestrial locomotion are modulated 

by speed and body size in ground-dwelling birds. Without a better understanding of 

speed or size effects on locomotion, this hampers attempts to quantitatively characterize 
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locomotion in extinct theropods, through empirical extrapolation or theoretical 

modelling (e.g., Alexander, 1983b, 1985; Blanco and Mazzetta, 2001; Hutchinson and 

Garcia, 2002; Hutchinson, 2004b; Blanco and Jones, 2005; Gatesy et al., 2009). 

 

The present study builds upon previous research in an attempt to better understand 

locomotor biomechanics in both extant and extinct theropods. Its primary objective was 

to examine how several fundamental kinematic and kinetic variables of terrestrial 

locomotion vary with speed and body size in modern ground-dwelling birds, with the 

view to deriving predictive relationships that can be applied to extinct theropods. A key 

variable of interest is the ground reaction force (GRF), the force the feet exert upon the 

ground during locomotion. As a reaction force, it represents the summation of 

accelerations of all the individual components of the body during movement, and is 

fundamental to understanding many aspects of locomotor biomechanics (Clark and 

Alexander, 1975; Biewener, 1989, 1990; Roberts et al., 1998; Weyand et al., 2000; Blob 

and Biewener, 2001; Biewener et al., 2004; Hutchinson, 2004a,b). A second objective 

of this study was to further elucidate the underlying similarities and salient differences 

between bird and human terrestrial locomotion. In addition to better characterizing 

avian terrestrial locomotion across body size and speed, this can help identify those 

aspects of obligate striding bipedalism that are influenced by anatomical or postural 

differences. In turn, this will provide guidance on the use of any predictive relationships 

derived herein. 

 

4.2 Methods 

 

Two data sets were collected for this study: three-dimensional (3-D) kinematic and 

kinetic data for modern ground-dwelling bird species and 3-D kinetic data for humans. 

All experimental protocols used in this study were approved by the Griffith University 

Animal Ethics Committee (approval number AHS/01/14/AEC) and the University of 

Queensland Animal Ethics Committee (approval number SBS/102/14/ARC). Collection 

of the three wild bird species studied was approved by the Queensland Department of 

Environment and Heritage Protection (permit number WISP14699514). Written 

informed consent was obtained from the human subjects prior to participating in the 

study. 
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4.2.1 Bird data 

 

4.2.1.1 Animals studied 

 

Twelve species of ground-dwelling bird were studied (Table 4.1), ranging from 45 g 

Chinese painted quail to 80 kg ostriches. Only ground-dwelling species were 

investigated here because, by virtue of spending most or all of their time on the ground, 

they have well-developed hindlimb locomotor systems. Data for tinamous, ostriches and 

emus had been collected in previous studies (tinamous: Hancock et al., 2007; ostriches: 

Rubenson et al., 2007, 2011; emus: Lamas et al., in review). Given logistical limitations 

and the objectives of this study, preference was given to maximizing the diversity of 

bird species investigated, rather than achieving a greater number of replicates for fewer 

 

 

TABLE 4.1. The species of bird studied. Also reported are sample sizes and mean (± 
s.d.) masses, hip heights and total leg lengths (sum of interarticular lengths of femur, 
tibiotarsus and tarsometatarsus). 

Species 
N Mass, kg 

Hip height, 

mm 

Leg length, 

mm 
Data collected 

scientific name common name 
Coturnix 

chinensis 

Chinese painted 
quail 

3♂, 2♀ 
0.047 ± 
0.002 

58.6 ± 4 84 ± 3.2 this study 

Colinus 

virginianus 

Northern 
bobwhite quail 

3♂, 2♀ 0.17 ± 0.014 77.8 ± 10.4 133.2 ± 2.8 this study 

Coturnix 

japonica 
Japanese quail 1♂, 3♀ 

0.301 ± 
0.077 

106.3 ± 7.5 140.5 ± 8.7 this study 

Porphyrio 

porphyrio 
Purple swamphen 3♀ 

0.623 ± 
0.058 

239 ± 14.1 287.7 ± 9.1 this study 

Eudromia 

elegans 

Elegant-crested 
tinamou 

3 
0.756 ± 
0.013 

172 ± 6.7 n/a 
Hancock et al. 
(2007)  

Numida 

meleagris 

Helmeted 
guineafowl 

2♂, 1♀ 
1.257 ± 
0.114 

201.7 ± 15.5 249.3 ± 8.3 this study 

Alectura lathami 
Australian brush 
turkey 

2♀ 1.49 ± 0.057 267 ± 15.6 309.5 ± 2.1 this study 

Threskiornis 

moluccus 

Australian white 
ibis 

2♂ 1.54 ± 0.057 282.5 ± 30.4 342 ± 15.6 this study 

Gallus gallus 

Domestic chicken 
(white leghorn 
breed) 

1♂, 2♀ 1.71 ± 0.521 254.3 ± 47.8 284.3 ± 43.8 this study 

Meleagris 

gallopavo 

Domestic turkey 
(various mixed 
breeds) 

2♂, 3♀ 3.228 ± 0.9 365.2 ± 47.4 406.8 ±49.3 this study 

Dromaius 

novaehollandiae 
Emu 6♀ 38.58 ± 2.69 903.3 ± 35.0 1005.5 ± 25.9 

Lamas et al. (in 
review) 

Struthio camelus Ostrich 3♂ 74.35 ± 6.15 1128 ± 14.1 1181 ± 0 
Rubenson et al. 
(2007, 2011) 
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species. All birds investigated in the present study were considered to be adults based 

on skeletal maturity, with the possible exception of the domestic turkeys, which had 

sizeable chondroepiphyses as revealed in postmortem dissections, but were still of adult 

size.  

 

4.2.1.2 Data collection 

 

Two experimental setups were used in the present study, one small indoor racetrack for 

the three quail species, and a larger outdoor one for the remaining species. A description 

of the setup of the racetracks and high-speed cameras, the filming parameters used, the 

location of anatomical markers and recording of locomotion data is given in Chapter 3. 

 

To measure the GRF of locomotion, one of three custom-built forceplates was mounted 

in the centre of the racetracks, flush with the surrounding racetrack surface and covered 

with fine grit sandpaper. In the small racetrack, the forceplate comprised a 50 × 50 × 10 

mm or 100 × 100 × 10 mm plastic top plate secured to a six degree-of-freedom force-

torque sensor (ATI nano17; ATI Industrial Automation, Apex, USA). In the large 

racetrack, one of two forceplates was used. The first one, used for the majority of data 

collection, has been described in detail elsewhere (Clemente et al., in review); its top 

plate measured 280 × 280 × 10 mm. The second forceplate, used in the collection of a 

portion of the guineafowl data, comprised a 140 × 140 × 10 mm plastic top plate 

secured to a six degree-of-freedom force-torque sensor (ATI gamma; ATI Industrial 

Automation). The forceplates were operated through an analogue-digital converter (NI 

USB-6343, National Instruments, Austin, USA), which sampled data at 10 kHz using a 

custom LabVIEW 2012 script (National Instruments). They were synchronized with the 

cameras using a manual trigger pulse. Forceplates were re-zeroed frequently throughout 

each day of data collection, and the large forceplate was also recalibrated throughout 

when necessary. For each forceplate, the x-axis was parallel to the long-axis of the 

racetrack (i.e., the general direction of travel), the y-axis was transverse to this and the 

z-axis was vertical. Thus, the coordinate system of the forceplates was parallel to the 

coordinate system of the calibration volumes used for kinematic data collection (see 

Chapter 3). 

 

Following the conclusion of experiments, birds were euthanased by cervical dislocation 



 

82 
 

and immediately massed. The right leg was then dissected free of soft tissue and the 

interarticular lengths of the femur, tibiotarsus and tarsometatarsus were measured 

(excluding trochanters or crests). The sum of these lengths is taken to be the total leg 

length, L. 

 

4.2.1.3 Kinematic data processing 

 

Only trials in which the bird was moving in a relatively straight line, and in which only 

a single, entire foot contacted the forceplate, were considered for analysis. Trials in 

which the bird displayed obviously abnormal behaviour (e.g., hopping, skipping, 

alternating pace lengths or sudden lurching to one side) were excluded. For each trial 

recorded in the current study, the back and toe markers were digitized and their 3-D 

coordinates calculated using DLTdv5 (Hedrick, 2008), a digitizing program written for 

MATLAB 8.0 (MathWorks, Natick, USA). The toe markers were digitized at both the 

instance of foot touchdown and when the feet were firmly planted on the ground and 

fully stationary. For the birds run in the present study, the instance of touchdown or 

liftoff of a given foot was taken to be the first frame in which that the end of digit III 

touched the ground, or the last frame that the end of digit III touched the ground, 

respectively. This is appropriate, for the end of digit III (claw or base of toe) was 

typically the first part of the foot to make contact with the ground, and typically was the 

last part to leave the ground. Furthermore, touchdown and liftoff as determined from the 

videos always coincided very closely to the beginning and end of the vertical force 

component of the GRF measured by the forceplates. The stance duration, tstance, was 

then calculated as the time difference between foot touchdown and liftoff. In standing 

trials, the hip marker was digitized and its coordinates calculated, either using DLTdv5 

or using a reference object of known dimensions within the field of view of the cameras. 

The calculated z-coordinate of the hip marker was taken as the standing hip height h of 

the bird. 

 

In all species’ trials except those of the tinamous, the direction of heading of the bird as 

it crossed the forceplate was determined by fitting a least-squares straight line to the (x, 

y) coordinates of the trajectory of the back markers. As the tinamous were only filmed 

in lateral view, they were assumed to be moving parallel to the forceplate (Hancock et 

al., 2007). The Cartesian gradient of this least-squares line was then used to calculate 
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the angle of the bird’s heading with respect to the x-axis of the forceplate (global) 

coordinate system. If the available trajectory of the back markers was limited in a given 

trial, for instance due to inability to completely digitize the trajectory of back markers, 

then the direction of heading was determined by fitting a least-squares straight line to 

the (x, y) coordinates of the digitized coordinates of stationary footfalls. In this case, as 

many digitized footfalls as possible from the trial were used. At the very minimum, 

three successive footfalls are necessary: the preceding footfall, the footfall contacting 

the forceplate and the following footfall. The mean forward speed in the direction of 

heading, v, was also determined for each trial, preferentially from the back marker 

trajectory if available, but otherwise from the timing and spatial position of foot 

touchdowns. The forward speed for the tinamous had previously been measured 

(Hancock et al., 2007). Comparison of the 588 trials in which both back markers and 

footfalls were able to be used to calculate heading and speed indicated that the two 

methods yielded highly comparable measurements, for both speed and direction of 

heading (Figure 4.1). A major axis linear fit of the speed estimates, with the fitted line 

forced through the origin, had a slope of 1.024, with r2 = 0.981, as calculated in PAST  

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.1. Comparison of the two methods used to measure direction of heading 
and speed. A, direction of heading; dashed lines are lines of positive and negative 
parity. B, speed in the direction of heading; dashed line is line of parity. Inset in A 
shows how heading angles were defined with respect to the Cartesian coordinate 
system of the forceplate. Clearly, both methods produce estimates that are in strong 
agreement with each other. 
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3.09 (Hammer et al., 2001). These results validate the use of the footfalls as an 

alternative to back marker trajectories when necessary. 

 

Duty factor, β, was determined for each trial from the instances of foot touchdown and 

liftoff. Duty factor is the proportion of the stride for which a given foot (here, the foot 

contacting the forceplate) is on the ground, that is, the stance duration divided by stride 

duration. The precise method used for calculating duty factor depended on the 

availability of kinematic and GRF data for footfalls preceding and following that 

contacting the plate. As stride duration may be defined either using the same foot (i.e., 

that contacting the forceplate), or the other (contralateral) foot, duty factor was 

determined in one of three ways (Figure 4.2A): 

 
NN
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TDTD

TDLO

−

−
=

+2

β ,  (4.1) 
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11 −+ −

−
=
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TDTD

TDLO
β ,  (4.3) 

where TDn and LOn signify touchdown and liftoff of footfall n, respectively, and {N–2, 

N–1, N, N+1, N+2} denote the second preceding footfall (same foot as that which 

touches the plate), preceding footfall (contralateral foot), footfall touching the 

forceplate, following footfall (contralateral foot) and second following footfall (same 

foot as that which touches the forceplate). If the bird moved at a constant speed with 

exactly equal phase relationship of the feet, then all three methods of calculation would 

yield the same result. This was not always the case, and so Equation 4.3 was used 

preferentially here wherever possible, as it acts to ‘average out’ unevenness in step-to-

step phase and speed, by including both a footfall before and after that which contacts 

the plate. Whenever the situation did not permit Equation 4.3 to be used, then either 

Equations 4.1 or 4.2 were used instead. In reality, the results produced by all three 

methods eventuated to be very similar for a given trial; this was due to the high 

frequency of data recording compared to the birds’ stride frequencies, and also because 

there was typically only a small difference in phase between successive footfalls. If 

there were only two footfalls recorded in the field of view of the cameras, duty factor 

was determined assuming that both feet have equal duty factors and phase relationships.  
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FIGURE 4.2. Schematic of the definitions used in calculating duty factor. A, the 
definitions used when three or more footfalls were available. B, the definitions used 
when only two footfalls were available; in this instance, a ‘virtual third touchdown’ (in 
grey) must be inferred in order to calculate duty factor. TD is touchdown, LO is liftoff. 
 

 

This requires the calculation of a ‘virtual third touchdown’, that is, when the third foot 

would have touched down if it had indeed been recorded (Figure 4.2B): 
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An analogous calculation was used if it was footfall 2 that contacted the plate (cf. Figure 

4.2B; the denominator remains unchanged, however).  

 

For the birds run in the current study, duty factor was determined from the instances of 

touchdown and liftoff as identified in the videos; these correlated very closely with the 

vertical component of the recorded GRF. For the ostriches, touchdown and liftoff was 

identified from visual inspection of the temporal variation of the vertical (z) coordinate 

of the toe marker, with comparison to the recorded GRFs. For the emu and tinamou 

data, touchdown and liftoff were identified from the vertical component of the raw GRF 

data. The time of touchdown was taken to be when the vertical force exceeded the 
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background ‘noise’ of the unloaded forceplate; the time of liftoff was taken to be when 

the vertical force no longer exceeded the background 'noise' of the unloaded forceplate. 

Owing to the lower sampling frequencies used for tinamous (Hancock et al., 2007) and 

emus (Lamas et al., in review), these were easily identified by visual inspection. Whilst 

the precise method used for calculating duty factor differed between species, depending 

on the availability of kinematic and GRF data for footfalls preceding and following that 

which contacted the forceplate, potential error due to differences in methods are 

considered to be minimal. This is because of the high frequency of data recording 

compared to the birds’ stride frequencies; errors on the order of even 5 frames at a 250 

frames/sec framerate amount to only 2%. 

 

The stride length S in each trial was determined as the length of the stride opposite the 

foot contacting the plate, that is, measured from footfall N–1 to footfall N +1. Two 

exceptions to this were the data for tinamous, in which stride length had been previously 

measured (Hancock et al., 2007), and the data for emus, in which only the right digit III 

had been marked and kinematically tracked (Lamas et al., in review). As such, the stride 

length could not be measured directly; instead, it was estimated using the method 

described in Chapter 3. 

 

For each trial, speed, stance duration and stride length were normalized to the standing 

hip height of the individual bird:                                                                       

                                                               
gh

v
v =* ,  (4.5) 

                                                                
h

g
tt ⋅= stancestance* ,  (4.6) 

                                                                    S* = S/h,  (4.7) 

where g is the acceleration due to gravity (9.81 m/s2). As defined here, relative speed v* 

is equal to the square root of the Froude number as sometimes used in other studies. 

 

4.2.1.4 GRF data processing 

 

For the large forceplate described by Clemente et al. (in review), raw voltage recordings 

were processed in a custom MATLAB script. Briefly, the recorded voltages were 

synchronized to the videos, which allowed determination of foot touchdown and liftoff. 
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The voltage recording for each of the six channels were baselined and corrected for any 

plasticity effects that occurred during the stance, assuming a linear response. Each 

channel was then filtered with a fourth-order, zero-lag Butterworth low-pass filter. The 

cutoff frequencies used for each channel removed noise without attenuating signal 

peaks, and were chosen based on visual comparison of the filtered versus unfiltered 

data; they varied largely between 20–35 Hz. The filtered voltages were then converted 

to forces using the calibration described by Clemente et al. (in review). These forces 

were corrected for the direction of heading of the bird, so as to express them in the 

bird’s anatomical coordinate system. Lastly, the sign of the x and y components of the 

forces were adjusted as necessary, in order to maintain a consistent anatomical 

convention: +x is forward, + y is medial and +z is upwards. 

 

A similar process was employed in the processing of the force data recorded by the 

other forceplates for the quail and guineafowl, as well as for the previously collected 

tinamou, emu and ostrich data. The processing of data collected with the small racetrack 

forceplate (ATI Nano17) included a custom calibration routine, as one of the 6 factory 

channels in the transducer was found to be unreliable. The cutoff frequencies used for 

the quail varied largely between 50–80 Hz (Japanese and bobwhite quail) or between 

60–100 Hz (painted quail); for the guineafowl (ATI gamma) largely between 30–50 Hz; 

for the tinamous between 70–90 Hz; and for the emus between 15–20 Hz. The ostrich 

force data had already been filtered previously by Rubenson et al. (2011), at 15 Hz.  

 

4.2.2 Human data 

 

4.2.2.1 Data collection 

 

Three healthy, adult, recreationally active volunteers (two male, one female) were 

studied (height 179.3 ± 3.2 cm, mass 79.7 ± 16.8 kg, means ± s.d.). A sample size of 

three was deemed sufficient, since the aim of the study was to elucidate major patterns, 

for broad comparative purposes (Alexander, 1976; Alexander and Jayes, 1978, 1983; 

Gatesy and Biewener, 1991; Rubenson et al., 2011). The subjects walked and ran 

barefoot along a split belt instrumented treadmill that recorded 3-D GRFs at 1 kHz 

(Bertec Limited, Columbus, Ohio, United States of America). The speed of the treadmill 
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was controlled via external computer software. Prior to data collection, each subject’s 

natural walk-run transition speed was ascertained, as outlined in Chapter 3. 

 

Each subject undertook a number of walking and running trials at speed increments of 

0.25 m/s, ranging from slow walking through to fast running speeds. For each trial, the 

subject initially stood still on the stationary tread, whence the tread speed was gradually 

increased to the desired trial speed over a period of 5–10 s. After the subject had 

reached a steady manner of locomotion, data recording commenced, and lasted for a 

minimum of four strides. Subsequently, the tread speed was slowly reduced back to 

zero. The order of trial speeds was randomized, and the subjects did not know what the 

trial speed was going to be. For each trial the subjects were asked to use their preferred 

manner of locomotion (walking or running). One exception to this was the subject-

specific walk-run transition speed, which was trialled twice. In the first trial, the subject 

used their naturally preferred gait; in the second trial, they were instructed to use the 

other gait. That is, if the first trial was a walk, then in the second trial they were 

instructed to run, and vice versa. After each trial, the force sensors in the treadmill were 

re-zeroed, and the subject was allowed to rest between trials as required. 

 

A potential caveat of the current study is the comparison of data from overground 

locomotion in birds to that collected from treadmill locomotion in humans. The use of 

the treadmill was chosen so as to facilitate the acquisition of a large amount of data in a 

short time span. Several previous studies have demonstrated that the GRFs recorded for 

human locomotion on a treadmill do not substantially differ, qualitatively or 

quantitatively, from that recorded for overground locomotion (Kram et al., 1998; White 

et al., 1998; Riley et al., 2007, 2008; Kluitenberg et al., 2012; Willems and Gosseye, 

2013). Indeed, the data collected in this study are quite comparable to that reported 

previously for overground walking and running in humans (Alexander and Jayes, 1980; 

Cavanagh and LaFortune, 1980; Hamill et al., 1983; Munro et al., 1987; Nilsson and 

Thorstensson, 1989; Kram et al., 1998; Riley et al., 2007, 2008; Kluitenberg et al. 

2012). As the human data were collected solely for gross comparative purposes birds, 

the difference in data collection methods was therefore deemed inconsequential. 
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4.2.2.2 Data processing 

 

Although both belts of the instrumented treadmill recorded GRFs, only the GRFs of the 

right footfalls for each trial were extracted for further processing. In the same manner as 

for the emu and tinamou data above, the instances of foot touchdown and liftoff for each 

footfall were determined from the raw force data. The force data for each footfall was 

then filtered with a fourth-order, zero-lag Butterworth low-pass filter, with cutoff 

frequencies largely between 15–25 Hz. The instances of touchdown and liftoff also 

enabled the determination of tstance, β and S, the latter calculated as  

 S = v·tstride,  (4.8) 

where tstride is the stride duration. As for the birds, speed, stance duration and stride 

length were normalized to standing hip height for each subject (Equations 4.5–4.7), 

determined from standard anthropometry (Winter, 2009). 

 

4.2.3 GRF analysis 

 

For each bird and human trial the processed 3-D GRF force-time profile was analysed in 

a custom MATLAB script, to examine features including the magnitude of peak GRF, 

the magnitude of peak vertical, anteroposterior and mediolateral components of the 

GRF, and the magnitude of the vertical force when the anteroposterior force was zero, 

as well as the timing of these events.  

 

4.2.3.1 Mechanical energy fluctuations 

 

The GRF force-time profiles were also analysed with respect to fluctuations of kinetic 

and potential energy (KE and PE, respectively) of the instantaneous whole-body centre 

of mass (COM). Usually, the GRFs from an entire stride (or integral number of strides) 

are required to examine patterns of mechanical energy fluctuation (Cavagna, 1975; 

Cavagna et al., 1977; Heglund et al., 1982; Blickhan and Full, 1992; Hancock et al., 

2007). However, if β is known, then the total GRF profile experienced throughout the 

course of a whole stride can be simulated, by superimposing the recorded single-footfall 

GRF profile on itself and incorporating a ‘phase shift’ for the temporal offset of right 

and left footfalls (Clark and Alexander, 1975; Figure 4.3). This procedure assumes that  
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FIGURE 4.3. The simulation of the GRF over a whole stride. This is achieved by 
superimposing the GRF measured for one foot onto itself with an appropriate temporal 
offset. A, for when β > 0.5. B, for when β = 0.5. C, for when β > 0.5. In each case, the 
temporal offset is equal to tstance/2β. Note that the profile for the total force is slightly 
offset vertically, for visualization purposes. 
 

 

the subject is moving at a steady speed with left-right symmetry of limb use (e.g., equal 

duty factors and footfall phase relationships), which is a good first approximation but 

may not always be exactly true (Andrada et al., 2015; Kambic et al., 2015). The start of 

the stride is designated to be the touchdown of the foot that contacts the forceplate. 

 

As β and tstance are already known, the stride duration was calculated as  

 
β

stance
stride

t
t = . (4.9) 

In a symmetrical gait, as is assumed here, the phase shift of the GRF profile from the 

contralateral foot is half of the stride duration, regardless of duty factor: 
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β2

stancet
P = .  (4.11) 

Thus, the original GRF profile was superimposed upon itself, being separated by a  

phase shift P, although the profile of the mediolateral component was reversed about the 

abscissa (i.e., multiplied by -1), since the contralateral foot was assumed to push with 

the mediolaterally opposite pattern. The two GRF profiles were then summed to 

produce the total GRF profile across the whole stride. 

 

Fluctuations of KE and PE were then calculated via single and double integration of the 

total force profile, as follows. Instantaneous accelerations were determined thus:  

 
m

F
a x

x = ,  (4.12) 

 
m

F
a

y

y = ,  (4.13) 

 
m

mgF
a z

z

)( −
= ,  (4.14) 

where m is body mass. Instantaneous velocities were determined thus:  

 ∫ +=
t

xxx udtav
0

,  (4.15) 

 ∫=
t

yy dtav
0

,  (4.16) 

 z

t

zz udtav += ∫
0

.  (4.17) 

Instantaneous vertical displacement was determined thus:  

 ∫=
t

zz dtvs
0

.  (4.18) 

Instantaneous kinetic energy was determined thus:  

 KE = ½mvx
2 + ½mvy

2 + ½mvz
2.  (4.19) 

Instantaneous gravitational potential energy was determined thus:  

 PE = mgsz.  (4.20) 

In the calculations of instantaneous velocities, ux is the mean forward velocity of the 

bird, as measured from kinematics. The pronumeral uz is the vertical velocity of the 

centre of mass at the beginning of the stride (Gard et al., 2004). This is non-zero 



 

92 
 

because in steady-state locomotion, the overall vertical displacement of the centre of 

mass over a whole stride is zero: 

                                                               0
stride

0

=∫
t

z dtv .  (4.21) 

Given Equation 4.17, this implies that 

                                                 0
stridstride

00
=+∫∫ ∫

et

z

t

z dtudta ,  (4.22) 

                                        0stride
0

stride

=+∫ ∫ tudta z

t

z , and therefore  (4.23) 

                                              stride
0

stride

tdtau
t

zz ∫ ∫ ÷−= .  (4.24) 

 As ∫ ∫
stride

0

t

Z dta  is non-zero, so too will be the value for uz. Thus, the value of uz was 

determined by requiring the overall vertical displacement of the COM over a whole 

stride is zero, or equivalently, that the average vertical velocity of the COM over a 

whole stride is zero (Donelan et al., 2002). The calculation of instantaneous 

mediolateral velocity (Equation 4.16) did not require an integration constant, since the 

subject moved in a straight line and thus there was no net mediolateral displacement. 

The calculation of instantaneous vertical displacement (Equation 4.18), in not having an 

integration constant, ignored the PE already present by virtue of the height of the COM 

above the ground; rather, it assessed how PE changed relative to a datum, in this case, 

the PE of the COM at the beginning of the stride. 

 

Once KE and PE were calculated across the entire stride, an assessment of their 

fluctuation relative to each other was made by calculating percent congruity (Ahn et al., 

2004). This is a measure of how often throughout the stride that PE and KE fluctuate in 

phase, that is, the slopes of the KE-time and PE-time curves have the same sign. In pure 

vaulting mechanics, percent congruity would be 0%, and in pure bouncing mechanics, 

percent congruity would be 100%. In addition to percent congruity, the net vertical 

displacement (NVD) of the COM was also determined, calculated as the difference 

between the maximum and minimum values of sz. When normalized to hip height, NVD 

therefore expresses how much the subject moves up and down throughout the stride.  
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4.2.3.2 Fourier analysis 

 

As a key objective of this study was prediction of the GRF, the force-time profile of 

each of the three components of the GRF were subjected to Fourier analysis to 

determine the corresponding Fourier series, implemented in custom MATLAB script. A 

Fourier series is a summation of first-order sine and cosine terms of increasing 

frequency,  

 ( )∑
∞

=

++=
1

0 )cos()sin()(
n

nn ntbntaatf ππ ,  (4.25) 

where the pronumeral n refers to the fundamental frequencies (1 Hz, 2 Hz, 3 Hz, 4 

Hz,…). Given enough terms (high enough n), a Fourier series can replicate the shape of 

any waveform. Thus, Fourier series are an attractive means of concisely describing the 

entire shape of a force profile (see also Alexander and Jayes, 1980; Ogihara et al., 

2007). In the MATLAB script, the process of Fourier analysis was conducted as 

follows: 

1. The force-time profiles of each of the three components of the GRF were 

normalized to body weight and stance duration: 

  
mg

F
F =* ,  (4.26) 

  
stance

*
t

t
t = .  (4.27) 

2. A full-wave signal was created by duplicating the force-time profile, reversing it 

with respect to both force and time and appending it to the end of the original force-

time profile (Figure 4.4). Such a transformation ensures that the transition from the 

original force-time trace to the transformed trace is smooth (Alexander and Jayes, 

1980). This also minimizes ‘spectral leakage’, where higher frequencies are 

recovered with artificially inflated values of their coefficients an or bn. 

3. A fast Fourier transform was applied, and coefficients an and bn were calculated. 

4. Additionally, a cumulative power spectrum of the coefficients was calculated for 

each component of the GRF, beginning at frequency 1 Hz and progressing towards 

higher frequencies, to determine the relative contribution of each sine and cosine 

term towards explaining the shape of the force-time profile. 

As the fast Fourier transform was applied to the full-wave signal, the vertical offset of 

the signal was zero, that is, a0 = 0. Hence, the recovered values for coefficients an and bn  
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FIGURE 4.4. Preprocessing a force-time profile for Fourier analysis. A, the original 
profile has been normalized to body weight and stance duration. B, a full-wave signal is 
generated by reversing the profile about both the force and time axes, and appending it 
to the end of the original profile. 
 

 

reflected the shape of the curve only, and conversely, the entire shape of the curve was 

described by those coefficients. 

 

Prior to the analyses outlined above, the vertical component of the GRF profile was 

corrected for dynamic inconsistency between it and measured kinematics for each trial. 

The logic behind this is outlined as follows. In an ideal situation of steady-state 

locomotion, over an integral number of strides the net change in vertical position of the 

COM is zero, as is the net change in vertical velocity and vertical momentum. For 

vertical momentum to exhibit no net change across an integral number of strides, this 

means (by the law of conservation of momentum) that the net vertical impulse is zero; 

so for a biped,  

 2Iz = Iw.  (4.28) 

That is, the upward impulse from the foot contacting the forceplate, Iz, should 

theoretically equal half of the downward impulse of the body's weight over the stride, 

Iw, or equivalently, the impulse of the body’s weight over half the stride (Breit and 

Whalen, 1997). This is equivalent to stating that the mean vertical force exerted by the 

feet over one stride is equal and opposite to body weight (Alexander, 1977; Clark et al., 

2014). This is not always the case, however, because of errors in measurement of mass, 

stance duration, duty factor or force: there is dynamic inconsistency in measured 

kinematics and kinetics. There may also be unevenness in the distribution of body 
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weight across the two feet, but this was assumed to be negligible here as the trials 

studied were of straight line locomotion (but see Andrada et al., 2015; Kambic et al., 

2015). Akin to residual reduction analysis (Delp et al., 2007), the dynamic inconsistency 

can be remedied by adjusting the vertical component of the GRF to match the expected 

impulse. The simplest means of achieving this is a linear (proportional) scaling of the 

magnitude of the force at each time instance:  

 Fz (adjusted) = α·Fz.  (4.29) 

The adjustment factor α is the ratio of the body weight (half-) impulse and the impulse 

of the recorded Fz: 

                                                

∫⋅
⋅⋅

=
stance

0

stance

2
t

z dtF

tgm

β
α .  (4.30) 

The closer the value of α is to unity the more dynamic consistency there exists between 

kinematics and kinetics. Moreover, as it was assumed that asymmetry in force 

distribution across the feet is negligible, the adjustment was only applied to the vertical 

component of the GRF.   

 

4.2.4 Statistics 

 

Before the results were subject to statistical analysis, trials were discriminated according 

to three criteria, to identify ‘good’ steady-state trials. These criteria were: 

1. Excess imbalance in forwards versus backward impulses of Fx was ≤ 150%. 

2. Relative speed change across the duration of stance (as calculated from the net 

impulse in Fx) was ≤ 10%.  

3. The dynamic adjustment factor applied to Fz was between 0.8–1.2 (i.e., dynamic 

inconsistency was ≤ 20%). 

After applying these three criteria, a total of 701 bird trials and 243 human trials were 

found to be satisfactory for statistical analysis. All analyses were conducted in R 3.2.2 

(R Core Team, 2012), PAST (Hammer et al., 2001) or MATLAB, and significance 

levels were set to p = 0.05. 

 

As the primary objective of this study was prediction, ordinary least squares regressions 

were used throughout, unless otherwise specified (Warton et al., 2006). Moreover, given 

this objective, it was imperative to maximize the generality of the predictive equations 

derived, even if this entailed sacrificing some fine-scale accuracy concerning the effects 
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of body mass or phylogeny. To initially identify which parameters varied significantly 

with relative speed in birds, an ordinary least squares linear regression (y = Ax + B) was 

conducted for each parameter for each species, and p-values calculated. A majority-

rules consensus of the P-values over the 12 species determined whether a given 

parameter was to be included or not in further analysis. Of those parameters identified 

as significantly varying with relative speed, two further regressions were conducted for 

each species’ data sets: a simple power fit (y = Ax
B, herein referred to as ‘power I’) and 

a vertically translated power fit (y = Ax
B + C, herein referred to as ‘power II’). In the 

determination of the power II fits, the value for C was fixed for each species, taken as 

the value of C when a power II fit was applied to the pooled data for all species. By 

restricting the number of unknown coefficients to two (A and B), this eliminates the 

potential for spurious results in nonlinear regression, stemming from multiple local 

minima in the sum of squared residuals (Motulsky and Ransnas, 1987). Deciding 

whether a linear, power I or power II fit best explained the data for a given variable 

primarily used the Akaike Information Criterion (AIC), applying a majority-rules 

consensus over the 12 species. Thus, a single type of fit was identified to best explain a 

given variable, and for each species the values of the coefficients A and B differed. 

 

To assess whether there was a significant influence of body mass on the relationship 

between a given variable and relative speed, a phylogenetic generalized least squares 

(PGLS) linear fit was calculated for both A and B against log10m, conducted using the 

‘caper’ package in R (Orme et al., 2015). Body mass for each species was taken as the 

average of the masses of each individual of that species, weighted by the relative 

contribution of each individual’s trials to the species’ dataset. To assess the strength of 

phylogenetic signal on the values of A or B, the K statistic and corresponding p-value of 

Blomberg et al. (2003) was also calculated, using the ‘phytools’ package in R (Revell, 

2012). If it was found that there was no significant influence of mass on the value of a 

coefficient (A or B), then the mean value of that coefficient across species was used in 

formulating the predictive equation. Further, if it was also found that there was no 

significant influence of phylogeny on the value of A and B for a given variable, then a 

single all-species fit was performed to derive the predictive relationship for that 

variable. This is because without any significant effect of body mass or phylogeny, their 

data could be pooled together to produce the most generalized predictive equation. 
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The PGLS fits and calculations of the K statistic were based on a consensus phylogeny 

drawn from the results of recent studies of avian interrelationships (Figure 4.5, Table 

4.2; Hackett et al., 2008; Morgan-Richards et al., 2008; Ksepka, 2009; Phillips et al., 

2010; Haddrath and Baker, 2012; Jetz et al., 2012; Smith et al., 2013; Yuri et al., 2013; 

Jarvis et al., 2014; Mitchell et al., 2014; Ksepka and Phillips, 2015; Prum et al., 2015). 

The branch lengths of the phylogeny used in the statistical analyses are of time since 

divergence, in millions of years; these were determined as the mean values from each 

study where such divergence dates were reported (Table 4.2). 

 

For some parameters, it was apparent upon visual inspection that the predictive equation 

(or equations, if there was an effect of mass on A or B) yielded by the approach outlined 

above was unsatisfactory at high or low values of mass or relative speed, with gross 

over-prediction or under-prediction observed, often by 100% or more. Furthermore, in 

the case of some Fourier coefficients, negative values for Fz were predicted towards the 

end of the stance, which is physically implausible. This error probably stems from at 

least two factors, the first being the nature of power models. If either the value of A or B 

changes from positive to negative (or vice versa), according to mass-dependency 

identified by PGLS fitting, this will drastically alter the shape of the fitted power curve. 

The second factor is that whilst the PGLS approach may identify a significant effect of 

mass on the value of either A or B, this effect may not apply uniformly across the entire 

range of body sizes. Consequently, this can lead to erroneous predictions at the 

extremes of body mass or speed. When such situations were apparent (they were in fact 

quite obvious visually), a simpler model was chosen to represent the data and the 

coefficients recalculated, for example, a linear fit was chosen instead of a power fit. 

Importantly, the AIC values for these simpler models were not greatly different from the 

AIC values of the ‘best’ model initially identified. In a few cases the use of a simpler 

model still did not remedy the problem of erroneous prediction at the extremes of mass 

or speed. As such, a single, all-species fit was derived using the simpler model. Whilst 

this approach inherently ignores the effects of mass and phylogeny, it was considered 

appropriate because of the necessity to maximize the generality of the predictive 

equations derived. Indeed, in those instances where a simpler or more general model 

was fitted, an (often considerable) increase in r2 values was almost always observed. 

Furthermore, the calculated values of the K statistic indicated that by and large there 

was only a small effect of phylogeny on the parameters examined. 
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FIGURE 4.5. Phylogenetic relationships of the species investigated in this study. As far 
as the species investigated here are concerned, there is strong agreement in their 
interrelationships, the only discrepancies being that Jetz et al. (2012) recovered 
ostriches as closer to emus than tinamous, and that Ksepka (2009) recovered chickens as 
closer to Coturnix quail than to turkeys. Branch lengths are calibrated to time since 
divergence; for specific nodes, see Table 4.2. 
 

 

 
TABLE 4.2. Divergence dates of each node in the phylogeny used in the statistical 
analyses. See Figure 4.5 for node locations. 

 
(1) = Phillips et al. (2010); (2) = Haddrath and Baker (2012); (3) = Jetz et al. (2012); (4) = Jarvis et al. 
(2014); (5) = Mitchell et al. (2014); (6) = Ksepka and Phillips (2015); (7) = Prum et al. (2015). 
*Date not possible, because in that study a different topology for palaeognaths was recovered. 

Node 

Date of divergence given by each study,  

in millions of years ago (mya) Mean dates, 

mya 
(1) (2) (3) (4) (5) (6) (7) 

1 (Neornithes) 97.3 127 113.2 101.6 101 111.9 72.9 103.6 

2 (Palaeognathae) 83.4 97 85.9 83.8 72 76.8 50.7 78.5 

3 70.6 81 n/a*  65.3 66.6 39.3 64.6 

4 (Neognathae) 
 

106 97.6 88.6 88.9 97.8 71.9 91.8 

5 (Galliformes) 
 

83 56.6  57.5 49.4 46.2 58.5 

6 
  

27.3  
 

29.9 28.8 28.7 

7 
  

26.4  
  

26 26.2 

8 (Phasianidae) 
  

18.8  
 

18.7 
 

18.8 

9 
  

18.1  
   

18.1 

10 (Coturnix) 
  

0.52  
   

0.52 

11 
  

71.5 66.8 
 

68.3 65.7 68.1 

Threskiornis molucca

Porphyrio porphyrio

Coturnix japonica

Coturnix chinensis

Gallus gallus

Meleagris gallopavo

Colinus virginianus

Numida meleagris

Alectura lathami

Dromaius novaehollandiae

Eudromia elegans

Struthio camelus

1

4

11

10

8

7 9

6

5

3

2

20 Ma
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In addition to the above comparisons, the relationships between morphometric variables 

were assessed, and appropriate predictive equations were derived. These variables were 

h, L and m, as well as a dimensionless measure of the ‘degree of crouch’, which was 

defined as 

 
L

h
DC −= 1 .  (4.31) 

Thus, a bird that stands with a more erect limb posture will have a lower DC value. 

 

4.2.5 Model validation 

 

The set of predictive equations concerning morphometrics, kinematics and Fourier 

coefficients derived using the above procedure is herein collectively referred to as the 

biomechanically informative, regression-derived statistical model, or BIRDS Model for 

short. Theoretically, the BIRDS Model should be able to predict a number of important 

kinematic variables and the nature of the GRF throughout the stance, given just two 

input variables, body mass and speed. To assess the validity of the BIRDS Model, four 

tests were conducted: 

i. For each of the 701 trials analysed above, both m and v* were known, and these 

were used to predict the GRF across the stance. The predicted force-time profile 

was then compared to the actual force-time profile measured, and r2 and root mean 

squared error (RMSE) values were calculated for each trial. 

ii. For each of the 701 trials analysed above, the predicted GRF was also used to 

calculate those GRF parameters that were found to change significantly with 

increasing v*. These calculated parameters were then compared to their measured 

values for each trial, and r2 and RMSE values were calculated.  

iii. To test the internal consistency of the kinematic predictions, stride frequency was 

calculated in two separate ways, from the predictions of tstance, β and S: 

 
stance

1
t

f
β

= , (4.32) 

 
S

v
f =2

.  (4.33) 

Ideally, the ratio of f1/f2 at all speeds is unity. 

iv. An important point of consideration in using the BIRDS Model for much larger 

bipeds, such as multi-tonne non-avian theropods, is how well it performs in 
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extrapolating beyond the mass range of species studied. To explore the efficacy of 

the BIRDS Model in extrapolation, its constituent equations were recalculated 

excluding the ostrich dataset; then, using the recalculated equations, the GRF was 

predicted for each ostrich trial and compared to the actual measured GRF profile. A 

similar approach was also used at the lower end of the mass spectrum, by excluding 

the data for the painted quail and recalculating the equations, and then comparing 

the predicted GRF against the actual measured GRF for each trial. 

 

4.3 Results 

 

A total of 26 parameters were found to vary significantly with increasing speed in birds. 

Interestingly, not one of these concerned the mediolateral component of the GRF, Fy. 

All parameters that changed with increasing speed in birds were found to do so in a 

continuous manner, facilitating the investigation and prediction of these relationships 

via the line-fitting techniques described above. In contrast, all but one of these 

parameters changed discontinuously with speed in humans, at the walk-run transition. 

Of the 52 equation coefficients (26 pairs of A and B) used to describe how parameters 

varied scaled with speed in birds, as detailed below, nine of them (17.3%) showed a 

significant influence of phylogeny. However, for these variables the K statistic never 

exceeded 1.2, indicating minor phylogenetic influence. Additionally, body mass did not 

show a significant influence of phylogeny, (K = 0.168, p = 0.429). 

 

4.3.1 Morphometric relationships 

 

The prediction of any kinematic or kinetic variable inherently requires information 

about the size of the animal being modelled. In this study, all variables were normalized 

for body size by either standing hip height h or body mass m, as is typical in 

comparative biomechanical studies. Neither of these two variables is known for an 

extinct theropod; however, they can be estimated. Hip height is often estimated from 

fossil footprints (e.g., Thulborn, 1990; Henderson, 2003, but see Section 4.4.4 below), 

although it is very difficult to definitively associate a set of footprints with a particular 

species. Body mass can be estimated in several ways (e.g., Hutchinson et al., 2007; 

Bates et al., 2009a,b; Hutchinson et al., 2011; Bates et al., 2012; Sellers et al., 2012; 

Campione et al., 2014), although estimates may have considerable margins of error. One  
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variable that can be measured directly from an extinct theropod’s skeleton is the total 

leg length L (minus articular cartilage, which normally does not fossilize). Hip height 

and leg length scaled tightly with each other and body mass in the birds studied (Figure 

4.6A–C; Table 4.3), and yet the fitted equation for hip height versus leg length is 

apparently inappropriate for extrapolation: for example, a Tyrannosaurus with a total 

leg length of 3.1 m would be predicted to have a standing hip height of 3.11 m, which is 

implausible. This error may stem from a bias in the underlying data (no species > 100 

kg in mass) or alternatively differences in limb anatomy, such as different limb segment 

proportions (Gatesy and Middleton, 1997).  

 

An alternative approach is to utilize the fact that larger parasagittal animals stand with 

more erect (less crouched) postures (Biewener, 1989; Gatesy and Biewener, 1991), 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.6. Morphometric scaling observed in the birds investigated in the current 
study. A, hip height versus leg length. B, hip height versus body mass. C, length versus 
body mass. D, degree of crouch versus leg length; stick figure representations show the 
range of crouched (e.g., quail) to erect (e.g., ostrich) postures exhibited by birds. E, 
degree of crouch versus body mass. All comparisons are plotted on logarithmic scales. 
Note that in A–C, the line of best fit was determined by applying a power I fit on the 
untransformed variables, rather than applying a linear fit to the log-transformed values. 
This helped produce better a better fit for the upper end of the body mass spectrum. 
Regression equations are reported in Table 4.3. 
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TABLE 4.3. Relationships between morphometric variables in the birds studied. Note 
that as the objective of the current study was prediction, the power equations were fit as 
power equations (not as linear equations fit to logarithmically transformed data).  
Consequently, 95% confidence intervals for coefficients could not be generated here. 

 
 

 

which was also borne out in the current study. In the birds studied here, the degree of 

crouch DC decreased predictably, and asymptotically, with increases in both leg length 

and body mass (Figure 4.6D,E; Table 4.3), despite marked differences in limb 

proportions between species. As leg length is known in an extinct species, degree of 

crouch may be reliably estimated from this, and thence standing hip height, as  

 h = L(1 – DC).  (4.34) 

For a Tyrannosaurus with L = 3.1 m, h is predicted to be 2.99 m, a far more plausible 

estimate. 

 

It needs to be emphasized that the above estimations concern the height of the hip 

during quiet standing. Standing hip height would almost certainly be different from hip 

height at a given instant of the stance phase of locomotion, particularly during bouncing 

kinematics when the leg would undergo appreciable compression (Alexander, 1977; 

Cavagna et al., 1977; Gatesy et al., 2009). As such, the above method of estimation 

should not be used as an explicit starting point for reconstructing limb poses throughout 

the stride cycle. 

 

4.3.2 The influence of speed on kinematic variables 

 

The results of the line-fitting analyses for the relationship between β, tstance* and S* 

against v* for the birds are reported in Table 4.4 and Figure 4.7, with the results for 

humans also shown in Figure 4.7. In birds, both β and tstance* decreased with increasing 

v* in a curvilinear fashion, and in the case of tstance*, a significant influence of body 

mass was detected. An influence of body size was also detected for β, but this was not  

Relationship Equation r
2
 

hip height versus leg length h = 0.9158·L1.0794 0.9753 

hip height versus body mass h = 0.2168·m0.3883
 0.9907 

leg length versus body mass L = 0.2657·m0.3570 0.9907 

degree of crouch versus leg length log10DC = -0.6306·log10L – 1.1332 0.7179 

degree of crouch versus body mass log10DC = -0.2363·log10m – 0.7615 0.7229 
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TABLE 4.4. Speed scaling of kinematic and kinetic parameters in birds. The 
relationships identified between each parameter and speed is of one of three forms: y = 
Ax + B (linear), y = Ax

B (power I) or y = Ax
B + C (power II). The relationship may also 

be modulated by body mass, as indicated by the numbers in brackets. For each 
relationship, the r2 values are reported, as well as the K statistic of Blomberg et al. 
(2003) and associated p-value for both coefficients A and B. Values in italics are 
statistically significant. 

 
(1) = -0.1841·log10m + 1.4265 
(2) = -0.0725·log10m – 0.8266 
(3) = -0.2226·log10m + 1.4957 
(4) = -0.1058·log10m + 1.2004 
(5) = 0.0391·log10m + 0.3939 

 
1model is an all-species fit. 
2
A and B are means across species. 

3
B is a mean across species. 

 
 
 
 

 

 

 

Parameter Fit type A B C r
2
 KA KB pA pB 

β power I1 0.5278 -0.3651 n/a 0.7913 0.0292 0.1438 0.834 0.439 
tstance* power I (1) (2) n/a 0.9345 1.0556 0.2989 0.003 0.158 
S* linear (3) (4) n/a 0.9162 0.0857 0.742 0.522 0.015 

Fx,peak
+
 linear1 0.0862 0.1341 n/a 0.2335 0.0211 0.0305 0.895 0.813 

Fx,peak
–
 linear1 -0.1686 -0.1550 n/a 0.2996 0.0142 0.0169 0.976 0.917 

Fz,peak  linear2 0.8530 0.8848 n/a 0.7192 0.9254 0.7404 0.013 0.046 

Fz,mean linear1 0.3551 0.5775 n/a 0.7886 0.148 0.3032 0.379 0.26 
Fnet,peak linear1 0.7979 0.8684 n/a 0.7672 0.6369 0.7426 0.097 0.055 
t(Fx,peak

+) power I1 0.6675 -0.1011 n/a 0.1568 0.0207 0.0409 0.864 0.758 
t(Fx,peak

–) linear1 -0.0123 0.1794 n/a 0.0128 0.4129 0.6723 0.179 0.41 
t(Fx=0) power I3 (5) -0.0705 n/a 0.3415 0.0376 0.0418 0.839 0.746 
Fz(Fx=0) linear2 1.0326 0.5055 n/a 0.6862 0.8911 0.778 0.04 0.037 
Fx,MS linear1 0.0821 0.0099 n/a 0.2828 0.0151 0.0174 0.962 0.856 
Fz,MS linear2 0.8300 0.5230 n/a 0.5828 0.315 0.845 0.232 0.007 

Fnet,MS linear2 0.8407 0.5234 n/a 0.6013 0.2794 0.5748 0.283 0.036 

Xa2 power II1 -0.0082 3.0997 -0.165 0.2767 0.0188 0.2893 0.939 0.358 
Xa3 linear1 -0.0593 -0.0289 n/a 0.2486 0.0187 0.0202 0.921 0.879 
Xa4 linear2 -0.0044 -0.0275 n/a -0.0194 1.0881 0.0224 0.002 0.918 
Xa5 linear1 -0.0008 -0.0327 n/a 0.0001 0.2117 0.0301 0.318 0.847 
Za1 linear1 0.5897 0.8725 n/a 0.7367 0.2393 0.348 0.234 0.207 
Za2 power II1 0.8899 0.4370 -0.532 0.1672 0.3202 0.2308 0.211 0.501 
Za3 linear2 -0.2162 0.3127 n/a -0.0802 0.8603 0.3537 0.026 0.159 
Za4 linear1 -0.0693 0.1401 n/a 0.6444 0.5474 0.145 0.136 0.493 
Za5 linear1 0.0033 -0.0456 n/a 0.0011 0.1175 0.4454 0.461 0.083 
Za6 linear1 -0.0264 0.0225 n/a 0.1630 0.0938 0.3557 0.588 0.208 
NVD* power I1 0.0560 0.4764 n/a 0.2828 0.0991 0.0298 0.558 0.835 
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FIGURE 4.7. Speed scaling of kinematic variables in birds and humans. A, B, duty 
factor; horizontal dashed lines at β = 0.5 mark the transition from grounded to aerial 
locomotion. C, D, relative stance duration. E, F, relative stride length. A, C and E are 
for birds; B, D, and F are for humans. In C and E, the relationship with speed varies 
with body mass, and so this has been demonstrated with several different masses. In F, 
major axis fits for both walking and running have been applied; they have significantly 
different elevations. Regression equations are reported in Table 4.4. 
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statistically significant. These variables also decreased with increasing v* in humans, 

but with a marked discontinuity at the walk-run transition. Relative stride length in birds 

increased with speed in a linear fashion, with the nature of the relationship modulated 

by body mass. A similar linear increase was also present in humans. Although no 

prominent discontinuity was immediately apparent at the human walk-run transition, a 

test of the major axis (MA) lines of best fit for the walking and running data points did 

reveal a significant difference in the line elevations (Figure 4.7F; p < 0.0001), as 

calculated using the ‘smatr’ package in R (Warton et al., 2012). 

 

4.3.3 The influence of speed on the GRF  

 

The results of the line-fitting analyses for the relationship between the various features 

of the GRF force-time profile and v* for the birds are reported in Table 4.4 and Figures 

4.8–4.12; the results for humans are also shown in Figures 4.8–4.12. Both the positive 

(Fx,peak
+) and negative (Fx,peak

–) peak magnitudes of the anteroposterior component of the 

GRF increase linearly with increasing v* (Figure 4.8A–D), as do the peak and mean 

magnitudes of vertical component over the stance (Fz,peak and Fz,mean, respectively; 

Figure 4.8E–H) and the net GRF (Fnet,peak; Figure 4.8I,J). For each variable a similar 

pattern of increase was also observed in the humans, but a distinct discontinuity at the 

walk-run transition was ubiquitous.  

 

The timing of the positive and negative peak magnitudes of the anteroposterior 

component of the GRF, t(Fx,peak
+) and t(Fx,peak

–) respectively, both decreased slightly 

with increasing v*, that is, they occured earlier in the stance as speed increases (Figure 

4.9A–D), although there was a great amount of scatter. Humans showed a distinct 

discontinuity at the walk-run transition in both of these features. Importantly, t(Fx,peak
+) 

for humans tended to occur later in the stance compared to birds (0.7–0.9 versus 0.45–

0.8; t-test: t = 20.046, p <0.0001), and in a running gait, t(Fx,peak
–) for humans tended to 

be higher than for birds (0.2–0.3 versus 0.05–0.25; t-test: t = 14.196, p < 0.0001). That 

is, at faster speeds, the instances of Fx,peak
+ and Fx,peak

– tended to occur earlier on in the 

stance phase in birds than humans. 

 

The instance at which the anteroposterior component of the GRF is zero, t(Fx=0), is the 

instance at which the GRF is vertical in the sagittal plane. The value of t(Fx=0)  
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FIGURE 4.8. Speed scaling of peak force variables in birds and humans. Forces are 
normalized to body weight. A, B, positive peak Fx. C, D, negative peak Fx. E, F, peak 
Fz. G, H, mean Fz. I, J, peak net force.  A, C, E, G and I are for birds; B, D, F, H and J 
are for humans. Regression equations for birds are reported in Table 4.4. 
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gradually decreased with increasing v* in birds in a gently curvilinear fashion, and body 

mass modulated this relationship slightly (Figure 4.9E). In humans t(Fx=0) also 

decreased gradually with increasing v*. Although the MA lines of best fit for walking 

and running in humans had significantly different slopes (p < 0.0001, calculated using 

the ‘smatr’ package), the two had similar elevations at the walk-run transition (Figure 

4.9F). Thus, the transition from walking to running was not abruptly discontinuous as 

observed for the other parameters investigated here. Importantly, t(Fx=0) was almost 

always less than 0.5 in birds, particularly in smaller species (i.e., event occurs in the first 

half of the stance), and was almost always greater than 0.5 in humans (i.e., event occurs 

in the second half of stance). 

 

The magnitude of the vertical component of the GRF at this instance in the stance, 

Fz(Fx=0), increased linearly with increasing v* in birds (Figure 4.9G). In humans, 

Fz(Fx=0) decreased with increasing v* in walking, abruptly and substantially increased 

at the walk-run transition, and then increased with increasing v* at running speeds 

(Figure 4.9H). The reason for the decrease with v* during walking is seen in the fact 

that the force-time profile of Fz became progressively more double-peaked at faster 

walking speeds (see below), with the trough between the two peaks moving closer to the 

abscissa. As the trough occurs at around a similar time to t(Fx=0), the magnitude of 

Fz(Fx=0) consequently decreased with increasing speed. 

 

At mid-stance (i.e., t = 0.5tstance), the magnitudes of the anteroposterior (Fx,MS) and 

vertical (Fz,MS) components of the GRF, as well as the net magnitude (Fnet,MS), all 

increasd linearly with increasing v* in birds (Figure 4.10). In humans, Fx,MS increased 

with increasing v* in walking and decreased with increasing v* in running, the two 

separated by a discontinuity. As a consequence of the difference in t(Fx=0) between 

humans and birds, and the fact that t(Fx=0) was relatively close to 0.5 in humans, Fz,MS 

and Fnet,MS in humans followed a similar pattern as observed for Fz(Fx=0). Furthermore, 

that t(Fx=0) was almost always less than 0.5 in birds meant that Fx,MS  was almost 

always positive (Figure 4.10A), whereas in humans it was almost always negative 

(Figure 4.10B).  

 

Power analysis of the Fourier coefficients for all three components of the GRF revealed 

that the relative magnitude of the power of the cosine and sine terms (=bn
2/an

2) was  
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FIGURE 4.9. Speed scaling of temporal variables concerning the GRF in birds and 
humans. Times are normalized to the duration of stance. A, B, time of positive peak Fx. 
C, D, time of negative peak Fx. E, F, time at which Fx is zero. G, H, the magnitude of 
Fz when Fx is zero. A, C, E and G are for birds; B, D, F, and H are for humans. In E, 
the relationship with speed varies with body mass, and so this has been demonstrated 
with several different masses. In F, major axis fits for both walking and running have 
been applied; they have the same elevation at the walk-run transition. Regression 
equations for birds are reported in Table 4.4. 
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FIGURE 4.10. Speed scaling of the GRF at mid-stance. A, B, the anteroposterior 
component at mid-stance. C, D, the vertical component at mid-stance. E, F, the net GRF 
at mid-stance. A, C and E are for birds; B, D, and F are for humans. Regression 
equations are reported in Table 4.4. 
 

 

always less than 0.7%. That is, the relative contribution of the cosine terms to the 

explanatory power of the Fourier series was negligible: the force-time profiles could be 

sufficiently described using only sine (a) terms. Additionally, power analysis revealed 

that 9.34 ± 4.18 (mean ± s.d.) fundamental frequencies contain 99% or more of the 

signal’s power in terms of Fx, 11.58 ± 7.13 fundamental frequencies contain 99% or 
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contain 99% or more of the signal’s power in terms of Fz. These results indicate that, by  
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FIGURE 4.11. Speed scaling of Fourier coefficients describing the anteroposterior 
component of the GRF. A, B, Xa2. C, D, Xa3. E, F, Xa4. G, H, Xa5. A, C, E and G are 
for birds; B, D, F, and H are for humans. Regression equations are reported in Table 
4.4. 
 

 

-0.8

-0.6

-0.4

-0.2

0

0.2

0 1 2 3 4

-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0
0 0.5 1 1.5

-0.45

-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0 1 2 3 4

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0 0.5 1 1.5

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0 1 2 3 4

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0 1 2 3 4

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0 0.5 1 1.5

-0.15

-0.1

-0.05

0

0.05

0 0.5 1 1.5

walk
run

walk
run

walk
run

walk
run (S1 + S2)
run (S3)

X
a

2

v*

X
a

3
X

a
4

X
a

5

X
a

2
X

a
3

X
a

4
X

a
5

A B

C D

E F

G H



 

111 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 4.12. Speed scaling of Fourier coefficients describing the vertical component 
of the GRF. A, B, Za1. C, D, Za2. E, F, Za3. G, H, Za4. I, J, Za5. K, L, Za6. A, C, E, G, 
I and K are for birds; B, D, F, H, J and L are for humans. Regression equations are 
reported in Table 4.4. 
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and large, 99% (or more) of the force-time profile was able be explained by the first ten 

or fewer fundamental frequencies. 

 

Four sine-based Fourier coefficients for describing the force-time profile of Fx were 

found to be significantly different from zero and varied significantly with increasing v*. 

These relate to the frequencies of 2–5 Hz, and are herein referred to as Xa2, Xa3, Xa4 and 

Xa5. Hence, the Fx force-time profile can be described thus: 

 ∑
=

=
5

2

)sin()(
n

nx ntXatF π ,  (4.35) 

where Fx and t are normalized to body weight and stance duration, respectively. In birds 

the value of Xa2 decreased with increasing v* in a curvilinear fashion, whereas it 

decreased linearly in humans, with a small discontinuity occurring at the walk-run 

transition (Figure 4.11A,B). The value of Xa3 and Xa4 decreased continuously with 

increasing v* in birds, although only gradually in the case of Xa4. The values for both 

coefficients tended to be negative for birds, whereas in humans Xa3 and Xa4 at running 

speeds tended to be positive (Figure 4.11C–F). Moreover, marked discontinuities 

occured at the walk-run transition for both coefficients in humans. Xa5 in birds 

increased very slightly with increasing v*, but remained largely negative, whereas in 

humans it was largely positive across walking and running (Figure 4.11G,H). Humans 

again showed a discontinuity with speed in this variable at the walk-run transition, 

although intriguingly in one subject (subject S3) the discontinuity was more pronounced 

than in the other two (Figure 4.11H). 

 

Six sine-based Fourier coefficients for describing the force-time profile of Fz were 

found to be significantly different from zero and varied significantly with increasing v*. 

These relate to the frequencies of 1–6 Hz, and are herein referred to as Za1, Za2, Za3, 

Za4, Za5 and Za6. Hence, the Fz force-time profile can be described thus: 

 ∑
=

=
6

1

)sin()(
n

nz ntZatF π ,  (4.36) 

where Fz and t are normalized to body weight and stance duration, respectively. In birds 

the value of Za1 and Za3–Za6 changed with increasing v* in a linear fashion, whereas the 

value of Za2 changed in a slight curvilinear fashion with respect to v* (Figure 4.12). In 

humans each of these variables changed with increasing v in a discontinuous fashion, 

with marked changes in values occurring at the walk-run transition. The pattern of 
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change was not always congruent between bird and humans; for instance, Za4 decreases 

with increasing v* in birds, but within both walking and running gaits in humans it 

increases with increasing v* (Figure 4.12G,H). 

 

Utilizing the relationships identified between each of the Fourier coefficients and v* in 

birds, the shape of the Fx and Fz force-time profiles can be calculated using Equations 

4.35 and 4.36 respectively (Figure 4.13A). Not surprisingly, the shapes of the force-time 

profiles changed continuously with increasing v*, as all of the Fourier coefficients also 

changed continuously with v*. The most important changes occurred to the Fz profile. 

At slow speeds the Fz profile was double-peaked; at very slow speeds the second peak 

was larger than the first, but as v* increased, the first peak became more prominent and 

the second peak atrophied. This continued with faster speeds until the second peak 

vanished completely, leaving an asymmetric profile. For comparison, the Fx and Fz 

force-time profiles were also calculated for humans (Figure 4.13B), and they show a 

marked change in shape at the walk-run transition, at relative speeds of 0.6–0.7. At slow 

walking the Fz profile was double-peaked, and became progressively more double-

peaked as walking speed increased. At the transition to running, the double peaks were 

replaced by a single, nearly symmetrical peak which was retained as v* increases 

further, although the presence of an initial impact transient became more prominent at 

higher speeds. These patterns for humans are entirely consistent with those reported by 

previous studies (Alexander and Jayes, 1980; Cavagnah and LaFortune, 1980; Hamill et 

al., 1983; Munro et al., 1987; Nilsson and Thorstensson, 1989; Keller et al., 1996; Kram 

et al., 1998; Riley et al., 2007, 2008; Kluitenberg et al., 2012; Giarmatzis et al., 2015). 

 

4.3.4 The influence of speed on mechanical energy fluctuations 

 

Percent congruity of KE and PE, as calculated from simulations of whole-stride GRFs, 

showed a very intriguing pattern in birds (Figure 4.14A). At the lowest speeds recorded, 

it could take on a range of values up to 70%, but in general was considerably less than 

that. It increased continuously from low values toward high values as v* increased, 

reaching a maximum (almost 100% in some trials) at relative speeds of about v* ≈ 1. 

However, beyond v* ≈ 1 it decreased again with further increase in v*, albeit at a 

lessened rate. The inflection at v* ≈ 1 may therefore be seen, at face value, to be a 

discontinuity with respect to speed. A similar pattern has also been reported in birds for  
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FIGURE 4.13. Change in the shape of the GRF force-time profiles with increasing 
speed. A, pattern of change observed in birds. B, pattern of change observed in humans. 
Red profile is vertical component, blue profile is anteroposterior component. Among 
other things, note how the profiles for birds show marked temporal asymmetry 
compared to those of humans, with more force being applied in the first half of stance. 
For humans, force-time profiles were calculated from least-squares linear fits applied to 
the respective data, with the exception of Za2 for walking, which was better fit by a 
power II model. The predicted curves for both components are based on the first ten 
sine coefficients (i.e., Xa1–Xa10, Za1–Za10), all of which either showed significant 
variation with speed or significantly non-zero values (or both). 
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FIGURE 4.14. Speed scaling of mechanical energy fluctuations. A, B, percent 
congruity, distinguished by duty factor, β. C, D, normalized net vertical displacement of 
the COM. A and C are for birds; B and D are for humans. Regression equation for C is 
reported in Table 4.4. 
 

 

other, analogous measures of mechanical energy fluctuations, namely, phase shift and 

pendular energy recovery (Cavagna et al., 1977; Rubenson et al., 2004; Hancock et al., 

2007; Nyakatura et al., 2012). The pattern of percent congruity change with increasing 

v* in humans was markedly different to that seen in birds (Figure 4.14B). In walking it 

actually decreased with increasing speed before suddenly increasing again at the walk-

run transition, whereupon it remained at a fairly constant value of 50–60%. 

 

The normalized net vertical displacement (NVD*) for birds had a considerable amount 

of scatter, but nevertheless can be seen to have increased with increasing v*, being best 

fit by a power I relationship (Figure 4.14C; Table 4.4). The variance with respect to v* 

was more tightly constrained in humans, and NVD* also increased with increasing v*, 

although again a marked discontinuity occured at the walk-run transition (Figure 

4.14D). It also appears that at the fastest speeds tested for humans, NVD may decrease 

somewhat. 
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4.3.5 Other important features 

 

The vertical force was by far the dominant component of the GRF in birds, as seen by 

the fact that Fz,peak scaled very strongly linearly with Fnet,peak, very close to the line of 

parity (Figure 4.15A; MA regression forced through the origin had a slope of 1.0118, r2 

= 0.995). Additionally, across the 701 trials analysed, the peak magnitude of Fx and Fy 

was on average 21.15 ± 11.46% and  9.83 ± 6.97% of Fz,peak, respectively. Further 

testament to the dominance of Fz is the fact that the instance of Fz,peak, t(Fz,peak) was very 

strongly associated with the instance of Fnet,peak, t(Fnet,peak) (Figure 4.15B; MA 

regression forced through the origin had a slope of 0.99518, r2 = 0.993). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.15. The dominance of the vertical component of the GRF. A, peak net force 
scales very strongly with peak vertical force; major axis line has a slope almost exactly 
equal to unity. B, the instance of peak net force is very strongly coincident with the 
instance of peak vertical force; major axis line has a slope almost exactly equal to unity. 
In B, the outliers (hollow circles) are slow walking trials in which the two peaks were of 
almost the same magnitude, such that the peak net force can occur at a very different 
time to when the vertical component is at a maximum (inset illustrates one such trial). 
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In birds, t(Fz,peak) and t(Fnet,peak) appeared to be weakly coincident with t(Fx=0) (Figure 

4.16A,C). This was not the case in humans, where no correlation existed at all (Figure  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 4.16. The association, or lack thereof, between t(Fz,peak) or t(Fnet,peak) and 
t(Fx=0). A, B, t(Fz,peak) versus t(Fx=0). C, D, t(Fnet,peak) versus t(Fx=0). E, F, Fz(Fx=0) 
compared to Fz,peak for each trial; the blue lines are lines of parity. A, C and E are for 
birds; B, D and F are for humans. In A, the regression line has a slope of 0.7718 and an 
r

2 of 0.1289; in C, the regression line has a slope of 0.7627 and an r2 of 0.1194. In 
human walking, peak vertical or net force either occurs early or late in the stance; in 
running, they occur largely before mid-stance (t < 0.5), yet t(Fx=0) largely occurs after 
mid-stance (t > 0.5). 

0

0.2

0.4

0.6

0.8

0 0.2 0.4 0.6

0.1

0.3

0.5

0.7

0.9

0.4 0.5 0.6

0

0.2

0.4

0.6

0.8

0 0.2 0.4 0.6

0.1

0.3

0.5

0.7

0.9

0.4 0.5 0.6

0

1

2

3

4

0 1 2 3 4

0

1

2

3

0 1 2 3

t(
)

F
n

et
,p

ea
k

t(
)

F
z,

pe
ak

F
F

z
x

(
=

0
)

t F( =0)x t F( =0)x

t F( =0)x t F( =0)x

t(
)

F
n

et
,p

ea
k

t(
)

F
z,

pe
ak

Fz,peak Fz,peak

F
F

z
x

(
=

0
)

walk

run

walk

walk

run

walk

run

walk

A B

C D

E F



 

118 
 

4.16B,D). To formally test for a correlation between t(Fz,peak) or t(Fnet,peak) with t(Fx=0) 

in birds, this would usually involve computation of a linear regression and an associated 

significance value, based on a parametric statistical test. This could not be done in the 

current situation, however, for the data was found to fail two assumptions of standard 

parametric tests of the slope as determined in PAST, namely, non-normal distribution of 

errors and heteroscedasticity, using the Breusch-Pagan test. Instead, a permutation test 

was used, implemented in a custom MATLAB script with 100,000 replicates (see 

Chapter 3). In both cases, this revealed the slope to be significant (p < 0.0001). Despite 

this, the r2 values in both cases were poor, with less than 13% of the variation explained 

by t(Fx=0): there was only a weak association between t(Fz,peak) or t(Fnet,peak) with 

t(Fx=0). Therefore, in both birds and humans, the instance of peak vertical force or peak 

net GRF was not necessarily associated with the instance at which the GRF vector was 

vertical in the sagittal plane. Consequently, whilst Fz(Fx=0) could be equal or very close 

to Fz,peak (or Fnet,peak), it was almost always less than that, and often significantly so 

(Figure 4.16E,F). 

 

A comparison of Fx,peak
– against Fx,peak

+ in birds revealed that the data points almost 

always fell below the line of (negative) parity (Figure 4.17A); that is, |Fx,peak
–| was 

almost always greater than Fx,peak
+ (paired t-test: t = 21.727, p < 0.0001). This is a  

consequence of the fact that t(Fx=0) was almost always substantially less than 0.5 in 

birds (see above). In order for the deceleration (negative Fx) phase of the stance to be 

shorter in duration than the acceleration (positive Fx) phase, and yet impulses remain 

approximately balanced, this requires the deceleration component to reach a greater 

peak value (Figure 4.17A inset). In contrast to the birds, |Fx,peak
–| was not significantly 

different from Fx,peak
+ in humans (paired t-test: t = 1.125, p = 0.262); a graphical 

comparison of Fx,peak
– against Fx,peak

+ shows the data points to neatly fall along the line 

of (negative) parity (Figure 4.17B). 
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FIGURE 4.17. A comparison of peak positive and negative magnitudes of the 
anteroposterior component of the GRF. A, Fx,peak

– versus Fx,peak
+ in birds; the vast 

majority of data points fall below the line of negative parity. B, Fx,peak
– versus Fx,peak

+ in 
humans; the data points fall neatly on the line of negative parity. In A, the inset shows 
how differing durations of deceleration and acceleration phases require different peak 
magnitudes, in order for impulses (shaded area) to remain balanced. 
 

 

4.3.6 BIRDS Model validation tests 

 

In comparing the model-predicted Fx and Fz force-time profiles against the measured 

profiles for each trial, this revealed the BIRDS Model to have relatively high r2 and 

relatively low RMSE values. On average across the 701 trials, r2 = 0.688 and RMSE = 

0.084 for Fx, and r2 = 0.833 and RMSE = 0.214 for Fz, when corrections for dynamic 

consistency were applied. That is, the model could on average explain five-sixths of the 

variation in the observed vertical component of the GRF and over two-thirds of the 

variation in the observed anteroposterior component. A comparison of each individual 

variable describing the GRF force-time profiles as predicted by the model, against those 

measured for each trial, indicated that the model performed well overall (Figure 4.18), 

predicting the general pattern of change with respect to increasing v*. Moreover, the 

model also performed well in comparison to the predictive equations derived 
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FIGURE 4.18. Comparison of predictions of the BIRDS Model against the data for ten 
GRF variables. A, Fx,peak

+. B, Fx,peak
–. C, Fz,peak. D, Fz,mean. E, t(Fx,peak

+). F, t(Fx,peak
–). G, 

t(Fx=0). H, Fz(Fx=0). I, Fx,MS. J, Fz,MS. Qualitatively, the model’s predictions (red line) 
generally fit the observed data well. Corresponding r2 and RMSE values for each 
comparison are reported in Table 4.5. 
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individually for each variable, in some cases out-performing them (Table 4.5).  

 

 

TABLE 4.5. The predictive performance of the BIRDS Model. This table compares the 
performance of the model against that of the equations derived individually for each 
variable concerning speed scaling of the GRF (cf. Table 4.4). Values in italics are where 
the model has outperformed the variable-specific predictive equation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

The BIRDS Model’s predictions of mechanical energy fluctuations were also relatively 

good, again replicating the general pattern of change well (Figure 4.19). As regards its 

predictions of change in percent congruity with increasing v*, two features are of note 

(Figure 4.19A). Firstly, the apparent inflection in the data at v* ≈ 1 was predicted to be a 

gradual change, rather than an abrupt discontinuity as seen with most variables 

measured in humans. Secondly, the model predicted that at very low speeds percent 

congruity increases, producing a U-shape to the initial part of the plot. A U-shape has 

also been reported at low speeds for phase shift and pendular energy recovery by other 

studies (Cavagna et al., 1977; Rubenson et al., 2004; Nyakatura et al., 2012), further 

supporting the model’s validity.  

 

In terms of kinematic predictions, the model was shown to have considerable internal 

consistency. The ratio of the two different estimates of stride frequency as predicted by 

the BIRDS Model (f1/f2) by and large tended to hover a little above unity (Figure 4.20).  

Variable 
Predictive equation's fit BIRDS Model predictions 

r
2 RMSE r

2 RMSE 

Fx,peak
+
 0.2334 0.0902 -0.0256 0.0874 

Fx,peak
–
 0.2996 0.1490 0.2807 0.1265 

Fz,peak  0.7192 0.2800 0.7276 0.2309 

Fz,mean 0.7887 0.1062 0.7822 0.0903 

t(Fx,peak
+) 0.1568 0.0805 0.1054 0.0694 

t(Fx,peak
–) 0.0128 0.0621 -0.0274 0.0531 

t(Fx=0) 0.3415 0.0541 -0.0738 0.0578 

Fz(Fx=0) 0.6862 0.3148 0.7304 0.2443 

Fx,MS 0.2828 0.0756 0.0758 0.0718 

Fz,MS 0.5828 0.3276 0.5822 0.2745 
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FIGURE 4.19. Comparison of predictions of the BIRDS Model against the observed 
data for mechanical energy fluctuations. A, percent congruity; r2 of predictions is 0.509, 
root mean square error (RMSE) is 14.895. B, relative net vertical displacement of the 
COM; r2 of predictions is -3.569, RMSE is 0.0339. For both variables, the model 
predicted an influence of body mass, although this is not particularly pronounced for the 
prediction of percent congruity. 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

FIGURE 4.20. Comparison of predictions of the BIRDS Model against the observed 
data for the ratio of stride frequency estimates, f1/f2. 
 

 

The greatest discrepancy between the model’s predictions and the observed data, and 

the ideal value of f1/f2 = 1 occurred at very low relative speeds for small body masses, 

and high relative speeds for large body masses. In both cases the ratio of f1/f2 exceeded 

unity considerably, suggesting some combination of overestimation of β, 

underestimation of tstance* or overestimation of S*. It should be noted, however, that 

these regions of discrepancy correspond to the two kinds of data for which fewer trials 
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were collected. For example, data for the large birds (emus and ostriches) did not 

include any trials with v* > 1.94, which corresponds to the point that the 80 kg line 

leaves the data point cloud in Figure 4.20. Similarly, data for the three quail species 

included very few trials with v* < 0.35, which corresponds to the point that 0.05 kg line 

leave the data point cloud in Figure 4.20. Consequently, with better sampling of data, 

the model’s internal consistency might be improved further.  

 

The results of the BIRDS Model extrapolation tests are reported in Table 4.6. As 

expected, the recalculated, either ostrich-less or quail-less, model performed worse 

compared to its all-species form, but this is only slight. The error, relative to the all-

species model, was about 3% or less. This suggests that the model is capable of making 

extrapolations within the margin of error of other biomechanical parameters that would 

be estimated for an extinct species, such as body mass or COM location (Hutchinson et 

al., 2007; Allen et al., 2009; Hutchinson et al., 2011; Allen et al., 2013). 

 

 
TABLE 4.6. Results of extrapolation tests of the BIRDS Model. Mean (µ) and standard 
deviations (σ) of the r2 values for the model are compared to the same values when 
recalculated and extrapolated above (to ostrich) or below (to painted quail) the mass 
range. 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

4.4 Discussion 

 

Through investigating twelve species of ground-dwelling bird, spanning a 1,780-fold 

range in body mass, this study sought to identify how speed and size modulates some 

fundamental parameters of avian terrestrial locomotion, relating to kinematics and the 

ground reaction force (GRF). Based on the relationships between speed or size and  

 
 r

2
 for Fx r

2
 for Fz 

Extrapolating 

to ostrich 

Result for all-
species equations 

µ 0.6263 0.6863 

σ 0.2747 0.0436 

Result for ostrich-
less equations 

µ 0.6067 0.6664 

σ 0.2752 0.0531 

Extrapolating 

to painted 

quail 

Result for all-
species equations 

µ 0.6513 0.8409 

σ 0.3372 0.1113 

Result for  quail-
less equations 

µ 0.6455 0.8157 

σ 0.3233 0.1220 
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these parameters, equations were developed that have predictive power for extinct 

theropod locomotion. In addition, the comparison of locomotor biomechanics in birds to 

that for humans has further characterized the similarities and differences between the 

two groups. 

 

4.4.1 Birds versus humans 

 

A key finding of the current study is that, in birds, every variable that was found to vary 

with speed did so in a continuous fashion. Humans, by contrast, showed an abrupt, and 

usually quite pronounced, change with respect to speed in almost every one of those 

same variables; the discontinuity always occurred at the walk-run transition. This 

parallels the findings of previous studies, which have demonstrated that many kinematic 

parameters that change abruptly with speed in humans often do so in a continuous 

fashion in birds (Gatesy and Biewener, 1991; Hreljac, 1995; Muir et al., 1996; Gatesy, 

1999a; Abourachid and Renous, 2000; Rubenson et al., 2004; Cappellini et al., 2006; 

Hancock et al., 2007; Jones, 2010; Nudds et al., 2011; Nyakatura et al., 2012; Rose et 

al., 2016; see also Chapter 3). However, this is the first time that continuity with speed 

has also been observed to occur in kinetic parameters. In addition to applying across 

speeds, these continuous patterns also appear to hold within individual trials during 

acceleration or deceleration; Figure 4.21 illustrates one such example, with an emu 

undergoing gradual deceleration from v ≈ 2.2 m/s to v ≈ 1.0 m/s. 

 

One variable investigated in the current study that may be argued to have shown a 

discontinuity with respect to speed in birds is percent congruity. Although a 

discontinuity of sorts appeared to be present at v* ≈ 1, simulations with the BIRDS 

Model showed that a gradual change occurred here (Figure 4.19A). This suggests that 

the apparent discontinuity observed can result from the summation and interaction of 

many continuous changes, in force-time profile shape, duty factor and tstance, occurring 

together (Figure 4.22). Furthermore, percent congruity increased continuously from low 

values at slow speeds (where vaulting-like mechanics dominate) up to high values at v* 

≈ 1 (where bouncing-like mechanics dominate). Duty factor typically remained above 

0.5 across this speed range (Figure 4.7A, 4.14A), and hence the transition from walking 

to grounded running in birds occurred within this range as well. Indeed, much of the 

transition from walking through to aerial running took place over the speed range up to 
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FIGURE 4.21. A trial of seven footfalls in which the subject (emu) underwent a gradual 
deceleration. Stride length (S), stance duration (tstance), duty factor (β) and the nature of 
the GRF (blue = Fx, red = Fz) change continuously with continuous decrease in speed. 
Note that speed is shown as the instantaneous speed of the back marker. 
 

 

v* ≈ 1. Therefore, the transition from walking to grounded running occurred gradually, 

without any abrupt change in the nature of mechanical energy fluctuations. Only once 

aerial running had been attained, and speed increased further, did the nature of 

mechanical energy fluctuations change, and here its change with respect to speed was 

still continuous. The cause for the gradual decrease in percent congruity with further 

1.25

1.3

1.35

1.4

1.45

1.5

1.55

0.4

0.5

0.6

0.7

0.8

0.9

0.55

0.65

0.75

0.85

0.5

1

1.5

2

2.5

-100

0

100

200

300

400

0.5 1 1.5 2 2.5 3

G
R

F
 (

N
)

v
 (

m
/s

)
β

t s
ta

n
ce
 (

s)
S

 (
m

)

time (s)



 

126 
 

increases in speed beyond v* ≈ 1 may relate to the fact that above this speed, the GRF 

force-time profile changed much less (the Fz force-time profile is already single-peaked 

by the time v* ≈ 1), but duty factor continued to decrease with increasing speed (Figure 

4.22). 

 

It is worth briefly noting that percent congruity in this study was calculated based on 

simulated whole-stride GRF patterns, which were generated under the assumption of 

symmetrical force distribution between left and right limbs. However, it has been 

recently shown that this may not always be the case (Andrada et al., 2015). If some or 

all of the birds investigated in the present study did use ‘mixed gaits’ at certain speeds, 

this could influence estimations of mechanical energy fluctuations, perhaps explaining 

some of the variation in calculated percent congruity for relative speeds of 0.5–1 (Figure 

4.14A). One outstanding issue is that all of the species studied by Andrada et al. (2015) 

and noted as exhibiting mixed gaits were less than 600 g in body mass; whether the 

phenomenon of mixed gaits is more widespread in birds, or just restricted to small 

species, remains unknown. 

 

In terms of kinematics and forces, as well as energy fluctuations of the whole-body 

centre of mass (COM), this and previous studies have ubiquitously demonstrated that 

ground-dwelling birds exhibit a smooth transition from walking to aerial running: they 

have a highly continuous locomotor repertoire. It is therefore not possible to distinguish 

discrete gaits from one another as can be done for humans and many other animals 

(Alexander, 1989b)11. Hence, human-like walking and human-like running may be seen 

as extreme end-members of avian terrestrial locomotion. 

 

In light of the above considerations, it is intriguing that two studies have observed 

pronounced discontinuities in how energy expenditure, the metabolic cost of transport, 

change with increasing speed in large birds (emus and ostriches: Rubenson et al., 2004; 

 

                                                           
11 Gatesy and Biewener (1991) and Gatesy (1999a) tentatively identified a potential gait transition in the 
bird species they studied on the basis that in a few parameters examined, such as relative stride frequency 
or relative step length, the rate of change with respect to speed apparently changed significantly at the 
supposed transition. As noted by Rubenson et al. (2004), however, the way in which these parameters 
changed with speed could alternatively be, and perhaps better, modelled by curvilinear relationships, 
rather than linear ones. In this case, no distinct transition would exist. Regardless of this discrepancy, the 
overwhelming majority of kinematic and kinetic parameters measured in birds to date show continuous 
change with increasing speed. 
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FIGURE 4.22. Changes in the GRF, duty factor and mechanical energy fluctuations 
with increasing speed. The force-time profile shape and duty factor for several different 
speeds have been diagrammatically mapped onto the comparison between percent 
congruity and speed. The predictions of the BIRDS Model for various body masses are 
also shown. Note how the shapes of the force-time profiles change far less beyond v* ≈ 
1, yet duty factor continues to decrease. 
 

 

Watson et al., 2011). These discontinuities were found to occur at v* ≈ 0.4–0.5, which is 

well within the region of continuous increase in percent congruity as calculated here. No 

such discontinuity was observed in a much smaller species, however (rock ptarmigan: 

Nudds et al., 2011). The factor or factors responsible for these discontinuities, and 

whether this only occurs in large birds, remain to be determined. 

 

4.4.2 Predicting terrestrial locomotor biomechanics in theropods   

 

The BIRDS Model developed in this study can be used to predict several fundamental 

variables involved in striding bipedal locomotion, namely, duty factor, stance duration, 

stride length and the nature of the GRF in the sagittal plane. In turn, the nature of 

mechanical energy fluctuations may be ascertained. All the model requires for these 

predictions are two inputs, mass and speed, although if total leg length is also known 

this can refine the accuracy of the predictions. These predictions have been shown to 
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perform well over the range of masses, postures and speeds studied. On average, the 

model could explain 79–93% of the observed variation in kinematics and 69–83% of the 

observed variation in GRFs. The model has also been shown to perform well in 

extrapolation to both higher and lower body masses. This instills confidence that it can, 

to some degree, be used to estimate important biomechanical parameters involved in 

terrestrial locomotion for extinct theropods, both avian (e.g., moas, dromornithids, 

phorusrhacids) and non-avian (e.g., Tyrannosaurus, Allosaurus, Australovenator, 

Velociraptor).  

 

Returning to the initial question posed, what would an 8-tonne Tyrannosaurus have 

looked like moving at 5 m/s? In its current form, the BIRDS Model predicts that a 

Tyrannosaurus of leg length 3.1 m and mass 8,000 kg, moving at 5 m/s, would have a 

duty factor of 0.54 (i.e., it is not airborne), a stance duration of 0.42 s and a stride length 

of 4.11 m. The vertical component of the GRF would have a gently double-peaked 

force-time profile, with a peak vertical force of about 118 kN (~1.5 body weights) 

experienced at about 31% of the stance. The COM movements would have been largely 

bouncing-like, with percent congruity approximately 90%. 

 

The question may be raised as to how viable it is to extrapolate from the bird species 

studied here to extinct, non-avian theropods. Modern birds have a distinctly different 

musculoskeletal anatomy from that of many extinct, non-avian theropods, in terms of 

limb segment proportions (Gatesy, 1991; Gatesy and Middleton, 1997; Carrano, 1998), 

inferred relative size and positioning of muscular groups (Hutchinson, 2001a,b; Carrano 

and Hutchinson, 2002) and inferred limb orientations and COM position (Gatesy, 1990, 

1995; Hutchinson and Gatesy, 2000; Hutchinson and Allen, 2009; Allen et al., 2013). 

Additionally, the absolute range of body masses encompassed by modern birds is small 

compared to that encompassed by extinct, non-avian theropods. Hence, whilst it may be 

reasonable to extrapolate to a 200 kg moa, is it reasonable to extrapolate to an 8-tonne 

tyrannosaur? 

 

Whilst there are many important anatomical differences between birds and extinct, non- 

avian theropods, there are also many important similarities, due to homology. More 

fundamentally, birds and non-avian theropods are (or were) obligatory striding, 

parasagittal bipeds, and so share the same underlying biomechanical requirements 
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(Cavagna et al., 1977; Gatesy and Biewener, 1991). No further evidence for this is 

needed beyond humans. Humans and birds differ considerably in anatomy and posture 

and differ in many kinematic and kinetic parameters, including how these parameters 

change with increasing speed. However, at low speeds of locomotion, they both employ 

high duty factors with long stance durations and short stride lengths; the anteroposterior 

component of the GRF comprises a negative-positive couplet of equal and opposite 

impulses and the vertical component has two distinct peaks; and the centre of mass 

moves in such a way that KE and PE oscillate largely out of phase. At high speeds of 

locomotion, humans and birds both employ low duty factors with short stance durations 

and long stride lengths; the anteroposterior component of the GRF comprises a 

negative-positive couplet of equal and opposite impulses and the vertical component has 

only a single peak; and the centre of mass moves in such a way that KE and PE oscillate 

largely in phase. Thus, despite many anatomical and postural differences, humans and 

birds exhibit gross biomechanical similarity, because they are both obligatory striding, 

parasagittal bipeds. One further line of evidence supporting the use of birds in making 

inferences about non-avian theropod locomotion is given by the results of the Chapter 3. 

The results of that study suggest that most extinct, non-avian theropods may have had a 

continuous locomotor repertoire, much like birds. 

 

Anatomical differences aside, the concern about size differences is a legitimate one, and 

it is difficult to ascertain a priori the extent to which extrapolations may be made within 

an acceptable margin of error. Only through biomechanical modelling, using other data 

and constraints as inputs, can the reasonableness of the BIRDS Model’s predictions at 

large body size be identified, and the model subsequently refined (see also below). It is 

also worth considering that in relative terms, the range of body masses encompassed by 

the bird species studied is greater than that between extant birds and extinct non-avian 

theropods: going from a 45 g painted quail to an 80 kg ostrich is a 1,780-fold increase in 

mass, whereas going from an 80 kg ostrich to an 8 tonne Tyrannosaurus is only a 100-

fold increase in mass. That is, a large part of the relative increase in mass across the 

range of theropods is actually covered in the present study. 

 

4.4.3 GRF asymmetry and the effect of COM location 

 

A further notable difference between birds and humans observed in this study is the 
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nature of temporal asymmetry in the GRF force-time profiles (Figure 4.13). Except at 

very low speeds, the force-time profile of Fz in birds exhibits ‘early-skew’, with the 

profile tending to be positively skewed along the time axis, and the instance of Fz,peak 

usually occurring well before mid-stance. There were comparatively few bird trials in 

which the instance of Fz,peak occurred within 0.4–0.6 of tstance (20.5% of trials), across 

the entire range of speeds. The force-time profile of Fz in humans is far more 

symmetrical, with the instance of Fz,peak occurring closer to mid-stance; in running, 

87.4% of trials had Fz,peak occurring within 0.4–0.6 of tstance. Asymmetry in the Fz force-

time profile may be assessed by calculating the ratio of two Fourier coefficients, Za1 

and Za2 (Alexander and Jayes, 1980; Ogihara et al., 2007; Clemente et al., in review). 

Za1, of frequency 1 Hz, is the primary determinant of profile magnitude, whereas Za2, of 

frequency 2 Hz, is the primary determinant of asymmetry, since it adds to one end of the 

profile and subtracts away from the other end. The ratio Za2/Za1 is therefore a 

magnitude-normalized measure of profile asymmetry (Figure 4.23A,B; Alexander and 

Jayes, 1980). Negative values of this ratio cause the Fz force-time profile to be late-

skewed (when the second peak is larger than the first), as is observed at low speeds; 

positive values cause the profile to be early-skewed. The degree of asymmetry in the Fz 

force-time profile (equal to the absolute value of Za2/Za1) is larger in birds than in 

humans at all speeds except in the small range of 0.25 ≤ v* ≤ 0.4; above v* = 1 it is 

considerably larger in birds.  

 

Differences also exist between birds and humans in the asymmetry of the Fx force-time 

profile. As described above, the Fx profile in birds is markedly asymmetric such that 

t(Fx=0) is almost always less than 0.5, and often significantly so. In contrast, the Fx 

profile is less asymmetric in humans, with t(Fx=0) almost always greater than 0.5, but 

only by a small amount (Figure 4.23C,D). Additionally, the instances of Fx,peak
+ and 

negative Fx,peak
– tend to occur earlier in the stance in birds compared to humans (Figure 

4.9A–D, Figure 4.23C,D). 

 

The above differences in force-time profile asymmetry between birds and humans 

probably reflect differences in the location of the COM relative to the hips. In all bird 

species studied here, and indeed the majority of extant birds, the COM is considerably 

anterior to the hip, whereas in humans it is much closer. This difference was recently 

proposed by Andrada et al. (2014) to be responsible for the distinct early-skew observed 



 

131 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.23. Asymmetry in the force-time profiles of the different components of the 
GRF. A, B, differences in Fz force-time profile asymmetry between birds (A) and 
humans (B), as quantified by the ratio of Fourier coefficients Za2/Za1. C, D, the force-
time profile of Fx exhibits different gross shapes in birds (C) and humans (D). In birds, 
t(Fx=0), t(Fx,peak

+) and t(Fx,peak
–) all occur earlier in the stance compared to humans. E, 

F, the differences in asymmetry of the Fx force-time profile are probably due to 
differences in the location of the COM (black and white disk) relative to the hips (open 
circle). As the GRF vector tracks the COM, at temporally equivalent points in the stance 
the GRF vector will be more anteriorly inclined in birds (E) than humans (F). Note that 
the asymmetry results for a portion of the bird data investigated in this study have 
previously been reported (Clemente et al., in review). However, these results were 
presented in a preliminary fashion, in raw format, not as the derived predictive 
relationships presented here. 
 

 

in the vertical component of the GRF, and has been supported by the experimental 

findings of Clemente et al. (in review). A theoretical model developed by Andrada et al. 
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(2014), when inputted with realistic anatomical and gait data, including COM location, 

could simulate early-skewed Fz force-time profiles reasonably well. However, their 

model did not predict the late-skewed Fz profiles that were observed at very slow speeds 

in the present study. 

 

The difference in the Fx force-time profile asymmetry between birds and humans can 

also be reconciled with COM location. In the absence of any moments applied at the 

feet and about the mediolateral or anteroposterior axes, Newton’s second and third laws 

dictate that the GRF vector must track the instantaneous location of the whole-body 

COM throughout the stance phase. Thus, at a given point in the stance, the GRF vector 

will be more anteriorly oriented in a biped with a more anteriorly located COM, 

compared to a biped with a more posteriorly located COM (Figure 4.23E,F). As such, 

the instance of Fx=0 will occur earlier in the stance phase for the biped with the 

anteriorly located COM (Aminiaghdam et al., 2017). To word another way, in a biped 

with a more anteriorly located COM, the COM will pass over the centre of pressure of 

the foot earlier on in the stance phase, such that the GRF vector will be vertical in the 

sagittal plane earlier on. 

 

4.4.4 The effect of body mass 

 

The observations reported here, in concert with those reported previously by Gatesy and 

Biewener (1991), Abourachid and Renous (2001), Rubenson et al. (2004) and Hancock 

et al. (2007), demonstrate that body mass modulates the relationship between at least 

three important kinematic parameters and speed: 

i. Larger birds tend to use lower duty factors at a given relative speed, and in turn, 

they tend to transition to an aerial run (β decreases below 0.5) at lower relative 

speeds. 

ii. Larger birds tend to have shorter stance durations at a given relative speed (Figure 

4.7C). 

iii. Larger birds tend to use lower relative stride lengths at a given relative speed, and 

in turn, they tend to transition to an aerial run at lower relative stride lengths 

(Figure 4.7E). 

It is possible that it is not body mass per se that modulates these features, but rather it is 

the degree of crouch, which co-varies with body mass (Figure 4.6E). Specifically, 
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smaller birds have a more crouched posture, such that the functional length of their leg 

is proportionally greater than their hip height, allowing them to maintain ground contact 

with the feet for longer (which increases stability), allowing them to make longer 

strides, and allowing them to transition to an aerial run at higher relative speeds (Gatesy 

and Biewener, 1991). This realization has two important implications for how the fossil 

trackways of theropods, and possibly all bipedal dinosaurs, are interpreted.  

 

Firstly, size-related differences in postural crouch have not been taken into 

consideration in previous attempts at estimating trackmaker hip height from footprint 

length (Thulborn, 1990). Current methods may hence overestimate hip height in small 

species, or underestimate hip height in large species, or both12; a revision in light of the 

new empirical data presented here is therefore warranted. Secondly, size-related 

differences in kinematics means that one simply cannot measure stride length, estimate 

relative stride length and then immediately identify what ‘gait’ the animal was using 

(Thulborn, 1990; see also Hutchinson and Allen, 2009), unless the relative stride length 

was very low (slow walking) or very high (fast aerial running). Moreover, given that 

birds, and possibly also non-avian theropods, have a continuous locomotor repertoire 

(see Chapter 3), this further complicates the matter, because ‘walking’ and ‘running’ are 

not able to be easily distinguished at intermediate speeds. 

 

4.4.5 Implications for biomechanical modelling 

 

A key aim of this study was to produce predictive equations that may be used to 

facilitate improved attempts at biomechanical modelling of extinct theropod 

locomotion. In addition to achieving this aim, two findings of this study have important 

implications for future biomechanical modelling work. 

 

Of all the parameters found to vary significantly with increasing speed in birds, not one 

concerned the mediolateral component of the GRF, Fy. This is despite the fact that in 

many birds the mediolateral distance between footfalls decreases with increasing speed 

(see Chapter 3). Consequently, Fy could not be predicted for birds, and thus prediction 

                                                           
12 The appropriate equation of Thulborn (1990) was used to estimate the hip height of the trackmakers 
in Chapter 3, and so the estimates reported there are also subject to the same concerns. However, as all 
the trackways analysed in Chapter 3 were made by individuals of about the same size, it is of little 
relevance in this particular case. 
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for extinct theropods cannot be made at the current time. However, this may not be 

overly problematic, since Fy was only found to be a small component of the overall 

GRF vector. The lack of predictability in Fy possibly reflects the fact that the main 

movements for a parasagittal biped (such as a bird) are in the sagittal plane, and by 

extension so too are the forces; it may also reflect to some degree noise in the 

experimental data, but how much remains to be determined. However, it would be 

advantageous to minimize the mediolateral forces exerted, since this would incur 

energetic expenditure that does not contribute to forward movement of the body. It is 

posited here that in straight-line locomotion, mediolateral forces are probably only (or at 

least predominantly) exerted for stabilization purposes. That is, they reflect small-scale, 

step-to-step adjustments made by the bird in order to maintain dynamic stability. 

Therefore, rather than being an input to a biomechanical model of theropod locomotion, 

Fy may be viewed as a constraint: simply apply whatever Fy is necessary at each instant 

in time to maintain dynamic stability.  

 

There is a theoretical precedent to expect that COM location exerts an influence on the 

nature of the GRF, in particular, the degree of asymmetry in the force-time profiles of 

Fx and Fz. This has important implications for how the BIRDS Model developed here 

may be applied to extinct theropods. The model would need no modification if it were 

applied to extinct birds, providing that it could be shown that their COM was similarly 

situated as in modern birds. However, most, if not all, non-avian theropods are inferred 

to have had a COM located significantly more posteriorly than in modern birds, closer 

to the hips (Hutchinson et al., 2007; Bates et al., 2009; Hutchinson et al., 2011; Bates et 

al., 2012; Allen et al., 2013). This would likely limit the application of the model in its 

current form. Further experimental investigation is required to understand exactly how 

the COM position influences the GRF. In modern ground-dwelling birds, there is 

probably not enough natural variation in COM location to allow a relationship between 

COM location and the nature of the GRF (if one existed) to be appropriately discerned. 

Further experimental studies that artificially manipulate COM location (e.g., Grossi et 

al., 2014) may offer some improved insight on this matter. Alternatively, humans are 

also amenable to manipulative studies, and could be subject to experiments where the 

COM location is altered in a controlled manner (cf. Carrier et al., 2001; Lee et al., 2001; 

Aminiaghdam et al., 2017). If a systematic relationship was found between force-time 

profile asymmetry and COM location, then an adjustment could be made to the model 
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to facilitate its application to extinct non-avian theropods, once their COM location was 

estimated. 

 

4.5 Conclusion 

 

The present investigation is the first study to compare both kinematic and kinetic 

aspects of terrestrial locomotion in a variety of modern bird species, across a wide range 

of both speed and body size. The results of this study have reiterated the fact that 

ground-dwelling birds have a highly continuous terrestrial locomotor repertoire. Unlike 

humans and many other terrestrial animals that have been investigated to date, birds 

exhibit a continuous change with respect to speed in terms of kinematics. For the first 

time, this continuous pattern has also been demonstrated to occur for ground reaction 

forces and COM energy fluctuations. In contrast to the results for the birds, all but one 

of the parameters investigated changed abruptly at the walk-run transition in humans, 

reiterating their highly discontinuous locomotor repertoire. 

 

Through the comparative analysis across speed and body size, a set of predictive 

equations have been developed that relate several important kinematic and kinetic 

(GRF) variables to speed in avian terrestrial locomotion, which may be extrapolated to 

extinct avian and non-avian theropods. Previously, it had not been possible to 

empirically predict even basic kinematic or kinetic aspects of locomotion in extinct 

theropods, yet with the BIRDS Model that comprises these predictive equations, such 

capabilities are now available. The BIRDS Model has considerable explanatory power; 

on average, the model could explain 79–93% of the observed variation in kinematics 

and 69–83% of the observed variation in GRFs. As the location of the COM relative to 

the hips probably exerts an important influence on the nature of the GRF, this is not the 

final iteration of the model. Nevertheless, as the first model capable of empirically 

predicting dynamic aspects of theropod locomotion, it is an important step forwards 

towards better understanding how extinct theropods may have moved around.  

 

The results of this study have also provided further quantitative evidence for the 

importance of body size on theropod locomotor biomechanics. In particular, body size 

exerts an influence on the degree of postural crouch, as well as the relationship between 

speed and kinematic parameters. Thus, at equivalent relative speeds, a small theropod 
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will be moving in a decidedly different fashion to a large theropod. This in turn raises 

concerns about the accuracy with which palaeontologists can reliably interpret fossil 

theropods footprints, in terms of inferring the posture and ‘gait’ of the trackmaker. 
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Chapter 5 

The effects of cracks on the quantification of 
the cancellous bone fabric tensor in fossil and 
archaeological specimens: a simulation study

 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The proximal femur of an immature Troodon formosus (MOR 553s-8.7.9.417, 
photograph courtesy of Museum of the Rockies). Several cracks in the fossil are evident 
at the surface, but many more may lie within the bone’s interior, which could influence 
analyses of cancellous bone architecture. 
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5.1 Abstract 

 

Cancellous bone is very sensitive to its prevailing mechanical environment, and study of 

its architecture has previously aided interpretations of locomotor biomechanics in 

extinct animals or archaeological populations. However, quantification of architectural 

features may be compromised by poor preservation in fossil and archaeological 

specimens, such as post-mortem cracking or fracturing. In this study, the effects of post-

mortem cracks on the quantification of cancellous bone fabric were investigated through 

the simulation of cracks in otherwise undamaged modern bone samples. The effect on 

both scalar (degree of fabric anisotropy, fabric elongation index) and vector (principal 

fabric directions) variables was assessed through comparing the results of architectural 

analyses of cracked versus non-cracked samples. Error was found to decrease as the 

relative size of the crack decreased, and as the orientation of the crack approached the 

orientation of the primary fabric direction. However, even in the best-case scenario 

simulated, error remained substantial, with at least 18% of simulations showing a 

greater than 10% error when scalar variables were considered, and at least 6.7% of 

simulations showing a greater than 10° error when vector variables were considered. As 

a 10% (scalar) or 10° (vector) difference is probably too large for reliable interpretation 

of a fossil or archaeological specimen, these results suggest that cracks should be 

avoided if possible when analysing cancellous bone architecture in such specimens. 

 

5.2 Introduction 

 

Cancellous bone is a highly complex tissue found throughout the vertebrate skeleton. It 

is remarkable in its ability to adapt its structure to suit the prevailing mechanical 

environment, as demonstrated by in vivo experiments (e.g., Radin et al., 1982; Goldstein 

et al., 1991; Biewener et al., 1996; Pontzer et al., 2006; van der Meulen et al., 2006; 

Polk et al., 2008; Volpato et al., 2008; Barak et al., 2011) and computer simulations 

(Mullender and Huiskes, 1995; Huiskes et al., 2000; Adachi et al., 2001; Ruimerman et 

al., 2005; Wang et al., 2012). Further, studies of extant animal species have 

demonstrated that differences in locomotor behaviour often lead to differences in 

cancellous bone architecture (Fajardo and Müller, 2001; Ryan and Ketcham, 2002b; 

Ryan and Ketcham, 2005; Maga et al., 2006; Hébert et al., 2012; Ryan and Shaw, 2012; 

Barak et al., 2013; Su et al., 2013; Tsegai et al., 2013; Matarazzo, 2015). 
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Given the sensitivity of cancellous bone to its mechanical environment, researchers 

have sometimes used cancellous bone architecture to help interpret locomotor 

biomechanics in extinct animals, or recently extinct human populations (e.g., 

Thomason, 1985; Macchiarelli et al., 1999; Ryan and Ketcham, 2002a; Ryan and 

Krovitz, 2006; Moreno et al., 2007; Gosman and Ketcham, 2009; DeSilva and Devlin, 

2012; Barak et al., 2013; Su et al., 2013; Bishop et al., 2015; Chirchir et al., 2015; Ryan 

and Shaw, 2015; Skinner et al., 2015). Underpinning these studies is the quantification 

of various micro-structural characteristics of cancellous bone, such as bone volume 

fraction (a measure of porosity), trabecular thickness and spacing, and fabric direction 

or anisotropy (Odgaard, 1997, 2001; Odgaard and Gundersen, 1993; Ketcham and 

Ryan, 2004; Doube et al., 2010). These measures are typically made at fine spatial 

scales in the specimens, often approaching the continuum scale, the scale at which the 

mechanical behaviour of a volume of cancellous bone can be replaced by a set of 

material properties that are averaged across the same volume. Each of the 

aforementioned studies has provided new insight that otherwise could not be obtained 

from the fossil or archaeological record. However, fossil and archaeological specimens 

may not be well preserved, on account of their age and the many environmental factors 

they can be subject to. A particularly common form of post-mortem, taphonomic 

degradation is brittle deformation – cracking or fracturing – which can occur both 

before and after burial of the specimen (Behrensmeyer and Hill, 1980). 

 

Macroscopic cracks that run through a fossil or archaeological specimen may 

potentially influence the results of a quantitative analysis of cancellous bone 

architecture, because they are features that are present in the specimen but were not 

there in the original, living bone. For instance, cracking of a fossil or archaeological 

specimen may sever trabecular connections, displace trabeculae relative to each other or 

introduce a void into the specimen (i.e., obliteration of actual bone structure). The 

presence of cracks could therefore confound interpretation, yet what influence they 

might have remains unknown. Further, if the presence of cracks does indeed influence 

the results of architectural analyses, it remains unknown as to whether this is true of all 

cracks, or only those of a certain size or shape. This is a potentially important problem, 

because essentially all fossil and archaeological specimens will have suffered 

macroscopic cracking to some degree, and the extent of cracking may not be able to be 

fully appreciated from visual examination of the specimen in hand sample.  In previous 
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studies of cancellous bone architecture in fossil or archaeological specimens, it is often 

unclear if the potential problems posed by cracks were addressed, perhaps because the 

studies’ specimens (usually being of recent geological age) were indeed well preserved. 

One exception is the study of Ryan and Ketcham (2002a), who explicitly noted the 

presence of cracks in one specimen and moved their region of analysis away from the 

cracked region of bone. By and large, however, this approach of active identification 

and avoidance of cracks does not appear to have been followed in palaeontological and 

archaeological studies. It therefore remains that cracking in a fossil or archaeological 

specimen could present an impediment to the analysis and interpretation of cancellous 

bone architecture, especially in older fossil material that has the potential for greater 

taphonomic deformation. 

 

The purpose of this study was to use computer simulations to elucidate the effects of 

crack size and orientation on the quantification of cancellous bone architecture in fossil 

and archaeological specimens. The approach was to analyse a variety of ‘pristine’ 

(undamaged) samples of modern cancellous bone, simulate the presence of cracks in 

those specimens and re-run the analyses, and compare the results for pristine versus 

cracked specimens. The focus here is directed towards measures that describe the 

cancellous bone fabric tensor, because this strongly relates to the direction and 

stereotypy of in vivo loading (Fyhrie and Carter, 1987; Goldstein et al., 1991; Ryan and 

Ketcham, 2005; Pontzer et al., 2006; Barak et al., 2011, 2013b). 

 

5.3 Methods 

 

5.3.1 Image acquisition and processing 

 

Ten samples of cancellous bone, derived from X-ray computed tomography (CT) scans 

of the limb bones of various modern avian and reptilian species, were studied (Table 

5.1). The CT scans were acquired using either a Siemens Inveon (Siemens AG, 

Germany) or a GE BrightSpeed (GE Healthcare, UK); scan settings are detailed in 

Table 5.1. The scans were processed in the open-source software ImageJ 1.47 

(http://imagej.nih.gov/ij/), and segmented using the local thresholding algorithm of 

Bernsen (1986), as implemented in ImageJ (Landini, 2008; Landini et al., 2016; see also 

Section 5.3.5). For the large bird bones scanned using the GE Brightspeed, the scans 
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TABLE 5.1. Samples of cancellous bone investigated in this study. Samples 1–6 were CT scanned using a Siemens Inveon and samples 7–10 were 
scanned using a GE BrightSpeed. Crack thicknesses were one-half, one, two and three times trabecular spacing; VOI diameter was five, nine and thirteen 
times trabecular spacing (the last only possible for specimens 1, 2, 3, 7 and 9).  

 
*Museum collection number abbreviations: QMJ, QMO = Queensland Museum Biodiversity Collections; AM R. = Australian Museum Herpetology Collections, MV R. = Museum 
Victoria Ornithology Collections; PJB = P.J.B. personal collection. 
**Samples 7–10 were scanned with an anisotropic voxel resolution (original resolution in parentheses), and were resampled to an isotropic resolution. 

Sample 
Collection 

number* 
Description 

Sample 

dimensions 

(mm) 

Mean trabecular 

spacing (mm) 

CT scan settings 

Peak tube 

voltage (kV) 

Tube current 

(mA) 

Exposure time 

(ms) 

Voxel resolution 

(mm)** 

1 QMJ 48127 Saltwater crocodile 
(Crocodylus porosus) 
femoral head 

10.653 0.399 80 0.45 1,000 0.053 

2 QMJ 48127 Crocodylus porosus 
medial femoral condyle 

10.653 0.491 80 0.45 1,000 0.053 

3 PJB Domestic chicken 
(Gallus gallus) femoral 
head 

4.611 0.351 80 0.45 1,000 0.053 

4 QMJ 84416 Spencer’s goanna 
(Varanus spenceri) 
proximal femur 

7.473 0.694 80 0.5 900 0.053 

5 AM R.106933 Komodo dragon 
(Varanus komodoensis) 
proximal tibia 

7.473 0.590 80 0.45 1,000 0.053 

6 QMJ 47916 Australian freshwater 
crocodile (Crocodylus 

johnstoni) proximal tibia 

5.247 0.505 80 0.5 900 0.053 

7 QMO 30105 Southern cassowary 
(Casuarius casuarius) 
proximal tibiotarsus 

14.673 0.811 120 55 1,681 0.073 (0.219 × 0.3) 

8 QMO 30105 Casuarius casuarius 
distal tibiotarsus 

11.023 1.011 120 55 1,681 0.073 (0.219 × 0.3) 

9 MV R.2385 Ostrich (Struthio 

camelus) femoral head 
24.613 1.482 120 55 1,681 0.163 (0.488 × 0.3) 

10 MV R.2385 Struthio camelus medial 
femoral condyle 

18.093 1.949 120 55 1,681 0.163 (0.488 × 0.3) 

1
4
2
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were resampled to isotropic voxels and at triple the original resolution using a bicubic 

interpolation algorithm; this did not alter the underlying structure in the scan data, but 

did facilitate a more effective segmentation of the cancellous bone. The samples for 

analysis were extracted as large cubes from the proximal and distal ends of the bones in 

the CT scans, and displayed a wide variety of structures.  

 

5.3.2 Crack simulation 

 

Cracks were simulated as planar prisms running through the middle of each sample at 

one of nine orientations (Figure 5.1). These orientations were fixed relative to the 

orientation of the pre-determined fabric tensor for each specimen, such that four cracks 

were parallel to the primary fabric direction, one was perpendicular to the primary 

fabric direction, and four were at a 45° angle to the primary fabric direction (Figure 

5.1B). Although cracks can often assume a complex shape throughout a fossil or 

archaeological specimen, at the fine spatial scale at which cancellous bone architectural 

analyses are typically performed they can be reasonably approximated as planes. 

Moreover, the effect of cracks as simulated in this study was one of occlusion only: the 

cracks occluded the original cancellous bone structure in the CT scans, but did not 

introduce any new structure of their own (as might occur if high-density minerals 

precipitated along the internal surfaces of the crack). Crack geometry was initially 

defined in Rhinoceros 4.0 (McNeel, USA), and converted to voxels in an image stack 

using Mimics 17.0 (Materialize NV, Belgium). The voxels representing the crack were 

then subtracted from the CT scan image stack of the bone sample to simulate the 

obliteration of cancellous bone by the crack (Figure 5.1E). 

 

To investigate the effect of crack size on the results of an architectural analysis, a 

variety of crack thicknesses were simulated across the ten samples. In absolute terms, 

these thicknesses ranged from 0.18 to 5.8 mm, which encompasses much of the range of 

macroscopic crack sizes that would be encountered in fossil or archaeological 

specimens. The thickness of the cracks was scaled to the mean trabecular spacing for 

each specimen, calculated using the method of Hildebrand and Rüegsegger (1997), as 

implemented in the BoneJ 1.3.11 plugin for ImageJ (Doube et al., 2010). Four 

thicknesses were tested, one-half, one, two and three times mean trabecular spacing. 

Only that part of the cancellous bone sample within a specified volume of interest (VOI)  
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FIGURE 5.1. The simulation of cracked specimens in this study. A, a pristine sample of 
cancellous bone, from the proximal tibiotarsus of a cassowary, Casuarius casuarius 
(side length of cube = 14.673 mm). The large vector indicates the orientation of the 
primary fabric direction calculated for the whole sample, and inset is the three 
dimensional fabric ellipsoid with associated measures (see text for explanation). B, nine 
standard orientations for the simulated cracks in this particular sample; all pass through 
the centre of the cube. Four planes are parallel to the primary fabric direction, one plane 
is perpendicular to it, and four planes are at a 45° angle to it. C, one particular crack, 
simulated as a planar prism, here with thickness equal to two times the mean trabecular 
spacing of the sample. D, three spherical volumes of interest were used in the 
simulations, of diameter five, nine and thirteen times mean trabecular spacing. E, the 
simulated cracked sample, where the cancellous bone in the volume of the crack in C 
has been removed, to simulate how a crack obliterates the structure. The resulting effect 
on the primary fabric orientation and nature of the fabric ellipsoid, and associated 
measures, is also illustrated. 
 

 

was included in an analysis; the VOIs were defined as spheres centered at the centre of 

the cube, to avoid corner effects (Figure 5.1D). Three VOI sizes were tested for both 

pristine and cracked samples, five, nine and thirteen times mean trabecular spacing (the 

last only possible for five of the ten specimens), each of which is sufficiently large for 

continuum-level analysis of cancellous bone architecture (Harrigan et al., 1988; Cowin, 
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D E
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DA = 3.31
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2001). By scaling both crack thickness and VOI size to the intrinsic dimensions of each 

individual sample, this meant that constant ratios of crack thickness to VOI size were 

attained across the samples. Moreover, as the orientation of cracks was set up to be 

consistent with the intrinsic fabric of each individual sample, this also allowed for the 

effect of crack orientation to be investigated. 

 

5.3.3 Architectural analyses 

 

Analyses of cancellous bone architecture in pristine and cracked samples were 

conducted using the software Quant3D (Ryan and Ketcham, 2002a,b; Ketcham and 

Ryan, 2004). Two techniques that determine the fabric tensor (Cowin, 1986; see also 

Figure 2.5) were tested, the star volume distribution (SVD) and mean intercept length 

(MIL) methods; the MIL method in Quant3D was set to be the ellipsoid-based material 

tensor formulation. These are the two most widely used approaches in three-

dimensional architectural analyses of cancellous bone, and the results of both have been 

demonstrated to show strong correlation with cancellous bone mechanical properties 

(Turner et al., 1990; Odgaard et al., 1997; Kabel et al., 1999; Ulrich et al., 1999). The 

SVD method essentially measures the spatial distribution (and in turn alignment) of 

bone material in a given volume, whereas the MIL method focuses on the distribution 

(and in turn alignment) of interfaces between the bone and non-bone phases in a given 

volume (Odgaard, 1997; Odgaard, 2001). For both methods, measurements were made 

for 2049 uniformly distributed orientations at 4,000 points within the bone phase, with 

random rotation and dense vector sampling. For the determination of the whole-sample 

fabric tensor, to guide the set-up of crack orientations, the SVD method was used with 

the same parameters, on a sphere centred in the middle of sample and occupying as 

large a volume as possible. Upon calculation of the fabric tensor, the following 

variables were derived: the orientations of the primary, secondary and tertiary fabric 

directions (eigenvectors: u1, u2 and u3, respectively), the corresponding primary, 

secondary and tertiary fabric eigenvalues (e1, e2 and e3, respectively), degree of fabric 

anisotropy (DA, equal to e1/e3) and fabric elongation index (E, equal to 1 – e2/e1).  

 

5.3.4 Comparing pristine and cracked samples 

 

The effect of cracks was assessed by determining the mean (± 1 s.d.) difference from 



 

146 
 

the pristine sample, as a percentage for the scalar variables and as an angular deviation 

for the vector variables. This was computed for each combination of crack thickness and 

VOI size, and for each type of crack orientation (parallel, perpendicular or 45° to the 

orientation of u1). Angular deviation between the orientation of vectors in a cracked and 

pristine sample was calculated using the dot product of the two vectors: 

 














×

•
=−

||||
arccos

pristinecracked

pristinecracked

pristinecracked
vv

vv
θ , (5.1) 

where vcracked is the vector for the cracked sample, and vpristine is the vector for the 

pristine sample. Additionally, the frequency of unacceptably large differences was 

investigated. An unacceptably large difference is one where an error of that magnitude 

in the real world would confound interpretation of a fossil or archaeological specimen. 

Thus, an a priori maximum acceptable difference was set for each scalar and vector 

variable examined, and the proportion of instances in which the difference between 

cracked and pristine samples exceeded that limit, P(∆max), was determined, for each 

combination of VOI size and crack thickness and for each type of crack orientation. For 

scalar variables, this limit was ±10% of the value determined for the pristine sample. 

For vector variables, the limit was a 10° cone around the vector determined for the 

pristine sample. These limits were chosen based on the results of previous studies, 

which have shown that distinct locomotor differences in species can manifest 

themselves as architectural differences of these magnitudes, or even less (Ryan and 

Ketcham, 2002b; Maga et al., 2006; Pontzer et al., 2006; Polk et al., 2008; Griffin et al., 

2010; Barak et al., 2013; Su et al., 2013; Tsegai et al., 2013). Hence, errors in 

measurement of 10% (for scalar variables) or 10° (for vector variables) could be large 

enough to preclude reliable and in-depth interpretation of a fossil or archaeological 

specimen. 

 

5.3.5 Local segmentation of CT scans 

 

In this study, the CT scans were segmented using the algorithm of Bernsen (1986), as 

implemented in ImageJ (Landini, 2008; Landini et al., 2016; note that the 

implementation operates on 8-bit images only). This algorithm is a binary pixel 

classifier, identifying whether a given pixel in an image belongs to the foreground (bone 

tissue, assigned a value of 1) or background (intertrabecular spaces, assigned a value of 

0). Moreover, it takes into consideration only pixels within the focal pixel’s local 
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neighbourhood (a ‘window of interest’), the size of which is given by a pre-specified 

radius. By considering an image in terms of local regions, and moving the window of 

interest from pixel to pixel, this approach can overcome variations in brightness or 

contrast across an image, which can present difficulties to global thresholding 

approaches that consider an entire image simultaneously. The steps used by the 

algorithm for each pixel are as follows: 

1. Calculate the local contrast (Clocal) of the pixels within the local neighbourhood of 

the focal pixel, equal to the difference between maximum and minimum grey 

values in the neighbourhood:  

  Clocal = valuemax – valuemin.  (5.2) 

2. If Clocal equals or exceeds a pre-specified contrast threshold (Cthresh), then the 

segmenting threshold is set as the mid-grey value of the pixels within the local 

neighbourhood, which is the average of the maximum and minimum grey values in 

the neighbourhood:  

  M = ½(valuemax + valuemin).  (5.3) 

This is then used to classify the focal pixel as either belonging to the foreground 

(valuefocal ≥ M) or background (valuefocal < M). 

3. If Clocal is less than Cthresh, then the focal pixel is classified according to whether the 

mid-grey value of the pixels in the local neighbourhood is brighter or darker than 

the mid-point of the 8-bit spectrum: if M ≥ 128, it belongs to the foreground, if M < 

128, it belongs to the background. 

The exact values for the window radius and contrast threshold used to segment the scans 

in the present study varied from specimen to specimen, and were chosen based on visual 

comparison of the original versus segmented scans. 

 

5.4 Results 

 

5.4.1 Scalar variables – DA and E 

 

Attention is only given to the degree of anisotropy (DA) and elongation index (E) here, 

because the individual eigenvalues of a fabric tensor are not meaningful in their own 

right; it is only when expressed relative to each other (in measures such as DA and E) 

that they are informative (Ryan and Ketcham, 2002b; Maga et al., 2006; Hébert et al., 

2012; Matarazzo, 2015). In both the star volume distribution (SVD) and mean intercept 
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length (MIL) analyses, both the mean positive differences (where the cracked value was 

greater than the pristine value) and mean negative differences (where the cracked value 

was less than the pristine value) tended to decrease as the ratio of crack thickness to 

volume of interest (VOI) size decreased (Figure 5.2A). The margin of error about these 

means also tended to decrease as the ratio of crack thickness to VOI size decreased, 

although it is important to note that even at the lowest ratio tested (1
/26, or 3.8%), the 

margin of error often remained considerable, with a standard deviation usually in excess 

of 10%. The proportion of instances in which the maximum acceptable difference for 

both DA and E was exceeded, P(∆max), generally decreased as the ratio of crack 

thickness to VOI size decreased, for both SVD and MIL analyses (Figure 5.2B). Even at 

the lowest ratio tested, however, P(∆max) was at least 0.18; that is, there was essentially 

a one-in-six chance or greater that a measurement for a cracked sample was more than 

10% in error of that calculated for the pristine sample.  

 

5.4.2 Vector variables – principal fabric directions 

 

The mean angular difference between the vector orientations of cracked and pristine 

samples tended to decrease as the ratio of crack thickness to VOI size decreased, for all 

three fabric directions and for both SVD and MIL methods (Figure 5.3A). The margin 

of error about the mean also tended to decrease as the ratio of crack thickness to VOI 

size decreased, although again it remained considerable even for the lowest ratio tested, 

with the standard deviation being at least 6°, and often in excess of 10°. As with the 

scalar variables, P(∆max) generally decreased as the ratio of crack thickness to VOI size 

decreased (Figure 5.3B). However, P(∆max) remained above 0.16 in all SVD analyses, 

and in the MIL analyses it typically remained above 0.11; only at the lowest ratio of 

crack thickness to VOI size was a lower value observed (0.067), and this was only in 

regards to the orientation of the primary fabric direction, u1.  Thus, for the SVD 

analyses, there was essentially a one-in-six chance or greater that a vector orientation 

calculated for a cracked sample was more than 10° off that calculated for the pristine 

sample. Furthermore, for the MIL analyses, there was essentially a one-in-ten chance or 

greater that a vector orientation calculated for a cracked sample was in error of 10° or 

more, except at the lowest ratio of crack thickness to VOI size. 
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FIGURE 5.2. The effect of cracks on scalar variables describing the cancellous bone 
fabric tensor. A, in terms of the mean percentage difference from the pristine sample. B, 
in terms of P(∆max), the proportion of instances where the maximum acceptable 
difference was exceeded. For the mean difference plots, filled circles denote positive 
differences from the values for the pristine sample, and hollow circles denote negative 
differences from the values for the pristine sample. 
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FIGURE 5.3. The effect of cracks on vector variables describing the cancellous bone 
fabric tensor. A, in terms of the angular differences from the pristine sample. B, in terms 
of P(∆max), the proportion of instances where the maximum acceptable difference was 
exceeded. 
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5.4.3 The effect of crack orientation 

 

Crack orientation had a largely consistent effect on the results for both scalar and vector 

variables, calculated with both SVD and MIL methods (Figure 5.4A,B). Overall, the 

error decreased as the crack orientation became more parallel to the orientation of u1. 

There were a few exceptions to this general pattern (two of which are illustrated in 

Figure 5.4C,D); in these cases, error tended to increase as the crack approached being 

parallel to u1, although this was typically only slight. 

 

5.5 Discussion 

 

Analyses of cancellous bone architecture in fossil specimens can provide unique insight 

into locomotor biomechanics in extinct species, but until now the potential complicating 

effects of taphonomic degradation, such as cracking, has remained untested. The 

simulations performed in this study sought to examine the effect of including cracks in a 

VOI on the quantitative analysis of cancellous bone architecture. It was found that, in 

general, as the size (thickness) of the crack relative to the size of the VOI decreased, so 

too did the mean difference between pristine and cracked samples, in terms of both 

scalar (fabric anisotropy and elongation index) and vector (principal fabric directions) 

variables. The margin of error about the mean also tended to decrease as relative crack 

size decreased. As a consequence, the proportion of instances in which the maximum 

acceptable difference was exceeded, P(∆max), also tended to decrease as relative crack 

size decreased, although the decrease for the scalar variables tended to be only slight. 

This result was expected, since the crack is occupying a smaller proportion of the total 

volume of cancellous bone being analysed, and thus obscuring less of the actual 

structure. The orientation of a crack relative to the underlying cancellous bone fabric 

was also shown to have an influence on the magnitude of error encountered; in general, 

as the crack became more parallel to the primary fabric direction (u1), the error 

decreased.  

 

Despite these trends, even at the smallest relative size of crack tested (crack thickness = 

3.8% of VOI diameter, and VOI diameter many times greater than trabecular spacing), 

the magnitude of error often remained substantial, when both mean difference and error 

about the mean are taken into consideration. Furthermore, P(∆max) was still  
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FIGURE 5.4. The effect of crack orientation on the quantification of the cancellous 
bone fabric tensor, as illustrated with several exemplar cases. These plots tease apart the 
general patterns shown in Figures 5.2 and 5.3, to illustrate how crack orientation 
(relative to the primary fabric direction) also influences the results of quantitative 
analysis. A, proportion of excessively erroneous instances for degree of anisotropy in 
SVD analyses. B, mean angular difference for the orientation of the primary fabric 
direction in SVD analyses. C, mean percentage difference for positive error in 
elongation index in MIL analyses. D, proportion of excessively erroneous instances for 
the orientation of the secondary fabric direction in MIL analyses. By and large the 
general pattern was that demonstrated in A and B, where error markedly decreases as 
the crack becomes more parallel to the orientation of the primary fabric direction, 
although exceptions did exist, as illustrated in C (little decrease with more parallel 
orientation) and D (slight increase with more parallel orientation). For illustrative 
purposes, planes were fitted to the data, and associated r2 values calculated, assuming a 
coding of parallel orientation = 1, 45° orientation = 2, perpendicular orientation = 3, 
using the Curve Fitting Toolbox in MATLAB 8.0 (MathWorks, Natick, USA). 
 

 

considerable, at least 18% for scalar variables and at least 11% for the orientation of 

principal fabric directions, with the exception of the direction of u1 in MIL analyses, for 

which it was 6.7%. That is, there was still a considerable probability that calculated 

r
2
 = 0.3697

A

0.2

0.4
0.6

parallel

perp.

45°

0

P
(∆

)
m

ax

1

0.8

0.6

0.2

0.4
0.6

parallel

perp.

45°

0

M
ea

n
 a

n
g
u
la

r 
d
if

fe
re

n
ce

40

0

80 r
2
 = 0.7043

0.2

0.4
0.6

parallel

perp.

45°

0

M
ea

n
 %

 d
if

fe
re

n
ce

20

40

60

0

r
2
 = 0.3141

0.2

0.4
0.6

parallel

perp.

45°

0

P
(∆

)
m

ax
0.2

0.6

1

r
2
 = 0.6951

B

C D

Ratio of crack thickness

       
 to VOI diameter 

Crack orientation

   relative to u
1



 

153 
 

scalar parameters were more than 10% off their true value, and calculated vectors were 

more than 10° off their true orientation. This sizeable degree of uncertainty and error 

involved would hence effectively preclude meaningful interpretation of the specimen. 

Although the present study did not simulate cracks finer than 0.18 mm across (or finer 

than one-half mean trabecular spacing), the trends observed in Figures 5.2 and 5.3 

suggest that even at smaller crack thicknesses, there may still be significant potential for 

error. 

 

Before drawing any conclusions, it is important to bear in mind the limitations of the 

current study. For the sake of simplicity, cracks were simulated under a particular set of 

assumptions regarding shape (planar geometry), extent (extending the whole way 

through a VOI) and number (only a single crack in a given VOI), and their effect was 

assumed to be of occlusion only. More complex crack manifestations were not 

investigated. Moreover, all analyses were made at fine to medium spatial scales; the 

effect of cracks on the analysis of large VOIs that occupy a large portion of an articular 

condyle, for example (as in the studies of Ryan and Walker, 2010; Scherf et al., 2013), 

remains untested. It is conceivable that variations in the above parameters could have 

different effects on the results of quantitative analysis, but this would need to be the 

subject of further, more detailed study. An additional complexity is the possibility of 

differential displacement of otherwise well-preserved portions of cancellous bone on 

either side of a crack.  

 

Notwithstanding these factors, the results of this study do suggest that caution should be 

exercised when quantitatively analysing cancellous bone architecture in fossil or 

archaeological specimens. When selecting specimens for cancellous bone architectural 

analysis, the best approach would be to carefully inspect potential specimens for 

cracking (using a magnifying glass or microscope if necessary), and select the specimen 

or specimens that have suffered the least amount of taphonomic degradation. In some 

situations, it may be possible for a researcher to visually identify cracks from even the 

finer end of the thickness spectrum investigated in the present study, and thus 

immediately reject a specimen from consideration. However, a number of complicating 

factors can exist. Most importantly, cracks may be present within the specimen that 

have not yet reached the surface: these cracks are invisible to the researcher until the 

bone is actually CT scanned. Secondly, fine hairline cracks at the surface, which may be 
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able to be easily seen in relatively young specimens, may be less easily discerned in 

older fossils, especially if they are obscured by matrix, consolidant or other material. 

Thirdly, the researcher may not always have multiple specimens among which to 

choose the best specimen for study; for example, if there is only one femur specimen 

known for a given extinct species, then that specimen would have to be studied if 

anything is to be learnt at all for that species. It is therefore of great importance to not 

only visually inspect a potential specimen for cracking in hand sample, but to also 

inspect the resulting CT scans before attempting a quantitative analysis. Ideally, even if 

cracks are found to be present, they should be avoided in a VOI for analysis, regardless 

of their size or the method used to quantify the cancellous architecture. If this is not 

feasible, for instance for the purposes of achieving a consistently positioned VOI in 

comparative studies (Fajardo and Müller, 2001; Kivell et al., 2011), then the VOI used 

should be as large as possible, although this may in turn introduce bias through 

inconsistent VOI sizes used across samples (Kivell et al., 2011; Lazenby et al., 2011). 
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Chapter 6 

Cancellous bone architecture in the hindlimb 
bones of theropods: a comparative study

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Three-dimensional rendering of cancellous bone within the proximal femur of an 
Australian bustard, Ardeotis australis (MVB 20408), showing the complex, 
interconnected array of trabeculae. 
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6.1 Introduction 

 

Chapter 2 has highlighted the great potential that investigation of cancellous bone 

architecture has for better understanding locomotor biomechanics in extinct tetrapod 

vertebrates. Non-avian theropod dinosaurs are no exception. Owing to their often large 

size, unique anatomy and comparatively detailed fossil record, locomotor biomechanics 

in dinosaurs has been extensively studied. Regarding bone morphology, these studies 

have almost always focused on the external bony geometry, or cortical cross-sectional 

geometry at the mid-shaft of a long bone (e.g., Charig, 1972; Coombs, 1978; Alexander, 

1985, 1989a; Gatesy, 1991b; Heinrich et al., 1993; Farlow et al., 1995; Carrano, 1998; 

Christiansen, 1998; Mazzetta et al., 1998; Christiansen, 1999; Farke and Alicea, 2009; 

Bates et al., 2012; Maidment et al., 2012; Maidment and Barrett, 2014; Cubo et al., 

2015). 

 

Only two studies have examined cancellous bone architecture as it relates to any aspect 

of dinosaur biomechanics. In the first (Sues, 1978), ‘trabeculae’ were observed in the 

enlarged skull domes of pachycephalosaurs, appearing to be oriented appropriately for 

receiving the forces that might be experienced during head-butting behaviour. However, 

these ‘trabeculae’ were later demonstrated to be an ontogenetic transitory structure in 

the growth of the skull bones (Goodwin and Horner, 2004). More recently, cancellous 

bone in the pedal phalanges of various dinosaur species was imaged using clinical-grade 

computed tomographic scanning, and basic phenomenological interpretations were 

made, with apparent differences in cancellous bone architecture suggested to reflect 

different locomotor behaviour (Moreno et al., 2007). Despite this, the relatively low 

resolution of the scanning, the potential for unaccounted scanning artifacts and the lack 

of an explicit mechanistic hypothesis relating architectural differences to specific 

behaviours renders the findings of that study uncertain. In terms of extant dinosaurs, 

too, very little investigation has been undertaken in the way of cancellous bone 

architecture. In fact, aside from being qualitatively illustrated on several occasions 

(largely for show, e.g., Owen, 1867; Thompson, 1942; Townsley, 1948; Cracraft, 1971), 

and experimentally manipulated according to different loading patterns (Pontzer et al., 

2006), cancellous bone in avian limb bones is virtually unstudied. 
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In this chapter, the three-dimensional (3-D) architecture of cancellous bone was 

investigated in the principal hindlimb bones of a variety of extinct, non-avian theropod 

and modern ground-dwelling bird species. Investigation focused mainly on the direction 

of the cancellous bone fabric and how this varies spatially throughout a given bone. The 

reasoning for this is threefold: 

1. The direction of fabric alignment is one of the more telling aspects of cancellous 

bone architecture in terms of identifying differences in locomotor behaviour and 

bone loading (e.g., Goldstein et al., 1991; Ryan and Ketcham, 2005; Pontzer et al., 

2006; Polk et al., 2008; Barak et al., 2011, 2013b). 

2. When considered across the whole bone, the 3-D pattern of fabric directions can be 

analysed within the framework of the trajectorial theory. This provides greater power 

to an analysis, because this facilitates direct, mechanistic comparisons of cancellous 

bone architecture to whole-bone loading, as will be done in Chapters 7 and 8. 

3. Fabric direction is probably more reliably assessed for fossil specimens, as opposed 

to other features such as bone volume fraction, trabecular thickness or trabecular 

spacing, which require excellent preservation of the entire fossil and very high 

resolution imaging, the latter of which is currently not possible for large bones. So 

long as the gross structure is preserved and able to be imaged, fabric direction will be 

able to be assessed. 

The observations made for theropod limb bones were also compared to those for 

theropod outgroups (Crocodylia and Squamata), as well as the other extant obligate 

biped, humans, which have been very well studied with respect to cancellous bone 

architecture and locomotor biomechanics.  

 

The result of this chapter’s research will first and foremost be a comprehensive 

assessment of the gross architectural patterns in the hindlimb bones of many different 

theropod species, which constitutes a completely novel dataset. In addition to laying the 

foundations for future studies, this will facilitate the identification of major patterns of 

similarity and difference between species and between groups. This will in turn 

elucidate of how cancellous bone architecture may have evolved in theropods, and 

provide new and unique insight into theropod locomotor biomechanics. The manner of 

loading that is associated with cancellous bone architecture, and how this may reflect 

differences in posture, muscle control or gross loading regimes (i.e., bending- versus 

torsion-dominant), will form the subject of Chapters 7 and 8. 
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6.2 Methods 

 

The sampling and methods used in the present study are outlined in full below. In brief, 

this study acquired X-ray computed tomographic (CT) scans of the main bones of the 

hindlimb of a range of avian and non-avian theropods, as well as extant reptilian species 

and humans, and used a variety of image processing and analysis techniques to help 

characterize the architecture of cancellous bone in these elements. Approximately 1.45 

Tb of CT scan data was obtained for over 160 bones, representing at least 44 species. 

Owing to various logistical constraints, these bones were scanned using a variety of 

machines at a variety of resolutions. This, coupled with the fossilization of many of the 

specimens, required a number of different image processing protocols to extract the 

structural data. Likewise, a number of different analytical approaches were used, some 

more quantitative than others, to identify the predominant architectural patterns present. 

For some of the quantitative data, statistical analyses were also conducted to test for 

correlations of certain architectural features with body size. The whole procedure of 

data processing and analysis, undertaken on two computers with ≥32 Gb of memory and 

a 2.4 GHz processor each, took approximately six months to complete. 

 

6.2.1 Data acquisition 

 

This study focused on the main bones of the hindlimb, the femur, tibia (tibiotarsus13) 

and fibula, in a variety of extant avian and non-avian theropods, as well as extant 

reptilian species, crocodilians and squamates (Table B.1, presented in Appendix B). In 

addition, data was collected for a human specimen, to provide further comparative 

context. A schematic illustration of the gross phylogenetic relationships of the study 

species is given in Figure 6.1. Only ground-dwelling species of birds were investigated 

because, by virtue of spending most or all of their time on the ground, they have well-

developed hindlimb locomotor systems. Where possible, only male bird specimens were 

chosen, so as to preclude the possibility of medullary bone being present and 

influencing the results (Dacke et al., 2003; but see below). Crocodilians were chosen as  

                                                           
13 The terms tibia and tibiotarsus are used in a specific fashion throughout this chapter. ‘Tibia’ refers to 
the bony element per se, whereas ‘tibiotarsus’ refers to the functional unit of the tibia and proximal tarsals 
(astragalus and calcaneum). Thus, ‘tibiotarsus’ is only meaningful when used in reference to theropods, in 
which the three comprising bones are tightly integrated, and in adult birds they become fused together. In 
the other groups of animals studied, the presence of a tibiotarsal joint precludes the use of this term. As 
such, cancellous bone architecture in the proximal tarsals of theropods was also investigated. 
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FIGURE 6.1. Phylogenetic interrelationships of the major groups of animals studied. 
Interrelationships of non-avian theropods are based on Holtz (2012, and references cited 
therein); interrelationships of birds are based on Hackett et al. (2008), Morgan-Richards 
et al. (2008), Ksepka (2009), Phillips et al. (2010), Haddrath and Baker (2012), Jetz et 
al. (2012), Smith et al. (2013), Yuri et al. (2013), Mitchell et al. (2014), Jarvis et al. 
(2014), Ksepka and Phillips (2015) and Prum et al. (2015). The interrelationships of the 
neoavian species studied here are currently not well agreed upon, and so Neoaves is 
shown as an unresolved polytomy. Silhouettes depict exemplar members or each group, 
and are not to scale. 
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they represent the closest extant outgroup of Theropoda. Varanids were chosen to 

represent squamates because they are highly terrestrial species, and their large size 

better facilitates analysis of cancellous bone architecture compared to smaller species. 

Generally, only one or two individuals were sampled for a given species. As this study 

is the first detailed survey of cancellous bone architecture in theropods, and more 

broadly, saurians, preference was given to maximizing the number of species 

investigated, rather than achieving a larger number of samples for fewer species. 

The 3-D cancellous bone architectural data was acquired through CT scanning of the 

limb bones. Scanning parameters varied depending on the size and bulk density of the 

specimen and the locally available scanning machine (Table B.1). In all cases, the 

highest possible resolution and contrast between bone and non-bone phases was sought. 

Regarding the non-avian theropods, a great many more fossil specimens were scanned 

throughout the course of this study, but owing to various factors (e.g., high density, low 

contrast between bone and matrix, mineral-induced scanning artefacts, insufficient 

scanning power or resolution) their resulting scans were not useful. Only those 

specimens whose scans provided useful information have been listed in Table B.1. In 

addition to the data collected in the present study, data collected by previous studies was 

also utilized (Farke and Alicea, 2009; Doube et al., 2012). 

6.2.2 Image data processing 

The CT scans of each bone were processed in ImageJ 1.47 (http://imagej.nih.gov/ij/) 

and Mimics 17.0 (Materialize NV, Belgium), so as to segment the bone from the non-

bone phases. Five different image processing protocols were used, depending on the 

nature of the specimens and the manner in which they were scanned (Table B.1): 

6.2.2.1 Protocol 1 – modern animal micro-CT scans (~70 bones) 

Scans were segmented using the local thresholding algorithm of Bernsen (1986), as 

implemented in ImageJ (Landini, 2008; Landini et al., 2016; see also Chapter 5, Section 

5.3.5). The window radius was set to a low value (typically on the order of 5 pixels), 

whilst the contrast threshold was set to a fairly high value (typically in the range of 20–

50), so as to reduce the possibility of relatively high density non-bone material (e.g., 
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dried marrow tissue) from becoming segmented along with the bone phase. The specific 

values for each parameter varied from specimen to specimen, and were chosen based on 

iterative visual comparison of the segmented versus unsegmented scans. Subsequent to 

image segmentation, the scans were ‘cleaned’ in Mimics with the in-built ‘region 

growing tool’, which removed extraneous matter that was included in the segmentation 

but was not connected to the cancellous bone network. That is, this process removed 

isolated (‘floating’) voxels that were not connected to any adjacent voxels; since 

cancellous bone is always connected to other bone material, this step did not cause any 

loss of cancellous bone material (but did remove voxels pertaining to marrow tissue, for 

example). 

 

One modern bird femur (Gallus gallus) was found to possess material that was possibly 

medullary bone; it was processed according to Protocol 1 but only for the femoral head 

region, where the unidentified material essentially filled all the intertrabecular space and 

thus was able to be effectively isolated from the cancellous bone. Only the femoral head 

region was subsequently analysed in this particular specimen. 

 

6.2.2.2 Protocol 2 – modern animal medical CT scans (~35 bones) 

 

This protocol differs from protocol 1 only in that an additional step was undertaken 

prior to segmentation. As these scans were acquired with a medical-grade machine, the 

original dataset was comprised of anisotropic voxels (slice thickness differs from in-

plane pixel resolution), which is not ideal for further architectural analyses. Moreover, 

the scans had a markedly lower resolution compared to the micro-CT scans. As a result, 

protocol 1 would not result in accurate segmentation of the cancellous structure. To 

negotiate this problem, the scans were first resampled to triple the original in-plane 

pixel resolution, and simultaneously resampled along the axial direction to produce 

isotropic voxels. The axial resampling factor is given as 3f, where 

 
resolutionpixel

thicknessslice
=f .  (6.1) 

This was performed in ImageJ using 3-D bicubic interpolation, after which the scans 

were processed according to protocol 1.  
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The above process of resampling the CT scans is simply to facilitate a more complete 

and accurate extraction of cancellous bone, without altering the underlying structure in 

the scan data (Figure 6.2). Despite a relatively low resolution to the scans, each 

individual trabecula was still visible to the naked eye, owing to the partial volume effect 

(Ketcham and Carlson, 2001; Ryan and Ketcham, 2002b). Here, pixels with 

intermediate grey-values reflect a volumetric averaging of the high grey-values of bone 

and the low grey-values of intertrabecular spaces, and are interpreted by the observer as 

reflecting intertrabecular spaces. However, as these intermediate-valued pixels are 

adjacent to high-valued (bone) pixels, they may not be recognized as reflecting non-

bone material by a local segmentation algorithm because of insufficient contrast, and so 

become included in the segmented bone phase, producing an erroneous result. By 

resampling the CT scans to a higher resolution, the underlying structure in the data is 

retained, but the number of pixels associated with each phase (bone and non-bone) of 

each part of the structure is increased. This increases the ability of a local thresholding 

algorithm to distinguish the two phases from each other, as there is higher local contrast, 

resulting in a more accurate segmentation. Theoretically, the greater the degree to which 

the scan is resampled, the higher the accuracy of the resulting segmentation. However, 

there will come a point where any further information extracted is not genuine, and is 

artefactual; furthermore, greater resampling produces larger scan datasets, increasing 

computational requirements for all successive steps in image processing and analysis. 

Experience has shown that, with the current scan dataset at least, a resampling factor of 

three was sufficient to achieve accurate segmentation. 

 

6.2.2.3 Protocol 3 – human CT scans (3 bones) 

 

The human bone scans were collected using peripheral quantitative CT scanning; as 

with the medical CT scans, the resulting scans often comprised anisotropic voxels. 

Since the in-plane resolution was always lower than the slice thickness (if the two were 

not equal), the scans were first resampled in the in-plane directions using bicubic 

interpolation in ImageJ, resulting in an isotropic image stack. Next, a low-radius 3-D 

median filter of kernel radius 2 or 3 pixels was applied, again in ImageJ, to remove 

high-frequency noise in the data (Ollion et al., 2013). Finally, the steps outlined in 

protocol 1 were followed. 
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Figure 6.2. Resampling the medical CT scans, as per protocol 2, helps produce a more 
accurate segmentation of the cancellous bone structure. This is illustrated here with a 
CT slice of the proximal femur of a cassowary (Casuarius casuarius, QMO 31137). A, 
the raw CT slice. B, a local segmentation algorithm, as per protocol 1, is applied to the 
slice in A, with window radius 8 pixels and contrast threshold of 25; notice that it 
performs poorly, with some trabeculae becoming disconnected and some intertrabecular 
spaces being obliterated. C, the same CT slice as in A, but resampled to triple the 
resolution, that is, voxel dimensions are now ⅓ of original in-plane pixel resolution. D, 
a local segmentation is applied to the resampled slice in C, using the same parameters as 
in B; notice that it performs far better in extracting the cancellous structure. Bicubic 
interpolation results in smoother boundaries to the segmented scans, in contrast to 
lower-order (e.g., bilinear) interpolation. The location of the insets in each panel is 
shown in C. 
 

 

6.2.2.4 Protocol 4 – non-avian theropod micro-CT scans (15 bones) 

 

Owing to a maximum capable peak tube voltage of 80 kV in the machine used, the 

resulting scans of the fossil bones suffered from both high-frequency (i.e., short 

A B

C D
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wavelength) and low frequency (i.e., long wavelength) background noise that 

overprinted the actual structure in the images. The former was manifest as speckled, 

‘salt and pepper’ patterns, whilst the latter stemmed from scanning artefacts such as 

beam hardening (Ketcham and Carlson, 2001) and differences in bulk density 

throughout a specimen. These two sources of noise were removed in ImageJ in the 

following manner, and the process is illustrated in Figure 6.3. First, a low-radius 3-D 

median filter was applied to the original image stack, removing the high frequency 

noise; the kernel radius used varied between 2–10 pixels, depending on the specimen. 

Secondly, a large-radius 2D median filter was successively applied to the original image 

stack in all three directions (x, y and z), to isolate the low-frequency noise; the kernel 

radius used was large in comparison to the trabecular thickness, and varied between 10–

40 pixels, depending on the specimen. A single application of a large-radius 3-D median 

filter could have been used instead to obtain the same effect, but owing to the larger 

number of calculations required and large kernel radius, it was prohibitively slow. The 

low-frequency filtered image stack was then subtracted from the high-frequency filtered 

stack. That is, this process removes the high-frequency noise, and then removes the 

background noise. Whilst the resulting image stack was rid of noise and captured the  

 

FIGURE 6.3. Schematic illustration of the image processing protocol used for the non-
avian theropod micro-CT scans. A, the original image, affected by both high and low 
frequency noise; segmentation of this image by global or local thresholding techniques 
will not work. B, a low-radius median filter is applied to remove high-frequency noise. 
C, a large-radius median filter is applied to isolate the low-frequency (background) 
noise. D, the low-frequency filtered image in C is subtracted from the high-frequency 
filtered image in B. E, a low-radius mean filter is applied, followed by a global high-
pass segmentation to produce the final image. 

A

C

B

D E



 

165 
 

structure in the data, it nevertheless was texturally ‘rough’. Consequently, a low-radius 

3-D mean filter, of kernel radius 2 or 3 pixels, was applied to remove this roughness. As 

this filter was of a high frequency compared to the structure itself, this step did not alter 

the structure in the data (e.g., trabeculae were not removed, connections did not 

disappear). Lastly, a global segmentation, with a high-pass grey-value threshold set to 1 

or 2, was applied to extract the cancellous bone structure. 

 

It is important to note that the above approach did not result in the total removal of 

matrix from the medullary cavity, since the filtering parameters were chosen based on 

the results for regions of the specimen entirely occupied by cancellous bone. This did 

not pose a problem to analysis, however, because the remaining noise was essentially 

random and isotropic, and thus easily distinguished visually from the cancellous bone 

structure elsewhere. It was therefore easy to avoid the medullary canal in the 

architectural analyses. 

 

6.2.2.5 Protocol 5 – non-avian theropod medical CT scans (~30 bones) 

 

As with the other set of medical CT scans, the scans of the fossil non-avian theropod 

bones comprised anisotropic voxels. Moreover, the resolution of the scans, and spatial 

variation in density and preservation quality, prohibited the proper segmentation of the 

cancellous bone. Consequently, the scans were resampled in the axial direction only, to 

produce isotropic voxels; they were not resampled to a higher resolution, as per protocol 

2. This also meant that the cancellous bone architecture was only able to be analysed 

qualitatively. One exception to this was the CT scans of the Masiakasaurus femora 

collected by Farke and Alicea (2009). Owing to the relatively high scan resolution and 

good preservation of the fossil bones, these scans were able to be processed as per 

protocol 2, and were able to be subject to quantitative analyses. 

 

6.2.3 Architectural analyses 

 

Owing to the varied resolution and quality of the CT scans obtained, several analytical 

techniques were used. In their own way, each helped to identify the dominant 

architectural direction in a given region of cancellous bone, and how this varied 

throughout an entire bony element. Quantitative fabric analysis (Section 6.2.3.1) was 
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able to be conducted for scans of most of the modern animal bones, as well as the fossil 

specimens imaged using micro-CT scanning, that is, most scans that were processed as 

per protocols 1–4 above. Most of the non-avian theropod scans processed as per 

protocol 5 above were only able to be analysed in a qualitative fashion (Section 6.2.3.2), 

as were the scans of modern birds obtained by Farke and Alicea (2009). A small 

proportion of scans processed according to protocol 1, pertaining to small bird bones, 

were also analysed qualitatively. A subset of the results from the quantitative analyses 

were also subject to additional analysis to obtain further insight into two key regions of 

the femur, the femoral head and medial condyle (Section 6.2.3.3). Lastly, the 

architecture of diaphyseal cancellous bone in birds was analysed in a semi-quantitative 

fashion, via a categorical scoring method (Section 6.2.3.4). 

 

6.2.3.1 Quantitative analyses 

 

Quantitative analyses of cancellous bone architecture were conducted using the software 

Quant3D (Ryan and Ketcham, 2002a,b; Ketcham and Ryan, 2004). The 3-D fabric 

tensor (Cowin, 1986; see also Figure 2.5) for a given volume of cancellous bone was 

calculated from the segmented CT scans using the star volume distribution method 

(Cruz-Orive et al., 1992; Odgaard, 1997, 2001). This is a stereological technique that 

expresses how cancellous bone material is distributed in three dimensions, and the 

results of this approach have previously been demonstrated to show strong correlation 

with cancellous bone mechanical properties (Turner et al., 1990; Odgaard et al., 1997; 

Kabel et al., 1999; Ulrich et al., 1999). To examine how the fabric varied spatially 

throughout a given bone, analyses were conducted on numerous (sometimes > 700) 

discrete volumes of cancellous bone; each volume of interest (VOI) was spherical in 

shape, to avoid corner effects. The diameter of the VOIs was typically 5 or more times 

the mean trabecular spacing for a specimen, which is sufficiently large for the 

continuum assumption of cancellous bone behaviour to hold (Harrigan et al., 1988; 

Cowin, 2001), thus permitting the calculation of a fabric tensor. The VOIs were 

arranged in the geometric pattern of cubic close-packed spheres (Figure 6.4). This 

arrangement maximizes the volume of cancellous bone analysed, and as no overlap 

occurs between adjacent spheres, each part of cancellous bone was analysed only once. 

Hence, unlike the results of Saparin et al. (2011), the results for each VOI were 

independent of one another. The close-packed pattern was generated in the computer- 



 

167 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6.4. The arrangement of VOIs for quantitative analysis of cancellous bone 
architecture follows the geometric pattern of cubic close-packed spheres. This is 
illustrated here for the proximal right femur of Troodon formosus (MOR 748). Each 
spherical VOI has a diameter of 5 mm. In this arrangement, each VOI is just touching 
its neighbouring VOIs, and each sphere can be in contact with up to 12 other VOIs. A 
and B are in medial view; C and D are in oblique anteromedial view. Notice in C and D 
that VOI placement avoids the medullary cavity (orange) and cracks (green). 
 

 

aided design software Rhinoceros 4.0 (McNeel, USA) and scaled and fitted to each 

specimen as appropriate. By altering the VOI positions relative to the whole bone in 

some test specimens, it was found that the exact location of the VOIs did not influence 

the overall results. That is, the fabric vector field changed gradually enough throughout 
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a bone such that the exact location of VOIs did not alter the results, and no part of the 

pattern of change was missed. Great care was taken to ensure that peripheral VOIs 

included at most only minimal amounts of cortical bone or the medullary cavity. This 

was achieved by manually removing VOIs that did not fall into cancellous bone regions, 

using 3-D geometric models of each specimen in Rhinoceros (Figure 6.4). Post-analysis 

inspection revealed that inadvertently including small amounts of cortical bone or 

medullary cavity did not alter the overall results. In the fossil specimens, cracks or other 

regions of obvious deformation were avoided (Chapter 5); they were identified and their 

geometry subsequently mapped out in the CT scans using Mimics, and the resulting 

geometry was used to remove VOIs from analysis in Rhinoceros (Figure 6.4). 

 

For each VOI in a specimen, measurements were made for 2049 uniformly distributed 

orientations at 4,000 points within the bone phase, with random rotation and dense 

vector sampling. These were batch processed in Quant3D, controlled using a custom 

script in MATLAB 8.0 (MathWorks, Natick, USA). For each VOI, Quant3D calculated 

the fabric tensor, of which the three principal directions (u1, primary; u2, secondary; u3, 

tertiary) corresponded to the principal fabric directions of cancellous bone in that 

particular VOI (i.e., the principal directions of alignment). Additionally, the eigenvalues 

of this tensor (e1, e2, e3) expressed the degree to which the cancellous bone was aligned 

to each of these principal directions. These parameters that described the fabric tensor 

were extracted from the Quant3D outputs for each VOI using a custom MATLAB 

script, and were plotted and visualized in 3-D relative to the whole bone in another 

custom MATLAB script. The vector results were also further visualized and 

interrogated with respect to the whole bone in Rhinoceros. 

 

6.2.3.2 Qualitative analyses 

 

There were a small number of bird specimens for which the quantitative architectural 

analyses described above could not be implemented. This was due to their small size, 

especially for the distal ends. Specifically, their bones were so small, and the trabeculae 

spaced far enough apart, that no VOI could be placed in the bone which would span at 

least five intertrabecular lengths. That is, the continuum assumption of cancellous bone 

behaviour (Harrigan et al., 1988; Cowin, 2001) would not hold, preventing a 

quantitative fabric analysis. For these specimens, cancellous bone architecture was 
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qualitatively assessed by 3-D visualization of the segmented CT scans using isosurface 

and volume renderings in Mimics and ImageJ, facilitating visual assessment of the 

predominant orientation of trabeculae in the different regions of a bone. This approach 

was also used for the scans of extant bird bones collected by Farke and Alicea (2009), 

due to the relatively low resolution of these scans or high voxel anisotropy. 

Additionally, 3-D visualization was performed on other specimens where quantitative 

architectural analysis was possible, to provide further insight into their architecture. 

Importantly, this also demonstrated that the physical morphologies observed by 3-D 

visualization correlated with the fabric directions calculated via quantitative analyses: 

the dominant orientation of trabeculae as assessed visually largely coincided with the 

primary fabric direction. 

 

For the non-avian theropod specimens imaged using medical CT scans, 3-D 

visualization and assessment of cancellous bone architecture used the Volume Viewer 

2.0 plugin for ImageJ (Barthel, 2006). This allowed real-time re-slicing and racking of a 

CT scan image stack in any orientation. Not only did this permit visualization of the 

scans from any direction, but it also helped identify architectural features that were 

difficult to see in any single static slice, but which were revealed upon dynamic racking 

through successive slices. It also allowed for the identification of scanning artifacts 

(Ketcham and Carlson, 2001), and hence these could be ignored from assessments of 

architectural patterns. Based on these visualizations, the observed patterns were mapped 

onto whole-bone models via geometric representations of the dominant architectural 

patterns and directions, using a combination of spline curves and deformable surfaces in 

Rhinoceros. The accuracy of these geometric models was assessed through constructing 

multiple cutting planes through the model in different orientations, and comparing the 

cut model geometry to the CT slices in the same orientation. The geometric models 

were iteratively developed and refined as appropriate until good visual agreement 

between the scan data and the model was achieved. In using these geometric models, it 

is implicitly assumed that they accurately capture the dominant fabric directions in a 

given region of cancellous bone. 

 

6.2.3.3 Anatomically explicit analyses of femora 

 

The architectural directions identified by the quantitative and qualitative analyses above 
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were largely interpreted in a qualitative fashion, in the context of whole-bone general 

osteology and spatial variation in cancellous bone fabric (i.e., the nature of the vector 

fields). However, strict quantitative focus was also directed towards the primary fabric 

direction of cancellous bone in the femoral head and medial femoral condyle, 

referenced to an explicit anatomical coordinates system defined by osteological 

landmarks. As extant birds employ a subhorizontal femoral posture, while most, if not 

all, non-avian theropods have been hypothesized to have employed a subvertical 

femoral posture, it is logical that this may be reflected in the architecture of cancellous 

bone in these two regions. This is because flexion of the hip joint determines the degree 

of femoral crouch, and flexion of the knee joint will vary with femoral crouch such that 

the feet remain underneath the whole-body COM (Hutchinson and Allen, 2009). To 

assess this conjecture, the mean orientation of the primary fabric vector in the femoral 

head and medial femoral condyle was determined for each specimen (except for the 

crocodylians and varanids, which are sprawling quadrupeds) using a custom MATLAB 

script, by calculating the vectorial mean of the primary fabric vectors for all VOIs in the 

relevant region (Allmendinger et al. 2013). The mean fabric direction was then 

referenced in a bone anatomical coordinate system, which was defined in a consistent 

manner across all species (Figure 6.5). This anatomical coordinate system was based on 

two spheres fitted to the distal condyles, calculated using 3-Matic 9.0 (Materialize NV, 

Belgium), and the principal axis of inertia of the whole bone, calculated for a surface 

mesh of the bone using Meshlab 1.3.3 (http://meshlab.sourceforge.net/). The z-axis was 

defined by the principal axis of inertia (i.e., the long axis of the bone; +z is proximal); 

the y-axis defined as the cross-product of the z-axis and the vector joining the centres of 

the two condyle spheres (+y is anterior); and the x-axis defined as the cross-product of 

the y- and z-axes (+x is lateral). The anatomically referenced mean fabric directions 

were then assessed using a stereographic projection (stereoplot) of the data (Ryan and 

Ketcham, 2005). 

 

6.2.3.4 Diaphyseal cancellous bone analyses 

 

In both the bird and reptile specimens investigated, a significant amount of cancellous 

bone was frequently observed to encroach from the ends of the bone in to the diaphysis 

(shaft), in both the femur and tibia (tibiotarsus). In the regions nearer the ends, the 

amount was sometimes sufficient enough that quantitative fabric analyses, described  
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FIGURE 6.5. Definition of the anatomical coordinate system for the femur used in this 
study. This is illustrated here with the right femur of a bustard (Ardeotis australis, MVB 
20408), and is defined by the principal axis of inertia of the bone (dashed line) and the 
centres of two spheres fit to the distal condyles (white circles). For left femora, their 
geometry and calculated mean orientation of the primary fabric vector were mirrored 
prior to construction of an anatomical coordinate system. 
 

 

above, could be undertaken, particularly in the bones of larger species. Usually, 

however, too little cancellous bone was present to permit such quantitative analysis. 

Nevertheless, throughout the course of 3-D visualization, these bones were observed to 

show a variety of interesting patterns, and so an attempt was made to characterize the 

variation in architectures in the bird bones, by categorical scoring.  

 

Categorical scoring was performed by five independent, volunteer observers, who were 

blind to the objectives of the present study. They were asked to inspect 3-D isosurface 

models of each bone, derived from the segmented CT scans, assess them for three 

features and score each bone on a pre-defined, categorical scale for each feature. The 
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first feature was the bulk spatial extent of cancellous bone in the diaphysis, with scores 

assigned on a four-point scale: 0 = essentially the whole diaphysis was void of 

cancellous bone, 1 = less than half of the diaphysis was occupied by cancellous bone, 2 

= half or more than half of the diaphysis was occupied by cancellous bone, 3 = 

essentially the whole diaphysis was occupied by cancellous bone. The second feature 

was the average orientation of trabeculae with respect to the long axis of the shaft, with 

scores assigned on a nine-point scale of 10° increments (Figure 6.6A): 0 = 0 to 10°, 1 = 

10 to 20°, 2 = 20 to 30°, and so on. The third feature was the tendency of trabeculae to 

be closely associated with other trabeculae, with scores assigned on a three-point scale 

(Figure 6.6B): 0 = trabeculae mostly or always occur singly, well separated from any 

other trabeculae; 1 = trabeculae occur in small groups of two or three other, similarly 

situated trabeculae; 2 = trabeculae mostly or always occur in close association with 

many other similarly situated trabeculae. If a given bone was scored as ‘0’ for the first 

feature, then it was not scored for the second or third (‘n/a’).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6.6. Schematic illustration of two of the features of diaphyseal cancellous bone 
that were subject to categorical scoring. A, the orientation of trabeculae with respect to 
the long axis of the shaft. B, the tendency of trabeculae to be closely associated with 
other trabeculae. Upper row is oblique view, lower row is section-on view. These 
illustrations were given to the scorers to provide them with a point of reference. 
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Following scoring, the mean score across the five observers was taken for each bone 

and for each morphological feature. For the second and third features, a given bone was 

sometimes scored as ‘n/a’ (if the first feature was scored as a ‘0’), and other times it was 

given an actual numeric score. If there were more ‘n/a’ scores than numeric scores 

assigned for a given specimen, then the mean score was taken as ‘n/a’, and that 

particular specimen did not contribute towards further analyses (detailed below). 

However, if the majority of scores assigned were numeric, then the mean score was 

taken as the mean of those numeric scores. 

 

6.2.4 Statistics 

 

Three datasets were examined to test for a relationship between measured parameters 

and body size in birds: the anterior inclination of the mean fabric direction in the 

femoral head, the posterior inclination of the mean fabric direction in the medial 

femoral condyle, and the results of categorical scoring of diaphyseal cancellous bone. 

The length of the relevant bone was taken here as a proxy for body size, and was 

measured as the total proximal distance between articular condyles (interarticular 

length), excluding crests and trochanters. A relationship with body size would normally 

be assessed using a standard parametric test of the slope of a major axis regression 

(Warton et al., 2006). However, the data often exhibited non-normal distribution of 

errors and heteroscedasticity, as determined in PAST 3.09 (Hammer et al., 2001), 

preventing implementation of such a test. A permutation test of the slope with 100,000 

replicates was hence used instead, implemented in a custom MATLAB script (see 

Chapter 3); the significance level was set at p = 0.05. 

 

In addition, the reliability of the scorers in the analysis of diaphyseal cancellous bone 

was assessed using the intraclass correlation coefficient (ICC). This was calculated in 

PAST 3.09, using the ICC(2,k) model of Shrout and Fleiss (1979), where k in this 

instance is 5.The higher the value of the ICC, the more reliable the scorers. The ICC 

was only able to be calculated for bones that had received numeric scores by all five 

scorers. Furthermore, for features 2 and 3 of the tibiotarsus, an ICC was unable to be 

calculated, because there was only one specimen in each set that had actually received a 

numeric score by all five scorers. That is, for every other specimen, at least one scorer 
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had scored feature 1 as ‘3’, and then assigned the ‘n/a’ score to the remaining two 

features. 

 

6.3 Results 

 

As the architecture of cancellous bone in all but one of the species investigated here 

(humans) has never been studied before, the results of this chapter are first and foremost 

descriptive, characterizing the qualitative nature of the whole-bone architectural 

patterns. Where quantitative data was produced, this will be presented where 

appropriate. The presentation of data and observations will be organized primarily by 

each bone investigated: the femur in Section 6.3.1, the tibia (tibiotarsus) in Section 6.3.2 

and the fibula in Section 6.3.3. For each bone, results will be presented in sequential 

order, first with humans and modern birds (extant bipeds), then modern reptiles 

(theropod outgroups) and finally the non-avian theropods. On the whole, birds were 

quite consistent in their observed architectural patterns, across all species studied, and it 

will therefore be convenient to treat all species together, with specific differences noted 

where appropriate. The observations for non-avian theropods will be presented in 

approximate phylogenetic order. 

 

6.3.1 Femur 

 

6.3.1.1 General remarks 

 

Observations for the single human femur studied are consistent with previously 

published reports (e.g., von Meyer, 1867; Koch, 1917; Townsley, 1944; Tobin, 1955; 

Garden, 1961; Singh et al., 1970; Takechi, 1977; Elke, 1995), supporting the use of this 

specimen as a general reference for humans. Cancellous bone occurs throughout both 

proximal and distal ends, but the majority of the diaphysis is devoid of it. However, 

cancellous bone is present underneath and in the immediate vicinity of the lesser 

trochanter on the proximal shaft, which is distinct from and non-homologous with the 

lesser trochanter of theropods. 

 

Cancellous bone is more extensive in the birds and reptiles. It usually encroaches into 

the diaphysis to a varied, and often large, extent, although moving towards mid-shaft it 
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tends to become progressively more sparse and restricted to the endosteal margin of the 

cortex. A more detailed treatment of diaphyseal cancellous bone will be given below 

(Section 6.3.4). It is apparent that pneumatized bird femora are distinctly more ‘loose-

packed’ compared to marrow-filled bird femora; that is, pneumatized bones have greater 

trabecular spacing, a distinction that exists in both small and large species (Figure 6.7). 

Despite the modulating effect that pneumatization has on trabecular spacing, no effect 

on the patterns of fabric direction was evident. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6.7. Pneumatization modulates trabecular spacing in the femur of both large 
and small birds. This is illustrated here with processed CT scan slices located 
approximately midway through the femoral head. A, a marrow-filled femur of 
Casuarius casuarius (QMO 30105), with mean trabecular spacing = 0.638 mm. B, a 
pneumatized femur of Dromaius novaehollandiae (QMO 16140) with mean trabecular 
spacing = 1.128 mm. C, a marrow-filled femur of Gallus gallus (PJB coll.), with mean 
trabecular spacing = 0.320 mm. D, a pneumatized femur of Alectura lathami (PJB 
coll.), with mean trabecular spacing = 0.999 mm. Reported trabecular spacing values 
were calculated for the femoral head using the BoneJ 1.3.11 plugin for ImageJ (Doube 
et al., 2010). A and B are shown at the same scale, as are C and D. Scale bars are 10 
mm, and yellow asterisks denote pneumatopores. 
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Similar to humans, in non-avian theropod femora the proximal and distal ends are fully 

occupied by cancellous bone, but the majority of the diaphysis remains empty. As with 

the human lesser trochanter, cancellous bone also occurs locally underneath the fourth 

trochanter, although this was only observed in the larger species, where the fourth 

trochanter is prominently developed (both on account of bone size and phylogenetic 

position: Gatesy, 1990; Hutchinson, 2001a). In larger femora, cancellous bone can 

encroach further into the diaphysis, with a limited number of thick trabeculae extending 

from the metaphysis along the endosteal surface. This encroachment is most extensive 

in Tyrannosaurus femora, although the middle third to half of the bone still remains free 

of trabeculae. It is likely that this size-dependency of diaphyseal encroachment by 

cancellous bone is purely a function of allometry: in bigger femora, the ends are larger 

and the diaphysis is relatively shorter in length. 

 

6.3.1.2 Proximal femur 

 

In the human proximal femur, the primary fabric direction (u1) in the head is essentially 

proximodistally oriented, with a gentle anteromedial inclination of about 5° from the 

proximodistal axis, which grades into a stronger medial inclination in the distal 

(inferior) part of the femoral neck (Figure 6.8A). This corresponds to the widely 

recognized ‘primary compressive group’ noted in previous studies of humans, as well as 

other primates (e.g., Rafferty, 1998; Scherf, 2008; see also Figure 2.4A). In the region 

of the greater trochanter (which is distinct from and non-homologous with the greater 

trochanter of theropods), u1 largely parallels the lateral margin of the trochanter, 

corresponding to the ‘greater trochanter group’ of previous studies (Figure 6.8A). 

Within the main part of the metaphysis, a double-arcuate pattern of u1occurs in the 

coronal plane (or more accurately, the plane containing the shaft and femoral neck), 

where it arcs from opposite sides of the metaphysis to intersect in the middle. Moreover, 

the secondary fabric direction (u2) in this region is also largely contained within 

(parallel to) the coronal plane. This double-arcuate pattern corresponds to the 

‘secondary compressive’ and ‘secondary tensile’ groups of previous studies (Figure 

6.8B). The orientation of u1 in the distal metaphysis, underneath the lesser trochanter 

and in the transition to the diaphysis is subparallel to the long-axis of the bone (Figure 

6.8C). 
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FIGURE 6.8. The main architectural features of cancellous bone in the human proximal 
femur. A, vector field of u1 in the head, inferior neck and greater trochanter regions, 
plotted on a translucent rendering of the external bone geometry; view is in the coronal 
plane. Schematic inset illustrates close correspondence with the principal compressive 
(PC) and greater trochanter (GT) groups of previous studies. B, vector field of u1 (red) 
and u2 (blue) in the middle of the metaphysis, viewed in the coronal plane. Schematic 
inset illustrates close correspondence with the secondary compressive (SC) and 
secondary tensile (ST) groups of previous studies. Note that both u1 and u2 are largely 
parallel to the coronal plane. C, vector field of u1 in the distal metaphysis and lesser 
trochanter (in oblique proximomedial view), which is largely parallel to the bone’s 
long-axis. In this and all subsequent illustrations of fabric vector fields, the length of 
each fabric vector is proportional to its corresponding fabric eigenvalue. Additionally, 
all images are of bones from the right side of the body. 
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The proximal femur of birds shows the same general pattern irrespective of size. In the 

femoral head, u1 is mainly proximodistally oriented, but there tends to be a variable 

degree of anteromedial inclination superimposed upon this (Figure 6.9A–D). The 

anterior component of this inclination is often quite pronounced, ranging up to 60° from 

the proximodistal axis. This anteromedial inclination continues down into the distal 

femoral neck as well. Under the facies antitrochanterica, u1 is largely proximodistally 

oriented, but often there is also a gentle posteromedial inclination (Figure 6.9E–I). This 

orientation continues towards the trochanteric crest, where the medial and posterior 

inclination often becomes more pronounced (Figure 6.9J–N). However, in the 

anteriormost part of the trochanter, there can sometimes be no posterior inclination at 

all. Progressing distally down the metaphysis, beyond the distal level of the femoral 

head and into the diaphysis, the orientations of u1 become more ‘disorganised’: they 

take on a more oblique orientation relative to the long-axis of the bone, and the change 

in direction across the bone is no longer a gradual transition (Figure 6.9O,P). No 

double-arcuate pattern of u1 and u2, as described above for the human femur, was 

observed in any bird specimen. Moreover, u2 is generally subparallel to the axial plane, 

and in large bones they are also parallel to the bone periphery, forming a concentric 

pattern. Progressing distally through the metaphysis, however, the orientations of u2 

become more obliquely oriented and disorganized, as with the orientations u1. Although 

 

 

 

FIGURE 6.9 (next page). The main architectural features of cancellous bone in the 
proximal femur of birds. A–D, vector field of u1 in the femoral head and inferior neck 
of Dromaius novaehollandiae (QMO 16140; A, B) and Struthio camelus (MV R.2385; 
C, D). E–H vector field of u1 under the facies antitrochanterica of Rhea americana 
(QMO 23517; E, F) and Gallus gallus (PJB coll.; G, H). I, isosurface rendering of 
cancellous bone under the facies antitrochanterica of Gallinula tenebrosa (PJB coll., 
between arrows), sectioned in the sagittal plane. J–M, vector field of u1 in the 
trochanteric crest of Casuarius casuarius (QMO 30105; J, K) and Struthio camelus 
(MV R.2385, L, M). N, isosurface rendering of cancellous bone in the trochanteric crest 
of Anseranus semipalmata (QMO 29529, between arrows), sectioned in the sagittal 
plane. O, P, vector field of u1 throughout the entire proximal femur of Dromaius 

novaehollandiae (QMO 16140, O) and Casuarius casuarius (QMO 30105, P), which 
illustrates the increasing obliquity and disorganization of vectors in the distal 
metaphysis and transition to the diaphysis, shown in regions with braces. A, C, J and L 
are anterior views; B and D are medial views; E and G are posterior views; F, H, K and 
M are lateral views; O is an oblique anterolateral view; P is an oblique anteromedial 
view. For reference, silhouettes of the animals depicted are provided in this figure and 
those that follow. 
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fabric orientation could not be extensively quantified in the smaller bird femora, 

visualization of isosurface and volume renderings of the bones themselves shows that 

for a given region, the trabeculae are oriented in the same general direction as the u1 for 

larger bird femora (Figure 6.9 I, N). 

 

In the modern reptile femora examined, the orientation of u1 is subparallel to the long-

axis of the bone throughout the metaphysis (Figure 6.10A–D), except in the region of 

the fourth trochanter, where it is largely parallel to the long-axis of the trochanter itself 

(Figure 6.10B,D). Leading up to the head region, u1 fans out, away from the metaphysis 

and towards the articular surface (Figure 6.10A–D). In the distal metaphysis and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6.10. The main architectural features of cancellous bone in the proximal femur 
of reptiles. A, B, vector field of u1 in the proximal femur of Crocodylus johnstoni (QMJ 
47916). C, D, vector field of u1 in the proximal femur of Varanus spenceri (QMJ 
84416). E, vector field of u1 throughout the proximal femur of Varanus komodoensis 
(AM R.106933), which illustrates the increasing obliquity and disorganization of 
vectors in the distal metaphysis and transition to the diaphysis, shown in region with 
braces. A and C are anterior views (‘dorsal view’ of herpetologists); B and D are lateral 
views (‘posterior view’ of herpetologists); E is an oblique anterolateral view. For 
clarity, the vectors of u1 in the fourth trochanter are not visible in A, C and E. 
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transitioning to the diaphysis, the orientation of u1 progressively becomes more 

obliquely oriented and disorganized, in the same fashion as the bird femora (Figure 

6.10E). 

 

Only limited information could be gleaned for the proximal femur of Masiakasaurus, 

owing to the small size of the specimens. The orientation of u1 throughout the proximal 

end is more or less proximodistally directed, leading from the base of the femoral neck 

up to the apex of the head (Figure 6.11). A gentle medial inclination from the 

proximodistal axis is present in most specimens. 

 

 

 

 

 

 

 

 

 

FIGURE 6.11. The orientation of u1 throughout the femoral head of Masiakasaurus 

knopfleri, here exemplified by FMNH PR 2117. A, anterior view. B, lateral view. 
 

 

The proximal femur of both Allosaurus spp. and the tyrannosaurids show a strikingly 

similar pattern to that of humans (Figure 6.12A–E). There is a well-developed tract of 

dense, cancellous bone extending from the base of the femoral neck up towards the apex 

of the head of the femur, much like the ‘primary compressive group’ of humans (Figure 

6.12A–E, maroon). As in humans, too, this tract has a gentle anterior inclination relative 

to the proximodistal axis (Figure 6.12F). Additionally, a double-arcuate pattern is 

evident in the tyrannosaurids, also similar to the human pattern. The 3-D visualization 

of CT scans suggests that whilst this pattern is most developed in the coronal plane, it 

does extend out of that plane somewhat, with the ‘sheets’ of trabeculae being partially 

concentric with the bone’s periphery (Figure 6.12A–E, maroon and green). A second 

double-arcuate pattern is also present in the lesser trochanter, again subparallel to the 

coronal plane (Figure 6.12A–E, turqoise and purple). In the fourth trochanter is a 

modest quantity of cancellous bone, and the dominant direction is directed  
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FIGURE 6.12. The main architectural features of cancellous bone in the proximal femur of both Allosaurus spp. and the tyrannosaurids. 
These are illustrated here with a 3-D geometric model of the observed architecture, mapped to the femur of Daspletosaurus torosus (TMP 
2001.036.0001). A–E, five progressive rotations of the bone, in 30° increments, from anteromedial to anterolateral views (C is a purely 
anterior view). F, the observed orientation of the dominant tract of cancellous bone in the femoral head (blue) has a gentle anterior 
inclination; bone shown in medial view. For explanation of the features and colour coding, refer to the main text. Inset below C is a CT slice 
through the proximal femur of Tyrannosaurus rex (MOR 1128), parallel to the coronal plane and through the middle of the femoral head. 
This illustrates the very characteristic tract of cancellous bone that extends from the base of the femoral neck up towards the apex of the head, 
highly comparable to the tract present in humans (cf. Figure 2.4A). 
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posteroproximally, parallel to the distal margin of the trochanter (Figure 6.12A–E, 

blue). In the distal metaphysis all observed cancellous bone (and sometimes individual 

trabeculae) is oriented subparallel to the bone’s long-axis; there is no indication of 

marked obliquity or disorganization as seen in the bird and reptile femora. 

 

In the femoral head of ornithomimids, the most conspicuous feature is that u1 is oriented 

predominantly in an anteroposterior direction, yet u2 is oriented proximodistally with a 

gentle medial inclination (directed towards the apex of the head), much like the 

orientation of u1 in the femoral head of humans, birds and (presumably) Allosaurus spp. 

and the tyrannosaurids (Figure 6.13A–D). In fact, a generally proximodistal orientation 

of u2 and a generally anteroposterior orientation of u1 also occurs throughout much of 

the proximal end of the femur. Only around the anterior and posterior peripheries of the 

bone does u1 assume the more typical proximodistal orientation, with a medial 

inclination in the region of the femoral head and neck. It also assumes a more 

proximodistal orientation progressing towards the greater trochanter and distal end of 

the metaphysis, but in the latter region is still shows a marked level of ‘disorganization’ 

(Figure 6.13E). Along the anterior part of the lesser trochanter, u1 is aligned more or 

less parallel with the anterior margin in a generally proximodistal fashion (Figure 

6.13F). Further posteriorly into the main body of the trochanter, however, it takes on a 

more mediolateral orientation, which gradually becomes more anteroposteriorly 

directed as the trochanter merges with the main body of the proximal femur. 

 

The single caenagnathid femur examined exhibits a pattern very much like that in the 

ornithomimids. The only notable difference occurs in relation to the lesser trochanter, 

which has decreased in size and become more unified with the greater trochanter. Here, 

the fabric pattern is essentially a continuation of what occurs elsewhere in the head and 

metaphysis, with u1 becoming anteromedially oriented, but still subparallel to the axial 

plane (Figure 6.13G). The orientation of u2 remains predominantly proximodistal, 

although a small posterior component is also present. 

 

In Falcarius, the spatial pattern of the orientation of u1 is largely comparable to that 

observed in humans, throughout the whole proximal end of the femur, save the lesser 

trochanter. In the head, u1 has a slight anteromedial component superimposed over an 

otherwise predominantly proximodistal orientation, which is directed toward the apex  
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FIGURE 6.13. The main architectural features of cancellous bone in the proximal femur of ornithomimids and caenagnathids. A–D, 
vector field of u1 (A, C) and u2 (B, D) in the femoral head and proximal metaphysis of an inteterminate ornithomimid (TMP 85.36.276), 
in oblique anteromedial (A, B) and oblique anterolateral (C, D) views. Note that the vector field along the anterior and posterior 
peripheries of the femoral head are not shown in here (for clarity), where they are more typically oriented as in birds and humans. E, 
vector field of u1 in the greater trochanter region and distal metaphysis of an indeterminate ornithomimid (TMP 85.36.276), in oblique 
anterolateral view; note the increased obliquity and disorganization of vectors in the distal metaphysis (region with braces). F, vector 
field of u1 in the lesser trochanter of an indeterminate ornithomimid (TMP 91.36.569), in oblique anteromedial view. G, vector field of 
u1 in the proximal femur of an indeterminate caenagnathid (TMP 86.36.323), in a 3-D slice parallel to the axial plane and through the 
femoral head and lesser trochanter. Main image is shown in axial view (anterior is toward bottom of page), with inset illustrating the 
region illustrated in context of the whole bone. The medialmost part of the femoral head is missing (dotted line). 
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(Figure 6.14A). In the middle of the metaphysis, u1 exhibits a weakly developed double-

arcuate pattern that is parallel to the coronal plane (Figure 6.14A). Additionally, in the 

distal metaphysis u1 is largely subparallel to the long-axis of the bone, showing little 

‘disorganization’ as seen in the birds. In the lesser trochanter, both u1 and u2 are largely 

contained within the coronal plane. Towards the base of the trochanter, u1 is generally 

oriented proximodistally, and u2 is generally oriented mediolaterally; however, nearer 

the apex, u1 is generally oriented mediolaterally, and u2 is generally oriented 

proximodistally (Figure 6.14B,C). One distinct difference to the pattern observed in 

humans is the orientation of u2 in much of the proximal end; here, it is anteroposteriorly 

aligned, much like u1 in the ornithomimid femora (Figure 6.14D). 

 

In the proximal femur of Troodon, the orientation of u1 is predominantly proximodistal. 

Relative to the proximodistal axis, it assumes a gentle medial inclination as it courses 

from the base of the femoral neck up towards the apex of the head; within the head, it 

also takes on an anterior inclination (Figure 6.14E,F). Under the region homologous 

with the facies antitrochanterica of birds, and in the region of the greater trochanter, u1 

has a posteromedial component to its orientation (Figure 6.14G,H). In the anterior part  

of the proximal femur, u1 is largely contained within the coronal plane, but shows little 

 

 

 

FIGURE 6.14 (next page). The main architectural features of cancellous bone in the 
proximal femur of Falcarius utahensis and Troodon formosus. A, vector field of u1 in 
the proximal femur of Falcarius (UMNH VP 12361), viewed as a 3-D slice parallel to 
the coronal plane and through the middle of the bone. Schematic inset illustrates three 
main trajectories in this image, which are not too dissimilar from the patterns observed 
in humans and large non-avian theropods (cf. Figures 6.8, 6.12). B, C, vector field of u1 
(B) and u2 (C) in the lesser trochanter of Falcarius, in oblique anterolateral view. D, 
vector field of u2 in the proximal femur of Falcarius, in a 3-D slice parallel to the axial 
plane and through the femoral head. Main image is shown in axial view (anterior is 
toward bottom of page), with inset illustrating the region illustrated in context of the 
whole bone. E, F, vector field of u1 in the femoral head and inferior neck of Troodon 

(MOR 748) in anterior (E) and medial (F) views. G, H, vector field of u1 in the region 
of the greater trochanter of Troodon (MOR 553s-7.28.91.239) in posterior (G) and 
lateral (H) views. I, orientation of u1 in the lesser trochanter, or immediate region 
thereof, of Troodon, in oblique anterolateral view (main image illustrates MOR 748; 
inset illustrates MOR 553s-7.28.91.239). J, vector field of u1 throughout the metaphysis 
of Troodon (MOR 553s-7.28.91.239), illustrating increasing obliquity and 
disorganization of vectors in the distal metaphysis and transition to the diaphysis (region 
with braces). 
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preferred orientation within that plane; u2 is not contained within the coronal plane, 

unlike in the homologous region of the femur of Falcarius (base of lesser trochanter). In 

the region of the lesser trochanter, which is small and proximally sited in Troodon, u1 

tends to take on a more mediolateral orientation (Figure 6.14I). Progressing more 

distally through the metaphysis, the orientation of u1 becomes more disorganized and 

oblique to the bone’s long axis, as seen in the proximal femur of birds and reptiles 

(Figure 6.14J). No double-arcuate pattern of any form, as observed in humans, 

Allosaurus spp., tyrannosaurids or Falcarius, was observed in Troodon. 

 

The mean orientation of u1 in the femoral head for each specimen analysed is presented 

in Figure 6.15A. The ornithomimid and caenagnathid specimens were not included in  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6.15. The mean orientation of u1 in the femoral head, referenced in the femur 
anatomical coordinate system. This is plotted on an equal-angle stereoplot, with 
northern hemisphere projection (using StereoNet 9.5; Allmendinger et al., 2013; 
Cardozo and Allmendinger, 2013). A, the results for all specimens analysed. Note that 
for the fossil specimens, only those that were complete and well-preserved, and enabled 
an anatomical coordinate system to be defined, were analysed. Colour codes: black = 
birds, pink = human, blue = Masiakasaurus (FMNH PR 2153, UA 8384), orange = 
Falcarius, green = Troodon (MOR 748), purple = general orientation for Allosaurus 
spp. and the tyrannosaurids, red = mean orientation across birds. B, the results for 
species or genera that were multiply sampled often displayed significant instraspecific 
or intrageneric variation, ranging up to 30.6°. Colour codes: black = Struthio camelus, 
blue = Casuarius casuarius, orange = Dromaius novaehollandiae, red = Gallus gallus, 
green = Apteryx spp. 
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this analysis, owing to their distinctly different fabric architecture; additionally, the 

femoral head of the caenagnathid specimen was incomplete. A general orientation was 

taken to represent Allosaurus spp. and the tyrannosaurids, based on the geometric model 

developed to represent their architectural patterns. In almost all specimens, the mean 

fabric direction is oriented anteromedially. The human and Masiakasaurus specimens 

plot close to the pole of the stereoplot, indicating that their mean directions are oriented 

almost purely proximodistally. The plot for Falcarius and the general Allosaurus–

tyrannosaurid pattern is a little further from the pole (more medially directed), but still 

has little anterior inclination. The bird results demonstrate a sizeable degree of spread in 

the northwest quadrant of the plot, and indeed variability occurs within the species or 

genera for which multiple individuals were studied (Figure 6.15B). However, on the 

whole, birds exhibit a substantial anterior inclination to the mean fabric direction; the 

mean direction across all birds is inclined 21.6° anterior of the proximodistal axis in the 

sagittal plane. Major axis regression of the bird data set revealed that the sagittal 

inclination of the mean fabric direction did not vary significantly with femur length 

(slope = 0.059249, intercept = 58.353, r2 = 0.10008, p = 0.10808). The mean primary 

fabric direction in Troodon is of an intermediate orientation between that of birds and 

the other non-avian theropods, having an anterior inclination in the sagittal plane of 

15.8°. 

 

6.3.1.3 Distal femur 

 

Throughout distal femur of the human specimen, u1 is predominantly oriented 

subparallel to the long axis of the bone. In the central part of the metaphysis, u1 exhibits 

a double-arcuate pattern in both the sagittal and coronal planes, with the individual 

fabric vectors tending to arc from the periphery of the bone in towards the centre 

(Figure 6.16A,B). However, this double-arcuate pattern is not as strongly developed as 

in the proximal femur. In both the medial and lateral condyles, u1 has a largely 

proximodistal orientation (Figure 6.16C). Additionally, u2 is largely parallel to the axial 

plane, and two prominent tracts or trajectories are evident, one in each condyle (Figure 

6.16D). These tracts, noted in previous studies (e.g., Takechi, 1977) arc from the 

anterior aspect of their respective condyle back towards the posterior aspect, and 

together they form a distinctive ‘butterfly pattern’. 
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FIGURE 6.16. The main architectural features of cancellous bone in the human distal 
femur. A, vector field of u1 in a 3-D slice parallel to the coronal plane, made through the 
middle of the condyles. Schematic inset illustrates weakly developed double-arcuate 
pattern. B, vector field of u1 in a 3-D slice parallel to the sagittal plane, made between 
the condyles. Schematic inset illustrates weakly developed double-arcuate pattern. C, 
vector field of u1 in the medial condyle, shown for a 3-D slice parallel to the sagittal 
plane, made through the middle of the condyle. D, vector field of u2 at the level of the 
condyles, shown for a 3-D slice parallel to the axial plane, made through the middle of 
the condyle; anterior is toward top of page. Schematic inset illustrates the two 
distinctive tracts that comprise a ‘butterfly pattern’. 
 

 

In birds, the distal femur exhibits a fairly consistent set of patterns across species. The 

orientation of u1 in the metaphysis is largely proximodistally oriented. In the central 

metaphysis of larger birds, for which substantial quantification of fabric direction was 

possible, between the medial and lateral condyles, u1 exhibits a moderately developed 

double-arcuate pattern in the sagittal plane, much as in humans (Figure 6.17A). Also as 

observed in humans, the orientation of u2 in the condyles forms a butterfly pattern in the 

axial plane, or more correctly, the plane that passes through the centres of the condyles 

(Figure 6.17B–D). Unlike humans, however, the orientation of u1 in the condyles  
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generally has a marked posterior inclination relative to the proximodistal axis, although 

it generally remains subparallel to the sagittal plane (Figure 6.17E–K). Moreover, u1 

sweeps a distinctly wide arc in the sagittal plane (often in excess of 100°), such that in 

the posterior and posterodistal extremities of the condyles, u1 can be perpendicular to 

the proximodistal axis. In large birds, this sweeping can also extend into the anterior 

parts of the condyles, where u1 is anterodistally directed (Figure 6.17F). In the condyles 

of small bird femora for which only limited quantitative analysis was possible, both u1 

and u2 are subparallel to the sagittal plane, and u1 is inclined posteriorly. In small bird 

femora for which quantitative analysis was not possible, much of the distal end if 

typically occupied by a small number of large but sparsely dispersed trabeculae. They 

vary from rod- to plate-shaped, but generally are parallel to the sagittal plane (Figure 

6.17D,K). As with the proximal femur, progressing towards the proximal metaphysis 

and into the diaphysis beings about a more oblique and disorganized nature to the 

individual vectors (Figure 6.17L). 

 

In the distal femur of reptiles, the orientation of u1 in the metaphysis is generally 

subparallel to the long-axis of the bone. In some specimens u1 becomes more 

disorganized and obliquely oriented relative to the bone’s long axis, but this is not as 

pronounced as compared to the proximal femur, or as compared to birds. The  

 

 

 

FIGURE 6.17 (previous page). The main architectural features of cancellous bone in the 
distal femur of birds. A, vector field of u1 in the central metaphysis of Casuarius 

casuarius (QMO 30105), in a 3-D slice, parallel to the sagittal plane and between the 
condyles, shown in lateral view. Note the weakly developed double arcuate pattern. B, 
C, vector field of u2 in a 3-D slice through the middle of the condyles in Struthio 

camelus (MV R.2385, B) and Dromaius novaehollandiae (QMO 11685, C), shown in 
distal view. Note the ‘butterfly pattern’ in both examples. D, isosurface rendering of 
cancellous bone in the distal condyles of Coturnix japonica (PJB coll.), sectioned in the 
axial plane; notice the ‘butterfly pattern’ between the arrows. E–H, vector field of u1 in 
the medial condyle of Dromaius novaehollandiae (QMO 16140, E, F) and Casuarius 

casuarius (QMO 30604, G, H), shown in anterior (E, G) and medial (F, H) views. I, J, 
vector field of u1 in the lateral condyle of Gallus gallus (PJB coll.), shown in anterior 
(I) and lateral (J) views. K, isosurface rendering of cancellous bone in the medial 
condyle of Porphyrio porphyrio (PJB coll.), sectioned in the sagittal plane. L, vector 
field of u1 throughout the entire distal femur of Casuarius casuarius (QMO 31137), 
illustrating increasing obliquity and disorganization of vectors in the proximal 
metaphysis and transition to the diaphysis (region with braces). 
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orientation of u2 in the condyles is largely parallel to the axial plane, and exhibits the 

butterfly pattern seen in birds and humans (Figure 6.18A,B). The main point of 

difference from birds arises in the orientation of u1 in the condyles: whilst u1 is 

posteriorly inclined in the sagittal plane, it does not display the large anteroposterior 

sweeping that is often present in birds, sweeping at most about 40° (Figure 6.18C–F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 6.18. The main architectural features of cancellous bone in the distal femur of 
reptiles. A, B, vector field of u2 in a 3-D slice through the middle of the condyles in 
Crocodylus porosus (QMJ 48127, A) and Varanus komodoensis (AM R.106933, B), 
shown in proximal view. C, D, vector field of u1 in the medial condyle of Crocodylus 

porosus (QMJ 48127), shown in anterior (C) and medial (D) views. E, F, vector field of 
u1 in the lateral condyle of Varanus spenceri (QMJ 484416), shown in anterior (E) and 
lateral (F) views. 
 

 

As with the proximal femur, only limited information could be gleaned for the distal 

femur of Masiakasaurus. The orientation of u1 throughout the distal end is more or less 

proximodistally oriented, generally with a slight posterior inclination in the sagittal 

plane. 

 

In the distal femur of the tyrannosaurids, cancellous bone around the periphery of the 

metaphysis is oriented subparallel to the long axis of the bone. Additionally, there are 
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two sets of paired, arcuate, sheet-like tracts of cancellous bone, which arc largely in the 

coronal plane (Figure 6.19). The obliquity of these sheet-like tracts appears to change 

across the bone, such that one set of tracts radiates from the ‘patellar’ or intercondylar 

groove at the anterior margin of the bone (Figure 6.19, maroon and turquoise), and the 

other set radiates from the popliteal area at the posterior margin of the bone (Figure 

6.19, green and purple). This feature was not observed in the Allosaurus spp. specimens 

studied, for insufficient CT scan contrast or resolution did not reveal any information 

about the metaphysis. In the medial and lateral condyles of both Allosaurus spp. and the 

tyrannosaurids, the dominant direction of cancellous bone is largely parallel to the 

sagittal plane, and parallel to the long axes of the condyles, thus producing a butterfly 

pattern in axial cross-section. Within the sagittal plane, the dominant direction has a 

marked posterior inclination relative to the proximodistal axis; it also exhibits some 

amount of anteroposterior sweeping, about 30° or so (Figure 6.19, red). 

 

In both the ornithomimid and caenagnathid specimens, the orientation of u1 is 

predominantly oriented subparallel to the long axis of the bone throughout much of the 

distal femur, particularly anteriorly. In much of the medial and lateral condyles, u1 is 

largely parallel to the sagittal plane and gently inclined posteriorly (Figure 6.20A–D); 

anteroposterior sweeping in the sagittal plane is limited to about 20°. However, in the 

posterior parts of both condyles, the posterodistal orientation gradually changes to 

become nearly perpendicular to the long-axis of the bone, and almost perpendicular to 

the local bone surface around the intercondylar sulcus (Figure 6.20A–D, yellow). That 

is, in the posterior parts of the condyles, u1 appears to radiate away from the 

intercondylar sulcus, largely within the axial plane (Figure 6.20E). In these regions, u2 

is oriented largely proximodistally in the sagittal plane, but elsewhere in the condyles u2 

forms the butterfly pattern observed in all other groups (Figure 6.20F). 

 

Owing to pervasive fracturing in the central part of the Falcarius distal femur studied 

(UMNH VP 12360), little can be said concerning the metaphysis, except that along the 

medial and lateral peripheries u1 is oriented largely parallel to the long axis of the bone. 

In both medial and lateral condyles, the orientation of u1 is gently inclined posteriorly 

and subparallel to the sagittal plane, with little anteroposterior sweeping evident (Figure 

6.21A,B). The orientation of u2 in the condyles is subparallel to the axial plane, and 

forms a typical butterfly pattern. 
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FIGURE 6.19. The main architectural features of cancellous bone in the distal femur of both Allosaurus spp. and the tyrannosaurids. These are 
illustrated here with a 3-D geometric model of the observed architecture, mapped to the femur of Daspletosaurus torosus (TMP 
2001.036.0001). A–G, seven progressive rotations of the bone, in 30° increments, from medial to lateral views (D is a purely anterior view). 
Note that the architecture of the metaphysis was not observed in the Allosaurus spp. specimens studied, owing to insufficient contrast or 
resolution in the CT scans failing to reveal any information about the metaphysis. For explanation of the features and colour coding, refer to 
the main text. 
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FIGURE 6.20. The main architectural features of cancellous bone in the distal femur of 
ornithomimids and caenagnathids. A, B, vector field of u1 in the lateral condyle of an 
indeterminate ornithomimid (TMP 99.55.337) in posterior (A) and lateral (B) views. C, 
D, vector field of u1 in the medial condyle of an indeterminate caenagnathid (TMP 
86.36.323) in posterior (C) and medial (D) views. E, F, vector field of u1 (E) and u2 (F) 
in the distal femur of an indeterminate ornithomimid (TMP 91.36.569) at the level of 
the distal condyles, shown in proximal view for a 3-D slice parallel to the axial plane 
(inset shows location of slice). In A–D, the highlighted yellow vectors in the posterior 
extremities of the condyles have a much more mediolateral orientation compared to 
elsewhere in the condyle. This is also seen in E, where vectors that appear longer are 
more parallel to the axial plane, and vectors that appear shorter are more 
proximodistally oriented. 
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FIGURE 6.21. The main architectural features of cancellous bone in the distal femur of 
Falcarius utahensis and Troodon formosus. A, B, vector field of u1 in the medial 
condyle of Falcarius (UMNH VP 12360) in anterior (A) and medial (B) views. C, 
vector field of u1 throughout the distal femur of Troodon (MOR 553s-7.28.91.239), 
illustrating increasing obliquity and disorganization of vectors in the proximal 
metaphysis and transition to the diaphysis (region with braces). D, E, vector field of u1 
in the lateral condyle of Troodon (MOR 748) in anterior (D) and lateral (E) views. F, 
vector field of u2 in the condyles of Troodon formosus (MOR 748), shown as a 3-D 
slice through the middle of the condyles in axial view; anterior is toward top of page. 
 

 

Throughout much of the distal femur of Troodon, the orientation of u1 is subparallel to 

the long-axis of the bone, although in the proximal metaphysis it tends to become more 

obliquely oriented and disorganized, as seen in birds (Figure 6.21C). No indication of 

any arcing patterns in u1, as observed in humans, birds and reptiles, was observed. 

Moreover, the radiating patterns (originating from the intercondylar sulcus) that were 

observed in the tyrannosaurids, ornithomimids and caenagnathid are not evident either. 

The orientation of u1 in the condyles is subparallel to the sagittal plane and gently 

inclined posteriorly (Figure 6.21D,E); as in Falcarius, little anteroposterior sweeping is 

apparent.  As with all other groups, u2 in the condyles is subparallel to the axial plane 

and forms a butterfly pattern (Figure 6.21F). 
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The mean orientation of u1 in the medial femoral condyle for each specimen analysed is 

presented in Figure 6.22A. Note that some of the smallest bird femora could not be 

analysed here, because they possessed too little cancellous bone to facilitate a 

quantitative analysis. As for the femoral head, a general orientation was taken to 

represent Allosaurus spp. and the tyrannosaurids. In most specimens, the mean fabric 

direction is oriented posteriorly, with a small medial inclination. The human and 

Masiakasaurus specimens again plot close to the pole of the stereoplot, indicating an 

almost proximodistal mean direction. The plots for the ornithomimid, caenagnathid, 

Falcarius and Troodon are slightly further from the pole, and the general Allosaurus–

tyrannosaurid pattern is a little further away again. As in the femoral head, the bird 

results demonstrate marked variation, although on the whole a substantial posterior 

inclination is present; the mean direction across all birds is inclined 24.7° posterior of 

the proximodistal axis in the sagittal plane. Furthermore, the mean primary fabric 

direction in smaller birds tends to be more posteriorly inclined in the sagittal plane 

compared to that in larger birds, as indicated by major axis regression (Figure 6.22B). 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6.22. The mean orientation of u1 in the medial femoral condyle, referenced in 
the femur anatomical coordinate system. This is plotted on an equal-angle stereoplot, 
with southern hemisphere projection (using StereoNet 9.5). A, the results for all 
specimens analysed; for clarity, only the posteromedial quadrant of the plot is shown. 
Note that for the fossil specimens, only those that were complete and well-preserved, 
and enabled an anatomical coordinate system to be defined, were analysed. Colour 
codes: black = birds, pink = human, blue = Masiakasaurus (FMNH PR 2153, UA 
8384), orange = Falcarius, green = Troodon, purple = general orientation for Allosaurus 
spp. and the tyrannosaurids, yellow = indeterminate ornithomimid (TMP 91.36.569), 
brown = indeterminate caenagnathid, red = mean orientation across birds. B, 
comparison of posterior inclination of u1 in sagittal plane versus femur length in birds, 
with major axis regression line (and associated statistics) plotted. 

A

m
e
d
ia

l

posterior
femur length (mm)

p
o
st

e
ri

o
r 

in
cl

in
at

io
n
 (

°)

500 100 150 200 250 300 350
0

30

60

90
B

slope = -0.12248
intercept  = 43.406
r

2
 = 0.3858
 = 0.00228 p



 

198 
 

6.3.2 Tibia or tibiotarsus 

 

6.3.2.1 General remarks 

 

As with the femur, observations for the single human tibia studied are comparable with 

previously published reports (e.g., von Meyer, 1867; Takechi, 1977), again supporting 

the use of this specimen as a general reference for humans. Cancellous bone is present 

throughout the entirety of both proximal and distal ends; a small amount also extends 

well into the diaphysis along the endocortical margin, but is mostly only one or two 

trabeculae thick (see Section 6.3.4). 

 

Cancellous bone is again generally more extensive in the birds and reptiles compared to 

humans, at least in the larger species. It usually encroaches into the diaphysis to a varied 

extent, although moving towards mid-shaft it becomes more sparse and restricted to the 

endosteal margin of the cortex. Compared to the femur, the tibiotarsus of birds is 

generally less invaded by cancellous bone; this is especially true of the smaller species. 

Indeed, in some of the smaller species of birds, the medullary cavity extends well into 

the proximal and distal ends, to the point that only a handful of large, well-spaced 

trabeculae remain, with many smaller trabeculae distributed around the periphery. There 

is virtually no cancellous bone under the tibiofibular crest in birds, regardless of body 

size. Rather, the crest mostly comprises thickened (but higher porosity) cortical bone. In 

those birds with a prominent tibiofibular crest (e.g., Porphyrio, Gallinula, Ardeotis, 

Threskiornis), some cancellous bone does exist, but trabeculae are still few in number.  

 

Owing to logistical constraints, the tibia and proximal tarsals of non-avian theropods 

was not investigated as thoroughly as it was for the femur. In those specimens that were 

studied, the proximal and distal ends of the tibia are fully occupied by cancellous bone 

(as is the entirety of the astragalus and calcaneum), but the majority of the diaphysis 

remains empty. Proximally, cancellous bone encroaches as far distally as the beginning 

of the tibiofibular crest; distally, cancellous bone usually does not occur any further 

proximally than the point at which the tibia begins to flare out mediolaterally. In the 

large tyrannosaurids, however, the distal diaphysis contains a significant amount of 

cancellous bone proximal to the point of mediolateral widening, which is again 
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probably an effect of allometry. Cancellous bone is also present under the tibiofibular 

crest for its entire length, with more being present in the larger species. 

 

6.3.2.2 Proximal tibia 

 

In the human proximal tibia, u1 is more or less proximodistally oriented throughout the 

entire end. Under the medial and lateral tibial condyles it has a slight (approximately 

10°) posterior inclination relative to the proximodistal axis, and under the medial 

condyle there is also a slight medial component (Figure 6.23). As with the femur of 

humans, in the distal metaphysis and transition into the diaphysis u1 remains 

proximodistally oriented, with little disorganization or obliquity. 

 

 

 

 

 

 

 

 

 

FIGURE 6.23. The main architectural feature of cancellous bone in the human proximal 
tibia is the gentle posterior inclination of u1 underneath the medial and lateral condyles. 
A, vector field of u1 under the lateral condyle, in lateral view. B, vector field of u1 under 
both condyles, in anterior view. C, vector field of u1 under the medial condyle, in 
medial view.  
 

 

In birds, the orientation of u1 throughout the proximal tibia is predominantly 

proximodistal, but there are marked departures from this locally throughout the bone. In 

the anterior cnemial crest, u1 has an anteroproximal inclination (Figure 6.24A,B), which 

is much the same in the lateral cnemial crest, although a variable lateral component may 

also be present (Figure 6.24C,D). In the thinnest parts of the crests where fabric was 

unable to be quantified, as well as in the cnemial crests of smaller bird tibiae, 3-D 

visualization of the CT scan data demonstrates that the individual trabeculae end to 

maintain this general orientation, essentially following the anterior margins of the crests 

(Figure 6.24E,F). Under the medial articular condyle, u1 projects proximally, up and 
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away from the metaphyseal cortex and arcs posteriorly towards the articular surface, 

generally remaining subparallel to the sagittal plane (Figure 6.24G–K). Immediately 

under the articular surface, u1 has a posterior inclination of about 20–30° to the 

proximodistal of the bone. A similar pattern occurs for u1 under the lateral articular 

condyle, although there is also a strong lateral component to the inclination; sometimes 

the amount of lateral inclination exceeds the amount of posterior inclination (Figure 

6.24L–P). In the central part of the metaphysis, there is sometimes a double-arcuate 

pattern in u1 parallel to the sagittal plane; one ‘tract’ arcs from the posterior metaphysis 

to the cnemial crests, the other arcs from the anterior aspect towards the articular 

condyles (Figure 6.24Q). Notably, this pattern is not present in all specimens examined, 

not even in all specimens of the same species. Furthermore, the orientation of u2 is not 

constrained to being subparallel to the plane of the arcing, as is the case in the human 

proximal femur. Progressing distally through the tibial metaphysis and into the 

diaphysis brings about increased obliquity and disorganization to the orientation of u1 

(Figure 6.24R). 

 

 

 

FIGURE 6.24 (next page). The main architectural features of cancellous bone in the 
proximal tibia of birds. A, B, vector field of u1 in the anterior (cranial) cnemial crest of 
Dromaius novaehollandiae (QMO 11686, A) and Meleagris gallopavo (RVC turkey 1, 
B), shown in medial view. C, D, vector field of u1 in the lateral cnemial crest of 
Casuarius casuarius (QMO 30105), shown in anterior (C) and lateral (D) views. E, 
isosurface rendering of cancellous bone in the anterior cnemial crest of Threskiornis 

moluccus (PJB coll., between arrows), sectioned in the sagittal plane. F, isosurface 
rendering of cancellous bone in the lateral cnemial crest of Numida meleagris (PJB 
coll., between arrows), sectioned in the plane of the crest. G–J, vector field of u1 under 
the medial condyle of Struthio camelus (MV R.2385, G, H) and Gallus gallus (PJB 
coll., I, J), shown in posterior (G, I) and medial (H, J) views. K, isosurface rendering of 
cancellous bone under the medial condyle of Eudromia elegans (UMZC 404.e, between 
arrows), sectioned in the sagittal plane. L–O, vector field of u1 under the lateral condyle 
of Struthio camelus (MV R.2711, L, M) and Dromaius novaehollandiae (QMO 11686, 
N, O), shown in posterior (L, N) and lateral (M, O) views. P, isosurface rendering of 
cancellous bone under the lateral condyle of Apteryx owenii (UMZC 378.iii, between 
arrows), sectioned in the coronal plane. Q, vector field of u1 in a 3-D slice through the 
middle of the proximal metaphysis, cnemial crests and condyles of Dromaius 

novaehollandiae (QMO 11686), parallel to the sagittal plane. Schematic inset illustrates 
the moderately developed double-arcuate pattern present. R, vector field of u1 
throughout the entire proximal tibia of Dromaius novaehollandiae (QMO 11686), 
illustrating increasing obliquity and disorganization of vectors in the distal metaphysis 
and transition to the diaphysis (region with braces). 
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Fabric orientation was not able to be extensively quantified in the tibiotarsus of many of 

the smaller bird bones (or even at all in the smallest ones). Nevertheless, 3-D 

visualization of the trabeculae themselves reveals that, in the regions of the cnemial 

crests and articular condyles, they tend to be oriented in the same general direction as u1 

in the larger bird specimens (Figure 6.24E,F,K,P). In the smallest species (e.g., Coturnix 

chinensis), there are hardly any trabeculae at all in the entire proximal end, with the 

medullary cavity extending almost to the proximal cortical surface. Additionally, there 

is there is barely any room for trabeculae in the cnemial crests between the two 

opposing cortices: the crests are either devoid of trabeculae, or there are very small 

trabeculae acting as spacers in a ‘sandwich structure’ (Currey, 2002).  

 

In the reptiles examined, u1 is generally oriented proximodistally throughout the entire 

proximal tibia, although it fans out proximally, away from the middle of the bone 

towards the articular surfaces (Figure 6.25). There does not appear to be any significant 

increase in the degree of obliquity and disorganization of u1 in the more distal parts of 

the metaphysis, as observed in the femur. 

 

 

 

 

 

 

 

 

 

 

FIGURE 6.25. The main architectural features of cancellous bone in the proximal tibia 
of reptiles, as exemplified by Crocodylus porosus (QMJ 48127). A, vector field of u1 in 
anterior view. B, vector field of u1 in medial view. 
 

 

The proximal tibiae of both Allosaurus spp. and the tyrannosaurids again show similar 

patterns to each other, as with the femur. Under the medial condyle, there are strongly 

developed tracts of cancellous bone, which are parallel to the sagittal plane and gently 

inclined posteriorly relative to the proximodistal axis (by 5–10°); they also have a gentle 
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lateral inclination as well (Figure 6.26A,B). This continues into the region of the lateral 

condyle, but here the tracts assume a more marked lateral inclination, similar to the 

pattern described above for u1 in the birds (Figure 6.26B,C). In the cnemial crest, the 

dominant direction of cancellous bone is largely parallel to the anterior margin of the 

crest, and is oriented proximoanterolaterally, again similar to the pattern described 

above for u1 in the birds. In axial cross-section, it is seen that the cancellous bone 

actually forms concentric, proximodistally oriented ‘sheets’ that are parallel to the 

external surface of the cnemial crest (Figure 6.26D–J). Further posteriorly, towards the 

base of the cnemial crest, these sheet-like tracts become progressively more posteriorly 

inclined, directed toward the metaphysis. In the central metaphyseal region, there exists 

a double-arcuate pattern that roughly parallels the sagittal plane, where one set of tracts 

arcs up from the posterior periphery towards the cnemial crest (Figure 6.26D–J, purple 

and turqoise), and the other set of curved sheets arcs up from the anterior periphery 

towards the articular condyles (Figure 6.26D–J, green and maroon). Furthermore, 3-D 

visualization indicates that these tracts are curved, more or less concentric with the bone 

margins. Progressing proximally, the anterior and posterior sets of tracts gradually 

change inclination to merge with the tracts in the regions of the cnemial crest and 

articular condyles, respectively. The tyrannosaurids provide a further few details on 

cancellous bone in the proximal tibia, owing to better contrast in their CT scans 

compared to those of Allosaurus spp. Firstly, in the (incipient) lateral cnemial crest, 

cancellous bone is oriented parallel to the margin of the adjacent part of the main 

(anterior) cnemial crest (Figure 6.26D–J, yellow) Secondly, in the fibular crest the 

cancellous bone forms a double-arcuate pattern parallel to the axis of the crest (Figure 

6.26D–J, red and orange); these arcs intersect proximally, and proximally they also 

curve inwards towards the diaphysis. Thirdly, there is no indication in the distal 

metaphysis that cancellous bone is anything but oriented parallel to the long axis of the 

bone. 

 

In a single proximal ornithomimid tibia that was studied (TMP 93.066.0002), the region 

of the lateral condyle was characterized by a tract of cancellous bone with a slight 

posterolateral inclination, superimposed on an otherwise proximodistal orientation. This 

is comparable to the pattern just described for Allosaurus spp. and the tyrannosaurs. 

 

The proximal tibia of Troodon largely shows the same general patterns for u1 as
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FIGURE 6.26. The main architectural features of cancellous bone in the proximal tibia of both Allosaurus spp. and the tyrannosaurids. These 
are illustrated here with a 3-D geometric model of the observed architecture, mapped to the tibia of Daspletosaurus torosus (TMP 
2001.036.0001). A, the dominant orientation of cancellous bone in the medial condyle, in medial view. B, the dominant orientation of 
cancellous bone in the medial and lateral condyles, in posterior view. C, the dominant orientation of cancellous bone in the lateral condyle, in 
lateral view. D–J, seven progressive rotations of the bone, in 30° increments, from proximally oblique medial to lateral views. For explanation 
of the features and colour coding, refer to the main text. 
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described in the birds. Under the medial and lateral condyles, u1 exhibits a gentle 

posterior inclination superimposed on an otherwise proximodistal alignment (Figure 

6.27A–D). However, only a slight lateral inclination occurs under the lateral condyle, in 

contrast to the often marked lateral inclination observed in birds, as well as Allosaurus 

spp. and the tyrannosaurids. In the cnemial crest, u1 is again oriented largely parallel to 

the anterior margin of the crest, inclined proximoanteriorly (Figure 6.27E,F). This is 

also observed in the cnemial crest of Saurornitholestes (Figure 6.27G). Throughout the 

metaphysis of Troodon, the orientation of u1 is largely proximodistal; a weakly 

developed double-arcuate pattern, parallel to the sagittal plane, is present in one 

specimen examined, but not the other (Figure 6.27H). This is similar to the large birds, 

where only some specimens exhibited a comparable double-arcuate pattern. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6.27. The main architectural features of cancellous bone in the proximal tibia 
of Troodon formosus and Saurornitholestes langstoni. A, B, vector field of u1 under the 
medial condyle of Troodon (MOR 553s-7.11.91.41) in posterior (A) and medial (B) 
views. C, D, vector field of u1 under the lateral condyle of Troodon (MOR 748) in 
posterior (C) and lateral (D) views. E, F, vector field of u1 in the cnemial crest of 
Troodon (MOR 748) in lateral (E) and anterior (F) views. G, vector field of u1 in the 
cnemial crest of Saurornitholestes (MOR 660) in lateral view. H, vector field of u1 in a 
3-D slice, parallel to the sagittal plane, through the central metaphysis of Troodon 
(MOR 553s-7.28.91.239), shown in medial view. Schematic inset illustrates the 
moderately developed double-arcuate pattern present. 
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6.3.2.3 Distal tibia or tibiotarsus 

 

In the human distal tibia, u1 is largely proximodistally oriented throughout the entire 

bone. However, throughout most of the metaphysis, u1 has a slight (10° or so) 

inclination relative to the proximodistal axis towards the centreline of the bone, forming 

a conical pattern (Figure 6.28A,B). The orientation of u2 is generally parallel to the 

axial plane; it has no orientation preference except in the periphery where it is generally 

subparallel to the local bone surface, forming a roughly concentric pattern (Figure 

6.28C). 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 6.28. The main architectural features of cancellous bone in the human distal 
tibia. A, vector field of u1 in a 3-D slice, parallel to the coronal plane, through the 
middle of the bone, shown in anterior view. B, vector field of u1 in a 3-D slice, parallel 
to the sagittal plane, through the middle of the bone, shown in lateral view. C, vector 
field of u2 in a 3-D slice, parallel to the axial plane, through the distal end of the bone, 
shown in proximal view (anterior is toward top of page). Inset shows location of slice. 
 

 

The distal tibiotarsus of birds shows a very characteristic pattern regardless of size 

(Figure 6.29). By and large, u1 is oriented proximodistally and parallel to the sagittal 

plane throughout the whole distal end of the bone. In large birds for which substantial 

quantification of fabric was possible, u2 is oriented more or less anteroposteriorly 

throughout most of the tibiotarsus, in stark contrast to the human pattern, although it can 

become more parallel to the bone margin towards the periphery (Figure 6.29A–E). 

Within the condyles, u1 and u2 can also become ‘rotated’ within the sagittal plane to a

20 mm

A B C



 

207 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20 mm

20 mm 10 mm 2 mm

A C

F G H

EB D

2
0
7
 

 



 

208 
 

variable degree. This distinctive pattern reflects the highly anisotropic and plate-like 

nature of the trabeculae (parallel to the sagittal plane) in this region of the bone, as 

evident in 3-D visualizations (Figure 6.29F–H). In many of the smaller bird species, 

there was too little cancellous bone (too few trabeculae spaced too far apart) to permit 

an extensive quantitative fabric analysis, or any analysis at all in the smallest specimens. 

Nonetheless, 3-D visualization clearly shows that most of the distal tibiotarsus in these 

species is dominated by relatively large, usually plate-like trabeculae that are oriented 

more or less parallel to the sagittal plane, qualitatively similar to the architecture 

observed in larger specimens (Figure 6.29F–H). For those species in which fabric 

analysis was possible to some degree, the general pattern in u1 and u2 observed for 

larger birds was observed here as well.  

 

In the distal tibia of reptiles, u1 is predominantly oriented proximodistally, although in 

the varanids it also takes on a posterior inclination throughout much of the metaphysis 

(Figure 6.30A–C). Distally, u1 tends to fan out towards the articular surface, much in 

the fashion as described for the proximal tibia. Similar to the human pattern, but unlike 

 

 

 

FIGURE 6.29 (previous page). The main architectural features of cancellous bone in the 
distal tibiotarsus of birds. A–D, vector field of u1 (A, C) and u2 (B, D) in the distal 
tibiotarsus of Dromaius novaehollandiae (QMO 16140) in oblique anterolateral (A, B) 
and oblique anteromedial (C, D) views. E, vector field of u1 (red) and u2 (blue) in the 
condyles of Dromaius novaehollandiae (QMO 16140) in proximal view (anterior is 
toward top of page). Note how both u1 and u2 are strongly aligned parallel to the sagittal 
plane. This particular specimen exemplifies a very stereotypical pattern that is observed 
in all large birds; the general pattern illustrated here was also observed in smaller 
species for which only limited fabric analysis was possible. F, isosurface rendering of 
cancellous bone in the distal tibiotarsus of Casuarius casuarius (QMO 30105), shown 
in oblique anteromedial view, with multiple cuts through the bone to illustrate 3-D 
architecture. G, isosurface rendering of cancellous bone in the distal tibiotarsus of 
Ardeotis australis (MVB 20408), shown in oblique anterolateral view, with multiple 
cuts through the bone to illustrate 3-D architecture. H, isosurface rendering of 
cancellous bone in the distal tibiotarsus of Coturnix chinensis (PJB coll.), sectioned in 
the axial plane through the middle of the condyles and shown in proximal view (anterior 
is toward top of page). In F and G, cut surfaces are coloured red to better show the 
nature of the cancellous bone architecture, in particular, the plate-like nature of many of 
the trabeculae, largely aligned parallel to the sagittal plane. 
the birds, u2 is subparallel to the axial plane and largely concentric with the margins of 

the bone (Figure 6.30D). 
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FIGURE 6.30. The main architectural features of cancellous bone in the distal 
tibiotarsus of reptiles. A, B, vector field of u1 in Varanus komodoensis (AM R.106933) 
in anterior (A) and medial (B) views. C, vector field of u1 in Crocodylus porosus (QMJ 
48127) in anteromedial view. D, vector field of u2 in a 3-D slice through the distal end 
of the tibia of Crocodylus porosus (QMJ 48127), shown in proximal view (anterior is 
toward top of page). Inset shows location of slice. 
 

 

The distal tibia of both Allosaurus spp. and the tyrannosaurids examined presents an 

intriguing cancellous bone architecture (Figure 6.31A–G). In the axial plane, it is 

manifest as a two sets of double-arcuate patterns that are largely parallel to the margins 

of the bone (Figure 6.31D, inset), yet in both the sagittal and coronal planes it is 

manifest as a more typical double-arcuate pattern, with the arcs from opposing sides of 

the bone intersecting distally. In three dimensions, this produces a set of ‘Gothic arches’ 

(Garden, 1961). More distally, these arches progressively open up and become more 

distally directed, and the sheet-like tracts of cancellous bone become somewhat more 

anteroposteriorly oriented. They also start to fan away from the centreline of the bone, 

such that in the distal extremity of the tibia they are oriented medially on the medial side 

of the bone and are oriented laterally on the lateral side of the bone. Despite this 
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FIGURE 6.31. The main architectural features of cancellous bone in the distal tibiotarsus of basal theropods. These are illustrated here with a 
3-D geometric model of the observed architecture, mapped to the tibiotarsus of Daspletosaurus torosus (TMP 2001.036.0001; note that 
calcaneum was sculpted based on other tyrannosaurid calcanei). A–G, seven progressive rotations of the tibia, in 30° increments, from 
proximally oblique medial to lateral views. Schematic inset in D illustrates generic cross-sectional pattern at the level indicated. H–J, three 
views of the astragalus and calcaneum, corresponding to those in C–E, respectively. The various colours are used to help visualize the various 
tracts of cancellous bone more clearly. 
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opening up of the arches, a concentric pattern in the axial plane is still somewhat 

retained. Within the astragalus and calcaneum, cancellous bone is only present in 

significant quantities in the regions of the articular condyles. Here, the architecture is 

relatively simple, being strongly aligned in both the anteroposterior and proximodistal 

directions, paralleling the pattern for u1 and u2 in birds (Figure 6.31H–J). This pattern is 

also observed in the fused astragalocalcaneum of Ceratosaurus nasicornis (UMNH VP 

5278). Progressing distally, it also fans out and away slightly from the centreline. 

Unlike in the distalmost tibia, there is no indication of a concentric pattern of cancellous 

bone in the axial plane.  

 

In contrast to the complex architectural patterns observed in more basal theropods, the 

architecture in the distal tibia of Troodon and Saurornitholestes is relatively simple 

(Figure 6.32). The orientation of u1 throughout the distal tibia is largely subparallel to 

the proximodistal axis, and u2 is largely contained in the axial plane and aligned 

anteroposteriorly (except around the periphery), much like birds. Furthermore, 3-D  

visualization reveals that the cancellous bone architecture is dominated by plate-like 

trabeculae that are oriented more or less parallel to the sagittal plane, also like birds 

(Figure 6.32C). Within the astragalus and calcaneum of Troodon, u1 and u2 become 

 

 

 

 

 

 

 

 

 

 

FIGURE 6.32. The main architectural features of cancellous bone in the distal 
tibiotarsus of Troodon formosus and Saurornitholestes langstoni. A, B, vector field of 
u1 (red) and u2 (blue) in the distal tibiotarsus of Troodon (MOR 748) in anterior (A) and 
proximal (B) views; in B, anterior is toward top of page. Note how both u1 and u2 are 
generally aligned parallel to the sagittal plane. C, isosurface rendering of cancellous 
bone in the medial distal tibia of Saurornitholestes (MOR 660), shown in oblique 
anteromedial view, with multiple cuts through the bone (cut surfaces are coloured red) 
to illustrate 3-D architecture. 
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somewhat more disorganized, but importantly they largely remain parallel to sagittal 

plane. Thus, whilst the architecture of the distal tibia is decidedly different to that in the 

more basal theropods examined, the architecture of the proximal tarsals is quite similar, 

and similar to that in birds. 

 

6.3.3 Fibula 

 

In humans, u1 is oriented proximodistally throughout the proximal and distal ends of the 

fibula (Figure 6.33A,B). The same general pattern is also present in the reptiles 

examined, although u1 often fans out and away from the centerline leading towards the 

articular surfaces (Figure 6.33C–F). 

 

In all bird fibulae for which quantitative architectural analysis was possible, u1 is 

consistently oriented throughout the whole head, directed posteroproximally from the 

long-axis of the bone and subparallel to the local bone margin (Figure 6.33G–I). In 

those specimens for which quantitative analysis was not possible, 3-D visualization 

revealed that the trabeculae themselves followed a similar orientation (Figure 6.33J,K). 

There are typically very few trabeculae under the iliofibularis tubercle, even in the large 

birds, and none in the distal end, which is reduced to a splint of thin cortical bone. 

 

In the fibular head of Allosaurus sp. and the tyrannosaurids, as well as an indeterminate 

 

 

 

FIGURE 6.33 (next page). The main architectural features of cancellous bone in the 
fibula. A, B, vector field of u1 in the human fibula, in anterior (A) and lateral (B) views. 
C, D, vector field of u1 in Crocodylus johnstoni (QMJ 47916), in anterior (C) and 
lateral (D) views. E, F, vector field of u1 in Varanus panoptes (QMJ 91981), in anterior 
(E) and lateral (F) views. G–I, vector field of u1 in the fibular head of Dromaius 

novaehollandiae (QMO 11686, G), Rhea americana (QMO 23517, H) and Gallus 

gallus (PJB coll., I), in lateral view. J, K, isosurface rendering of cancellous bone in the 
proximal fibula of Leipoa ocellata (MVB 20194, J) and Coturnix chinensis (PJB coll., 
K), sectioned in the plane of the head and shown in lateral view. L, M, the dominant 
architectural direction of cancellous bone in the fibula of Allosaurus sp. and 
tyrannosaurids, shown in anterior (L) and lateral (M) views. This is illustrated here with 
a 3-D geometric model of the observed architecture, mapped to the fibula of 
Daspletosaurus torosus (TMP 2001.036.0001). N, vector field of u1 in the proximal 
fibula of Troodon (MOR 553s-8.17.92.265), in lateral view. 
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ornithomimid (TMP 2006.012.0065), the dominant direction of cancellous bone is 

largely proximodistal in orientation. It gently fans out away from the centreline of the 

bone in the sagittal plane, paralleling the anterior and posterior margins of the head and 

leading up towards the articular surface (Figure 6.33L,M). In the distal fibula, the 

dominant architectural direction is largely parallel to the local centerline of the bone, 

and progressing distally this acquires a gentle lateral inclination (Figure 6.33L,M). The 

proximal fibula of Troodon exhibited a pattern in u1 that was comparable to that 

observed in the more basal theropods examined (Figure 6.33N); the distal end of the 

Troodon fibula that was studied was not preserved. 

 

6.3.4 Diaphyses 

 

As noted above, the diaphysis of birds and reptiles often contains a significant quantity 

of cancellous bone, in both the femur and tibia or tibiotarsus. In bird femora, and to a 

lesser extent the tibiotarsus, the most conspicuous feature of this diaphyseal cancellous 

bone is the abundant trabeculae that are obliquely oriented relative to the long-axis of 

the bone, typically by 45° or more (Figure 6.34). These trabeculae vary in individual  

form, displaying a range of rod-like to plate-like morphologies. They also vary in the 

degree to which they are connected to the adjacent cortex, ranging from being tightly 

appressed to the cortex (appearing little more than large ‘wrinkles’ in the endosteal 

surface), to being well separated from the cortex except at their ends, and arcing across 

the medullary cavity. When considered across the diaphysis as a whole, these oblique 

trabeculae tend to form conjugate helices that spiral along the endosteal margin of the 

 

 

 

FIGURE 6.34 (next page). Oblique trabeculae in the diaphyses of birds and reptiles. 
These are illustrated here with a number of examples demonstrating the variety of form 
the individual trabeculae can assume. A, femoral mid-shaft of Dromaius 

novaehollandiae (QMO 16140). B, proximal femoral shaft of Meleagris gallopavo (PJB 
coll.). C, distal femoral shaft of Leipoa ocellata (MVB 20194). D, proximal femoral 
shaft of Dromaius novaehollandiae (QMO 11686). E, proximal femoral shaft of 
Alectura lathami (PJB coll.). F, proximal femoral shaft of Eudromia elegans (UMZC 
404.e). G, femoral mid-shaft of Varanus panoptes (QMJ 91981). H, distal femoral shaft 
of Crypturellus soui (MVB 23647). I, tibial mid-shaft of Struthio camelus (MV 
R.2385). In all figures, proximal is towards the top of the page. 
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cortex, especially in the bones of larger species (Figure 6.34A,D,I). Markedly oblique 

trabeculae are also often present in the diaphysis of the reptile femora and tibiae 

examined, although they are not usually as abundant compared to the birds. 

 

The results of the categorical scoring analyses of cancellous bone architecture in bird 

femora and tibiotarsi are presented in Table 6.1 and Figure 6.35. The intraclass 

correlation coefficient (ICC) was relatively high for most features, suggesting that the 

assessments of the bone made by the five volunteers are reliable (Table 6.1). In both the 

femur and tibiotarsus, the extent to which the diaphysis is occupied by cancellous bone 

(feature 1) tends to increase in larger bones, although in the tibiotarsus the increase in 

only really noticeable for the largest birds (Figure 6.35A,B). The average orientation of 

the trabeculae relative to the long axis (feature 2) also changes with size in the femur 

(Figure 6.35C), but not the tibiotarsus (Figure 6.35D). In the femur, it increases from 

approximately 45–50° in the largest birds to around 70° or more in the smallest birds. 

The average degree of association of trabeculae with other trabeculae (feature 3) tends 

to increase in larger femora and tibiotarsi (Figure 6.35E,F); however, the results was not 

statistically significant. Thus, generally speaking, as bird femora get smaller, they 

become occupied by progressively less cancellous bone, the individual trabeculae of 

which are fewer in number and more widely spaced, and which have a more 

perpendicular orientation to the long axis of the bone. Additionally, as bird tibiotarsi get 

smaller, they also become occupied by progressively less cancellous bone, but the 

nature of individual trabeculae does not appear to change significantly. 

 

 

 

 

TABLE 6.1. Statistical results of categorical scoring analyses of cancellous bone 
architecture in bird femora and tibiotarsi versus bone length. 

 
***For features 2 and 3 of the tibiotarsus, an ICC was unable to be calculated, because there was only one 
specimen in each set that had actually received a numeric score by all five scorers. 

Element Feature Slope Intercept r
2 

p-value ICC 

Femur 
1 (extent) 0.004123 0.3668 0.3846 0.0002 0.8533 
2 (orientation) -0.0061 6.5355 0.21962 0.02452 0.8064 
3 (association) 0.00198 0.92015 0.1577 0.06089 0.6909 

Tibiotarsus 

1 (extent) 0.001268 0.14686 0.22632 0.01678 0.4642 

2 (orientation) -0.006 6.6016 0.28068 0.14375 *** 

3 (association) 0.001055 1.0996 0.22388 0.21103 *** 
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FIGURE 6.35. Size-dependent variation in the nature of diaphyseal cancellous bone 
architecture in the femora and tibiae of birds. These plots compare the results of the 
categorical scoring of each bone against its length. A, B, feature 1 (extent of cancellous 
bone) in the femur (A) and tibia (B); a higher score indicates greater extent. C, D, 
feature 2 (average orientation of trabeculae) in the femur (C) and tibia (D); a higher 
score indicates that trabeculae are more perpendicular to the bone’s long-axis. E, F, 
feature 3 (degree of association of trabeculae) in the femur (E) and tibia (F); a higher 
score indicates that trabeculae tend to be more closely associated with other similar 
trabeculae. Major axis regression lines are also plotted (red = statistically significant; 
dashed grey = not statistically significant). N signifies number of species represented, 
and n signifies number of individuals. Other statistical metrics for each comparison are 
reported in Table 6.1. 
 

 

Investigation of the human bones in this study revealed that a small amount of 

cancellous bone occurs along the endosteal surface of much of the tibial diaphysis. 

Whilst of insufficient quantity for quantitative fabric analysis, it is noteworthy that near 

the middle of the diaphysis, the cancellous bone architecture is dominated by trabeculae 
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(or endosteal ‘wrinkles’) that are obliquely oriented, by about 10–20° to the long-axis of 

the bone (Figure 6.36). Thus, some degree of similarity is present between the 

diaphyseal cancellous bone of humans and birds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6.36. Gently oblique trabeculae in the tibial diaphysis of a human. Inset shows 
location of section relative to the whole bone. Although the trabeculae (or endosteal 
‘wrinkles’) are less obliquely oriented compared to the birds or reptiles, they are 
nonetheless consistently oriented in an oblique fashion. 
 

 

6.4 Discussion 

 

This investigation had two primary objectives, first of which was the broad-scale 

comparative assessment of cancellous bone architecture in the main hindlimb bones of 

avian and non-avian theropods, as well as in humans and some large modern reptiles. 

This comparative assessment focused on the gross architectural features across the 

whole bone, and utilized both quantitative and qualitative observations. The second 

main objective of this study was to draw upon the observations made to identify patterns 

of similarity and contrast between the different groups examined, which may be used to 

provide insight into bone loading and locomotor biomechanics. 
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6.4.1 Overarching patterns across species 

 

Despite great differences in size, and to a lesser degree, phylogenetic heritage, all birds 

investigated showed a largely consistent cancellous bone architecture for a given region 

of a given bone. Furthermore, the patterns illustrated by birds were often in stark 

contrast to that exhibited by humans. The reptiles examined were also largely consistent 

in their observed architectural patterns across species, and typically showed greater 

similarity to the architectural patterns of birds than humans. 

 

Among non-avian theropods, there appears to be a number of different patterns of 

cancellous bone architecture in the femur. In the basalmost theropods examined 

(Masiakasaurus, Allosaurus spp. and tyrannosaurids), the femur tended to show marked 

similarity to the architecture observed in humans. In the proximal end, there was a 

pronounced double-arcuate pattern in the coronal plane (visible in the tyrannosaurids at 

least), and the primary fabric direction of cancellous bone (u1) in the femoral head had 

little anterior inclination, much like humans but unlike birds. In the distal femur, the 

primary architectural direction in the condyles did not have the often large posterior 

inclination as observed in birds, but it was often still greater compared to humans. 

Additionally, the primary architectural direction in the condyles did not show the large 

amount of anteroposterior sweeping as observed in birds. The derived non-avian 

theropod Troodon had a femoral architecture more closely resembling that of birds: no 

coronal plane double-arcuate pattern was present, u1 in the femoral head had a 

significant anterior inclination, and in the diaphysis-ward parts of the metaphysis the 

primary fabric vectors were disorganized and often oblique to the long-axis of the bone. 

This latter feature, ubiquitous in the femora and tibiae of birds and reptiles, is 

interpreted to reflect the onset of markedly oblique trabecular spirals in the diaphysis 

(see Section 6.4.3). 

 

The ornithomimid and caenagnathid femora examined illustrated a distinct and 

intriguing pattern in the proximal end that was not observed in any extant groups 

studied. Most conspicuously, u1 was oriented predominantly in an anteroposterior 

direction, with the secondary fabric direction (u2) oriented more or less proximodistally. 

Additionally, u1 tended to exhibit some significant amount of obliquity and 

disorganization in the diaphysis-ward parts of the proximal and distal metaphyses, and 
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in this respect was comparable to the pattern observed in birds and reptiles. The femur 

of the basal therizinosaur Falcarius shows some similarity to the ornithomimid and 

caenagnathid pattern in that the orientation of u2 in the central metaphysis and head was 

anteroposteriorly aligned, much like u1 in the ornithomimid femora. This is unlike the 

pattern observed in humans or expected in Allosaurus spp. and the tyrannosaurs, based 

on the observed architectural patterns. However, the orientation of u1 in the diaphysis-

ward parts of the proximal and distal metaphyses tended to be organized and subparallel 

to the long-axis of the bone, more comparable to humans and more basal theropods. 

Distally, the femoral condyles of the ornithomimids, caenagnathid and Falcarius all had 

a gentle posterior inclination to the direction of u1, with little anteroposterior sweeping 

of the fabric, more like that in humans than birds. 

 

The proximal tibia and fibula of the non-avian theropods showed a largely consistent 

architectural pattern, although it is acknowledged that these bones were not as 

extensively sampled as the femur. The architecture of the proximal tibia was quite 

comparable to that of birds, in both the cnemial crests and underneath the articular 

regions. A double-arcuate pattern, parallel to the sagittal plane, is present in the 

proximal end of the tibia of the large non-avian species, but is only occasionally present 

in Troodon and large birds.  

 

Cancellous bone architecture in the proximal tarsals (astragalus and calcaneum) was 

broadly comparable across all theropods examined, both avian and non-avian, being 

dominated by a strong anteroposterior-proximodistal alignment. In contrast, two 

distinctly different architectures were found to occur in the distal tibia (in non-avian 

theropods) or tibial component of the tibiotarsus (in birds). In the basal theropods 

(Allosaurus spp. and tyrannosaurids), the distal tibia exhibited a complex double set of 

double-arcuate patterns, parallel to both the sagittal and coronal planes. In Troodon, 

Saurornitholestes and birds, however, the architecture was very much a continuation of 

that observed in the proximal tarsals, with a relatively simple pattern of anteroposterior-

proximodistal alignment of u1 and u2. 

 

Taken together, the various architectural patterns observed in the various bones of the 

non-avian theropods show a general correspondence with their phylogenetic 

relationships. The more basal theropods investigated tended to possess architectures that 
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were more broadly comparable, and sometimes strikingly similar, to those in humans.  

In contrast, the paravians Troodon and Saurornitholestes (as far as can be observed) 

possessed architectures more comparable to modern birds. Intriguingly, of all the non-

avian theropods examined, it was the basal Allosaurus spp. and the tyrannosaurids that 

had the greatest degree of posterior inclination in the fabric of the femoral condyles, 

most like birds. A further point of interest concerns the ornithomimids and caenagnathid 

specimens. Their femoral architectural patterns were similar to each other but distinctly 

different to those in other theropods studied, yet Ornithomimosauria and 

Oviraptorosauria are not believed to be each other’s closest relatives, nor are they 

successively more derived nodes in theropod phylogeny (Holtz, 2012; see also Figure 

6.1). Thus, if taken at face value, the present set of observations suggest some amount 

of convergence in cancellous bone architectures, and by inference mechanical loading, 

between the two groups, or alternatively a reversion to a more basal (tyrannosaurid-like) 

architecture in basal therizinosaurs. Neither scenario can be tested until further 

specimens, of more species and more individuals of each species, are examined. 

 

6.4.2 Biomechanical implications 

 

As noted above, birds and humans demonstrate many distinct differences in cancellous 

bone architecture throughout their hindlimb bones. This was to be expected, since they 

exhibit very different bipedal locomotor biomechanics. Here, an attempt is made to 

correlate the salient differences in architectural patterns and biomechanics, and use 

these inferences to provide insight into the hindlimb locomotor biomechanics of the 

non-avian theropods studied. 

 

6.4.2.1 Femoral head 

 

The mean orientation of u1 in the femoral head of the human specimen had only a very 

small anterior inclination, whilst in birds the inclination was on the whole far more 

pronounced (Figure 6.15A). This is interpreted to reflect the stark difference in femoral 

posture between humans and birds, with a large degree of flexion at the hip joint in 

birds leading to the hip joint reaction force being more anteriorly directed relative to the 

femur (Figure 6.37). Most non-avian theropods examined had a minor anterior 

component to the mean orientation of u1, as in the human, suggesting that these species  
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FIGURE 6.37. Schematic demonstrating the effect of differences in the degree of hip 
and knee flexion on the joint forces experienced by the femur. This is illustrated with 
right lateral views of a human (left) and a typical bird (right) in approximate mid-stance 
postures. In the more flexed posture of birds, the hip joint force is more anteriorly 
oriented relative to the long-axis of the femur (dotted line) compared to humans. 
Further, the knee joint force is more posteriorly oriented relative to the long-axis of the 
femur compared to humans.  
 

 

also held their femur in a similar, subvertical orientation. However, the mean orientation 

of u1 in Troodon lay between that of birds and the other non-avian theropods, 

suggesting that its femoral orientation was intermediate between the subvertical posture 

of humans and the subhorizontal posture of birds. 

 

6.4.2.2 Medial femoral condyle 

 

Much as in the femoral head, the mean orientation of u1 in the medial femoral condyle 

is telling of postural differences between humans and birds, paralleling the results of 

previous experimental studies (Pontzer et al., 2006; Polk et al., 2008). In the human, it 

had only a small posterior inclination, whereas in birds the posterior inclination was 

generally substantial (Figure 6.22A), which is inferred to reflect the greater degree of 

habitual knee flexion in birds (Figure 6.37). This is supported by the results for the 

reptiles studied, which also exhibited a marked posterior inclination to u1 (although this 

was not strictly quantified), reflecting a marked level of habitual knee flexion during 

locomotion (Gatesy, 1991a; Blob and Biewener, 2001; Clemente et al., 2013). It was 

also demonstrated that the mean orientation of u1 in smaller birds tends to be more 
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posteriorly inclined compared to larger birds (Figure 6.22B). This reflects the fact that 

smaller birds tend to have a larger degree of crouch (Gatesy and Biewener, 1991; 

Chapter 4), which can be brought about by greater flexion of the knee joint. The non-

avian theropods examined showed a variable amount of posterior inclination in the 

mean orientation of u1, although on the whole it was usually less compared to birds 

(less than 20°; Figure 6.22A), suggesting a level of habitual knee flexion intermediate 

between that of humans and birds. No phylogenetic pattern was apparent, and curiously 

the Allosaurus–tyrannosaurid architecture had the greatest posterior inclination of all. 

 

A further point of difference between birds and the other groups investigated here is the 

degree to which the orientation of u1 swept throughout the condyles in the 

anteroposterior plane. In birds, this sweeping often exceeded 100°, yet it was less than 

40° in all other groups (although this was not strictly quantified). This may reflect the 

greater degree of habitual knee flexion birds, but it may also correlate to the greater 

range of knee flexion-extension employed by birds during the stride cycle compared to 

other groups (Cracraft, 1971; Gatesy, 1991a, 1999a; Reilly, 2000; Blob and Biewener, 

2001; Rubenson et al., 2007; Winter, 2009; Stoessel and Fischer, 2012; Andrada et al., 

2013a; Clemente et al., 2013). It should be noted that, owing to the fact that u1 swept 

throughout the condyles, the mean direction results reported for the medial condyle 

above need to be viewed with some caution. This is because significant sweeping in the 

anterior part of the condyles, particularly in larger species, could influence the 

calculated mean direction. 

 

6.4.2.3 Proximal and distal femur 

 

The pronounced double-arcuate architecture of cancellous bone in the coronal plane of 

the human proximal femur has been widely recognized for nearly two centuries (Ward, 

1838) and much discussion has focused upon the mechanical significance of this for 

almost as long (see reviews by Cowin, 2001; Skedros and Baucom, 2007). Despite the 

various interpretations that have been proposed over time, the inescapable fact remains 

that this bears strong resemblance to the principal stress trajectories that would be 

engendered under mediolateral bending, via a load applied to the head of the femur (the 

‘trajectorial theory’; see Chapter 2, Section 2.3.5). Such a loading regime, with 

compression dominating medially and tension laterally, is supported by in vivo strain 
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gauge data (Aamodt et al., 1997). Moreover, the ‘primary compressive group’ that runs 

from the base of the femoral neck up to the head has been widely considered as 

reflecting transmission of the hip joint reaction force, away from the hip and down 

toward the rest of the femur (Skedros and Baucom, 2007). The presence of a strikingly 

similar double-arcuate pattern, also parallel to the coronal plane, in the proximal femur 

of the tyrannosaurids suggests that very much the same loading environment as occurs 

in humans also occurred in these species. Mediolateral bending of the femur is also 

suggested by another double-arcuate pattern, parallel to the coronal plane, in the distal 

femoral metaphysis. 

 

An additional point of note is that the ‘primary compressive group’ in Allosaurus spp. 

and the tyrannosaurids is directed towards the apex of the femoral head. By analogy 

with the human proximal femur, this suggests that the hip joint reaction force was 

applied there. This implies that the articulation with the acetabulum was centred about 

the apex of the femoral head, not more laterally as has been suggested previously (e.g., 

Hotton, 1980; Hutchinson and Allen, 2009). 

 

6.4.2.4 Lesser trochanter 

 

A second double-arcuate architecture in the lesser trochanter of the femur of the 

tyrannosaurids, also parallel to the coronal plane, further suggests that the trochanter 

also was loaded predominantly in mediolateral bending. This could conceivably occur 

via the medial pull (or medial component thereof) of the muscle(s) that inserted there, 

such as the iliotrochantericus caudalis. In such a situation it would be predicted that the 

medial arcade would be loaded in compression, and the lateral arcade in tension.  

 

6.4.2.5 Proximal tibia 

 

The orientation of u1 in the proximal tibia of the human is largely proximodistally 

oriented throughout the entire end, whereas it shows considerable variation throughout 

the bone in birds. Under the articular condyles, it has a more marked posterior 

inclination compared to that in the human (up to 30°, versus about 10°); it also has a 

strong lateral component under the lateral condyles, which does not occur in humans. 

Anteriorly, u1 can take on a distinct anterior inclination as it parallels the leading margin 
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of the cnemial crests, which are absent in humans. Within the metaphysis, a double-

arcuate pattern in u1, parallel to the sagittal plane, may also occur in the proximal tibia 

of birds, but is also absent in humans. In these respects, the proximal tibia of all the non-

avian theropods studied is more similar to that of birds. This similarity in cancellous 

bone architecture is undoubtedly due in part to the greater similarity in morphologies 

(e.g., prominent cnemial crest) and nature of the knee articulation (with the fibula being 

involved laterally) between the two groups. However, it does suggest that 

anteroposterior bending may be a more significant loading regime in the theropod tibia 

than the human tibia, which may be loaded more predominantly by a more even axial 

compression. 

 

6.4.2.6 Distal tibia or tibiotarsus 

 

The distal tibia of Allosaurus spp. and the tyrannosaurids was observed to present two 

well-developed sets of double-arcuate patterns, one parallel to the sagittal plane, the 

other parallel to the coronal plane. By analogy with the proximal femur, this suggests 

that both anteroposterior bending and mediolateral bending were important loading 

regimes in this part of the bone. These two different loading regimes may possibly have 

been engendered during different behaviours, or at different instances during the one 

behaviour, such as different points throughout the stride cycle. Conspicuously, these 

complex patterns do not continue into the astragalus and calcaneum. Equally 

conspicuous is the different cancellous bone architecture in the distal tibia of Troodon, 

Saurornitholestes and birds, which is continuous with the architecture in the astragalus 

and calcaneum (in Troodon and birds at least). Not only does this suggest tighter 

mechanical unity between the three bones in life in the case of Troodon, but it also 

suggests that the distal tibiotarsus of Troodon and Saurornitholestes experienced a 

different set of loading regimes compared to Allosaurus spp. and the tyrannosaurids, but 

similar to that of modern birds.  

 

6.4.3 Oblique trabeculae in the diaphyses 

 

One of the more interesting results of this study was the observation of oblique 

trabeculae in the diaphysis of the femur and tibia of birds and reptiles. This has not been 

reported previously for any animal group, although interestingly it appears be present in 
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the proximal humeral diaphysis of orangutans (Pongo pygmaeus), judging from a figure 

published by Scherf et al. (2013, figure 1a). In the present study, the observed oblique 

trabeculae tended to form helices that spiralled along the endosteal margin, especially in 

the bones of larger bird species. This feature is interpreted to be responsible for the 

progressive increase in obliquity and disorganization of the orientation of u1 in the 

diaphysis-ward part of the metaphysis in birds and reptiles. Essentially, the more 

ordered architecture of the main part of the metaphysis gradually breaks down and 

transitions to a sparser architecture of oblique trabeculae in the diaphysis.  

 

Application of the trajectorial theory to the oblique trabeculae of the diaphysis of bird 

and reptile femora and tibia would suggest that these bones are loaded predominantly in 

torsion, or at the very least experience a significant amount of torsion during daily use. 

This is because for a cylinder under pure torsion, both maximum (tensile) and minimum 

(compressive) principal stresses are parallel to the margin and oriented at 45° to it, 

forming conjugate spirals (Carrano, 1998; Beer et al., 2012). In vivo strain gauge studies 

fully support this interpretation: the femora and tibiae of both birds and reptiles are 

loaded predominantly by torsion during locomotion (Biewener et al., 1986; Carrano, 

1998; Blob and Biewener, 1999; Carrano and Biewener, 2000; Main and Biewener, 

2007; Butcher et al., 2008; Verner et al., 2016). Oblique trabeculae were also observed 

to occur in the diaphysis of the human tibia, although not as strongly oblique to the 

bone’s long-axis compared to birds and reptiles (about 10–20°). This also concurs with 

in vivo data showing that a considerable torsional component to bone loading occurs 

during part of the stance phase of locomotion (Lanyon et al., 1975; Yang et al., 2014). 

The increase in obliquity and disorganization of u1 observed in the diaphysis-ward parts 

of the femoral metaphyses of Troodon, and to a lesser extent the ornithomimids and 

caenagnathid, therefore suggests that torsion was a more important (but not necessarily 

predominant) loading regime in the femur of these species. By contrast, the lack of any 

noticeable obliquity in u1 in the femora of the other non-avian theropods studied implies 

that torsion was minimally important. This too concurs with observations of the human 

femur, whereby u1 is subparallel to the long-axis of the bone in the diaphysis-ward parts 

of the metaphyses. 

 

Whilst spiralling trabeculae in the femoral and tibial diaphyses of large birds is 

consistent with predictions of the trajectorial theory, the agreement breaks down in the 
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bones of smaller birds. Specifically, in smaller birds the trabeculae tended to acquire an 

increasingly oblique orientation relative to the long-axis, approaching 70° or more; 

indeed, in some specimens, there were individual trabeculae that were almost 

orthogonal to the long-axis. Presumably, these smaller bird bones are also loaded 

predominantly in torsion, as are the bones of their larger relatives, on account of there 

being no evidence to the contrary, by way of osteological, anatomical, kinematic or 

kinetic observations. It would therefore be expected that principal stresses would still be 

approaching 45° to the long-axis of the bones. The lack of congruence between 

trabecular orientation and predictions of the trajectorial theory warrants explanation. 

 

One possible explanation for the observed architectural patterns in smaller bird bones is 

that these bones are probably more liable to undergo failure through torsion-induced 

buckling, compared to the bones of larger species. In torsional loading, the critical shear 

stress needed to initiate buckling in a thin-walled cylindrical tube is given by  
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where k is a constant depending on the comprising material, l is the length and t is the 

thickness of the cylinder wall (Donnell, 1933; Batdorf, 1947; Batdorf et al., 1947; 

Weingarten et al., 1968). D is the flexural stiffness per unit length along the 

circumference, given as  

 
)1(12 2

3

ν−
=

Et
D ,  (6.3) 

where E is Young’s modulus and ν is Poisson’s ratio for the material concerned. 

Moreover, the stress in a thin-walled tube loaded in torsion is related to the applied 

torque T as 
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where A is the area of the cross-section (Beer et al., 2012); for a circular geometry, this 

means that  
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Therefore, the critical torque required to initiate buckling may be expressed as  
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where K is a constant reflecting the material comprising the tube. Thus, the propensity 

for a thin-walled cylindrical tube to undergo torsion-induced buckling is proportional to 

the square of its length and inversely proportional to the square of its diameter. Previous 

studies of bird allometry have demonstrated that at smaller size, their hindlimb bones 

become progressively more slender (Alexander, 1983a; Gatesy, 1991b; Olmos et al., 

1996; Carrano, 1998). Conversely, for a given size-normalized cross-sectional 

geometry, bones that are smaller in absolute terms will be longer in relative terms. The 

femora and tibiotarsi of smaller bird species are therefore more prone to torsion-induced 

buckling. One way by which to mitigate buckling in a thin-walled tube is to support the 

tube walls against excessive lateral deflection, through the addition of structural 

stiffeners inside the tube (Chitale and Gupta, 2011). It is therefore hypothesized that the 

high-angle trabeculae in the femora (and less frequently, the tibiotarsus) of small birds 

are present mainly to provide cross-bracing support, to prevent the dimensions of the 

bone from changing too much that may initiate buckling, which could lead to 

catastrophic failure at the whole-bone level. 

 

6.5 Conclusion 

 

This study has used new approaches for analysing and quantifying how the 3-D 

architecture of cancellous bone varies throughout a limb bone, as well as new ways of 

comparing this between species. In doing so, it has produced a comprehensive survey of 

the major architectural features present in the main hindlimb bones of a variety of 

extinct, non-avian theropod species, as well as a variety of extant, ground-dwelling 

birds. The observations reported here for these theropods, as well as large modern 

reptiles, are entirely new. 

 

Qualitative and quantitative comparisons between non-avian theropods, birds, reptiles 

and humans have identified several patterns of similarity and contrast between these 

groups. Many of the observed patterns can be mechanistically linked to various aspects 

of locomotor biomechanics in the extant species, such as the degree of hip or knee 

flexion. This has in turn provided new insight into locomotor biomechanics in non-

avian theropods. Although explicit quantitative comparisons were conducted only for 

two regions of the femur in the present study, the approach used here can in the future 

be expanded to the analysis of other regions of this and other bones. Not only will this 
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enable a more rigorous characterization of cancellous bone architectural variation in the 

various species, but it may also provide further bearing on interpretations of locomotor 

biomechanics, especially with increased sample sizes. 

 

Cancellous bone architecture in the hindlimb bones of birds is quite consistent across 

the species studied. When variations were apparent, these could be related to differences 

in size, or the presence or absence of pneumatization. Although variation due to 

phylogeny was not explicitly tested for in this study, no evidence for this was apparent. 

For instance, comparably-sized kiwis and chickens exhibited similar architectural 

patterns, as did comparably-sized tinamous and quail. 

 

Broadly speaking, the cancellous bone architecture in basal theropods (ceratosaurs, 

Allosaurus spp. and tyrannosaurids) is comparable to that in humans in many respects, 

but is often distinctly different from that observed in birds. The architectural patterns 

observed in Troodon (and Saurornitholestes, where it was possible to assess), is 

typically intermediate between those of humans and birds. However, some features, 

such as the architecture of the distal tibiotarsus, are essentially identical to that of birds. 

Ornithomimid and caenagnathid femora both show a fairly unique architectural pattern, 

distinct from all other groups studied. 

 

Cancellous bone architecture in the hindlimb bones of non-avian theropods clearly 

varies between the different species studied, implying differences in locomotor 

biomechanics. Observed architectural features in the more basal theropods studied 

suggest a manner of locomotion not that dissimilar from humans, with a subvertical 

femoral posture and mediolateral bending being the dominant loading regime in the 

femur. In contrast, Troodon is inferred to have had a suite of locomotor biomechanics 

intermediate between those of the more basal theropods and modern birds, befitting its 

phylogenetic position. 

 

A particularly interesting architectural feature observed in the present study is the 

abundance of markedly oblique trabeculae in the diaphyses of the femur and tibia of 

birds, and to a lesser extent, reptiles. In the bones of large species, this produces 

spiralling patterns along the endosteal surface of the diaphysis. This is the first time that 

such a feature has been reported, in any animal group. It is hypothesized that this feature 
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reflects a prominence of torsional loading in these bones during normal use. If this is 

correct, the presence of oblique or spiralling trabeculae can in the future be used as an 

indicator of high-torsion limb bone loading when investigating the bones of other 

extinct vertebrate species. 
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Chapter 7 

A new approach to reconstructing the posture 
and locomotor biomechanics of extinct tetrapod 
vertebrates: testing and validation

 
 

 

 

 

 

 
 
 

 
 
The hindlimb skeletons of three theropods: the extinct Daspletosaurus torosus (left) and 
Troodon formosus (centre), and the modern chicken, Gallus gallus (right). In this 
chapter the ability to predict posture and loading biomechanics from cancellous bone 
architecture is tested using the chicken as a validation. 
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7.1 Introduction 

 

Cancellous bone is a tissue that is highly sensitive and able to adapt its three-

dimensional (3-D) architecture to its prevailing mechanical environment, such that the 

overall architecture strongly reflects the loads experienced by whole bones. A multitude 

of experimental and theoretical studies have demonstrated that this architecture can also 

change when loading conditions change, and that the structural alteration takes place in 

a predictable fashion (Radin et al., 1982; Goldstein et al., 1991; Mullender and Huiskes, 

1995; Biewener et al., 1996; Guldman et al., 1997; Huiskes et al., 2000; Adachi et al., 

2001; Ruimerman et al., 2005; Richmond et al., 2005; Pontzer et al., 2006; van der 

Meulen et al., 2006; Polk et al., 2008; Volpato et al., 2008; van der Meulen et al., 2009; 

Barak et al., 2011; Wang et al., 2012). Furthermore, comparative studies have shown 

that differences in loading conditions, due to differences in locomotor behaviour and 

biomechanics, are often reflected as differences in architectural patterns between 

species (Fajardo and Müller, 2001; MacLatchy and Müller, 2002; Ryan and Ketcham, 

2002, 2005; Maga et al., 2006; Griffin et al., 2010; Hébert et al., 2012; Ryan and Shaw, 

2012; Barak et al., 2013; Su et al., 2013; Tsegai et al., 2013; Matarazzo, 2015). This has 

also been borne out in Chapter 6, which has highlighted a number of important 

differences in cancellous bone architecture between the hindlimb bones of humans and 

birds, the two kinds of obligate, striding bipeds alive today. 

 

As outlined in Chapter 2, the overarching paradigm that relates cancellous bone 

architectural fabric to its mechanical environment is the ‘trajectorial theory’. First 

enounced by Wolff (1892), in its modern formulation it states that the principal material 

directions of a given volume of cancellous bone are aligned with the principal stress 

trajectories generated from physiological loading, but only at spatial scales at which 

cancellous bone can be treated as a continuous material (Cowin, 2001). The principal 

material directions describe the directions in which a volume of cancellous bone is most 

and least stiff, whereas (continuum-level) principal stress trajectories describe how 

compressive and tensile forces are distributed throughout a material under a particular 

loading regime. As reviewed in Chapter 2, it has been demonstrated that the principal 

material directions of a given volume of cancellous bone are closely aligned with its 

principal fabric directions, that is, the directions of strongest and weakest alignment of 

trabeculae (Turner et al., 1990; Odgaard et al., 1997; Kabel et al., 1999; Ulrich et al., 
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1999). This effectively means that the architectural fabric of cancellous bone parallels 

the principal stress trajectories during the normal daily use of a bone. Such a 

correspondence has been demonstrated to occur in wide variety of instances, again by 

both experimental (Lanyon, 1974; Biewener et al., 1996; Su et al., 1999) and theoretical 

(Koch, 1917; Pauwels, 1980; Hayes and Snyder, 1981; Carter et al., 1989; Vander 

Sloten and Van der Perre, 1989; Beaupré et al., 1990; Jacobs et al., 1997; Giddings et 

al., 2000; Jacobs, 2000; Currey, 2002; Miller et al., 2002; Gefen and Seliktar, 2004; 

Rudman et al., 2006; Sverdlova, 2011) studies of locomotion. 

 

In the aforementioned theoretical studies, the general approach was the same. That is, 

given a continuum-level model of the bone, apply a loading regime that reflects in vivo 

physiological conditions (often derived from empirical measurements), calculate the 

resulting principal stress trajectories and then compare them to observations of 

cancellous bone architecture. It stands to reason that the approach will also hold in 

reverse. In this chapter, it is hypothesized that, given a known whole-bone geometry 

and cancellous bone architecture, if one constructs a continuum-level model of the bone 

and seeks to determine the loading regime(s) in which principal stresses align with 

observed cancellous bone architecture, the resulting loading regime(s) should be 

physiologically realistic. It is also hypothesized that this ‘reverse trajectorial approach’, 

when framed in the context of a whole musculoskeletal system (such as a limb), should 

result in a physiologically realistic posture used during normal daily activity. If these 

predictions hold true, then this has the potential to provide new insight into 

understanding posture and locomotor biomechanics in extinct species, such as non-

avian theropod dinosaurs. 

 

The present study aimed to test the above hypotheses, and thereby investigate the 

validity of the reverse approach. It focused on an extant theropod species, the chicken 

(Gallus gallus), as a generalized representative for all extant, ground-dwelling birds, for 

which much knowledge about terrestrial locomotor biomechanics exists (see Chapter 2). 

By integrating musculoskeletal and finite element modelling with observations of 

cancellous bone architecture, this chapter essentially asked the question: “in what 

posture of the hindlimb do principal stresses line up with observed cancellous bone 

architecture, and is this posture consistent with empirical observations?” In testing the 

reverse approach with a modern theropod and assessing its validity, the approach may 
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then be applied to extinct, non-avian theropods, as will be done in Chapter 8. 

Additionally, the results of the present study can also demonstrate how applicable this 

approach may be for understanding locomotor biomechanics in extinct tetrapod 

vertebrates in general. 

 

7.2 Methods 

 

7.2.1 The overall approach 

 

The concept of using cancellous bone architectural patterns to derive in vivo loading 

regimes is not new. However, the approaches that have been developed previously 

(Fischer et al., 1995; Bona et al., 2006; Campoli et al., 2012; Zadpoor et al., 2013; 

Christen et al., 2012, 2013a,b, 2015a) are so different from that of the present study, or 

indeed are likely not applicable to extinct species, that an examination of these 

approaches will be left to the Discussion. In the present study, the approach of 

identifying the loading regimes and hindlimb locomotor biomechanics that reflected 

observations of cancellous bone architecture was an iterative one, which may be 

summarized as follows. For a given test posture, the forces and moments involved were 

first calculated using a musculoskeletal model, assuming a quasi-static situation, which 

were then transferred to a set of finite element models to calculate principal stress 

trajectories in the femur, tibiotarsus and fibula. These stress trajectories were then 

compared to the observed cancellous bone fabric in both ends of each bone, as reported 

in Chapter 6. The amount of correspondence between stress trajectories and cancellous 

bone fabric, and where this occurred, was then used to guide the set-up of a new test 

posture. The process was repeated until no further improvement in overall 

correspondence was gained; at this point the ‘solution posture’ is achieved. Hence, in 

this study, a single posture is sought that best reflects as much of the observed 

cancellous bone architecture as possible, across all three bones. 

 

In seeking the single posture that best reflected the architecture of cancellous bone, this 

study therefore sought the posture that engendered the greatest amount of remodelling 

stimulus in cancellous bone, to which the bones responded and adapted their 

architecture. Since bone remodelling is more responsive to repetitive, dynamic loading 

that produces greater peak strains, as well as higher strain rates (Lanyon, 1996; Turner 



 

235 
 

1998), the movements in dynamic locomotion will presumably exert a strong influence 

on cancellous bone architecture in limb bones. It was assumed here that the loading 

regime at mid-stance during normal locomotion would be important for the 

determination of the observed cancellous bone architecture. This is because the ground 

reaction force (GRF) is typically high at around mid-stance in a wide range of animals 

(Alexander, 1977; Bryant et al., 1987; Blob and Biewener, 2001; Witte et al., 2004; 

Butcher and Blob, 2008; Ren et al., 2010; Gosnell et al., 2011; Rubenson et al., 2011; 

Sheffield and Blob, 2011; Andrada et al., 2013; Chapter 4). Measured in vivo joint 

reaction forces are also high at around this point in the stance (Page et al., 1993; 

Bergmann et al., 1999; 2001; Taylor and Walker, 2001), as are the reaction forces when 

calculated using biomechanical models (Goetz et al., 2008; Modenese and Phillips, 

2012; Giarmatzis et al., 2015). Hence, a general avian mid-stance posture was used as 

an initial starting point in the modelling process. 

 

It is important to note that a number of simplifications or assumptions were made 

throughout the modelling and simulation process. These could have been avoided or 

refined if only extant theropods were the ultimate focus of the study. However, as the 

approach outlined here needed to be applicable to extinct, non-avian theropods as well, 

any limitations inherent to non-avian theropods, such as absence of data concerning soft 

tissues (i.e., muscles, tendons, ligaments, cartilage, menisci) also had to be observed in 

the chicken models and simulations. 

 

7.2.2 Skeletal geometry acquisition 

 

The models developed in this study were based on a 1.56 kg adult female chicken 

(white leghorn breed), which was also studied in Chapter 4. This specimen was different 

to the two specimens that were investigated in Chapter 6, on account of logistical 

reasons. The intact carcass was subject to X-ray computed tomographic (CT) scanning 

(Siemens Somatom Definition AS+, 120 kV peak tube voltage, 255 mA tube current, 

1000 ms exposure time, 0.367 mm pixel resolution, 0.2 mm slice thickness), and the 

resulting scans were segmented in Mimics 17.0 (Materialize NV, Belgium) via a 

combination of manual and automatic techniques. This produced an initial surface mesh 

for each bone, which was smoothed in 3-matic 9.0 (Materialize NV, Belgium), and then 

refined to produce a more isoparametric mesh in ReMESH 2.1 (Attene and Falcidieno, 
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2006; http://remesh.sourceforge.net/). An isoparametric mesh is one in which the 

comprising triangles are all approximately equilateral in shape, and all of similar size. 

This is important for the generation of a volume mesh for use in finite element analyses, 

because the quality of the volume mesh is dependent on the quality of the surface mesh 

from which it is derived (Wroe et al., 2007). 

 

Refined surface meshes were produced for the femur, tibiotarsus, fibula and 

tarsometatarsus (including metatarsal I), as well as the pelvis, sacrum and caudal 

vertebrae. These meshes were used in the creation of the musculoskeletal model and 

their derived volume meshes were used in the finite element model, facilitating 

complete none-to-node correspondence between the two modelling environments. 

Despite the patella and tarsal sesamoid being present in the chicken, they were not 

included in the development of the models, both for the sake of simplicity and also to 

maintain consistency with models developed for non-avian theropods (Chapter 8), 

which lack these bones. They did, however, help inform the construction of lines of 

action of muscles that crossed the knee and ankle joints in the musculoskeletal model. 

 

7.2.3 Musculoskeletal model development 

 

A musculoskeletal model of the right hindlimb of the chicken was constructed in 

NMSBuilder (Martelli et al., 2011; Valente et al., 2014) for use in OpenSim 3.0.1 (Delp 

et al., 2007), and is shown in Figure 7.1. It comprised 12 degrees of freedom and 38 

musculotendon actuators. 

 

7.2.3.1 Definition of joints 

 

The pelvis, sacrum and caudal vertebrae were fixed relative to each other and relative to 

the global reference frame, forming a single ‘pelvis’ segment. They were oriented such 

that a line through the neural canal of the anterior sacral vertebrae was horizontal and 

the postacetabular pelvis sloped ventrally, comparable to the orientation of the pelvis of 

ground-dwelling birds during stance and gait (e.g., Gatesy, 1999a; Rubenson et al., 

2007; Andrada et al., 2013a). Although the orientation of a bird’s pelvis can vary during 

the stride and across different speeds of locomotion (Gatesy, 1999a; Rubenson et al., 

2007; Abourachid et al., 2011), as a modelling simplification the position or orientation 
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FIGURE 7.1. The musculoskeletal model of the chicken hindlimb developed in this 
study. This is shown in the ‘neutral posture’ for all joints, that is, when all joint angles 
are zero. A–C, geometries of the musculotendon actuators in relation to the bones, in 
lateral (A), anterior (B) and oblique anterolateral (C) views. D–E, location and 
orientation of joint coordinate systems (red, green and blue axes), the centres of mass 
for each segment (grey and white balls) and the soft tissue volumes, derived from CT 
scans and used to calculate mass properties; these are shown in the same views as A–C. 
Also reported in F are the masses for each segment. In D–F, the flexion-extension axis 
of each joint is the blue axis. For scale, the length of each arrow in the triad of the 
global coordinate system is 40 mm. 
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of the pelvis segment, defined by six of the 12 model degrees of freedom (three 

translational, three rotational), was fixed in all simulations. 

 

The hip joint was modelled as a ball-and-socket joint with three degrees of freedom, 

namely flexion-extension, adduction-abduction and long-axis rotation. The three axes of 

rotation were initially parallel to the axes of the global coordinate system (+x is anterior, 

+y is medial, +z is dorsal), and the order of rotation was flexion-extension, followed by 

adduction-abduction, followed by long-axis rotation. The centre of the joint in the femur 

was determined by fitting a sphere to the femoral head in 3-matic, and the centre of the 

joint in the acetabulum was determined by fitting a sphere to the concave articular 

surface in 3-matic. The femur was then positioned relative to the pelvis such that the 

joint centres of the femur and acetabulum were coincident. The ‘neutral’ orientation of 

the femur with respect to the pelvis (i.e., where all hip joint angles are zero) was such 

that the standard anatomical directions for the bone were set parallel to the axes of the 

global coordinate system (+x is anterior, +y is medial, +z is proximal). The neutral 

orientations for all bones distal to the femur were set by how they articulated with their 

neighbouring proximal bone. 

 

The knee joint was modelled with a single degree of freedom representing flexion-

extension. No translation of the flexion-extension axis was permitted (i.e., it was fixed 

relative to the femur), neither was any relative movement between the tibiotarsus and 

fibula. The orientation and position of the flexion-extension axis relative to the femur, 

tibiotarsus and fibula, and the orientation and position of the tibiotarsus and fibula 

relative to the femur, was determined manually. This ensured that there was realistic 

alignment and movement of the bones across the physiological range of flexion-

extension. For example, the tibiofibular crest of the lateral femoral condyle followed the 

space between the tibiotarsus and fibula at high flexion angles; no bone interpenetration 

occurred at any orientation; and the amount of space between the tibiotarsus and femur, 

and between the fibula and femur, remained fairly constant across the range of motion 

(i.e., conservation of volume of the intervening soft tissues). Additionally, the alignment 

of the bones was compared to their in situ orientations in the left and right limbs of the 

intact carcass, as observed from the CT scans. Asymmetry in the size and shape of the 

distal femoral condyles inherently meant that when the femur was in the neutral 

orientation, the knee joint axis was angled slightly mediolaterally in the coronal plane 
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(Figure 7.1E). Consequently, this also meant that in the neutral orientation, the distal 

end of the tibiotarsus and fibula were angled in towards the body midline (Figure 

7.1B,E). 

 

Given the likely sizeable quantities of cartilage and menisci in the knee joint of extinct, 

non-avian theropods (Bonnan et al., 2010, 2013), and the fact that the present study 

needed to be wholly consistent with any modelling limitations inherent to non-avian 

theropods, it was felt that this representation of the knee would be more reliable than a 

strictly objective, geometry-based definition of the joint axis (e.g., Hutchinson et al., 

2005, 2008). This is because such a definition is only based on the available bony 

geometry, which may not fully reflect the actual nature of joint movement. Moreover, 

such a definition only utilizes half of the contributing joint surfaces, for example 

utilizing the femur whilst ignoring the tibiotarsus and fibula. 

 

The ankle and metatarsophalangeal joints were both modelled with a single flexion-

extension degree of freedom. As for the knee joint, no translation of the flexion-

extension axis was permitted in either joint; the ankle axis was fixed relative to the 

tibiotarsus, and the metatarsophalangeal axis was fixed relative to the tarsometatarsus. 

The flexion-extension axis of the ankle joint was determined in 3-matic by fitting a 

cylinder to the outer margins of the articular surfaces of the tibiotarsus, with the axis of 

the cylinder taken to be the axis of movement. The flexion-extension axis of the 

metatarsophalangeal joint was taken to be parallel to the y-axis when the limb was in a 

neutral orientation. Metatarsal I was fixed relative to the tarsometatarsus, and digit I was 

not modelled. Care was taken to ensure that bone interpenetration did not occur over the 

physiological range of motion in these joints as well. 

 

The pes (digits II–IV) was modelled as a rectangular prism, parallel to the axes of the 

global reference frame in the neutral limb orientation, as done by Hutchinson et al. 

(2005, 2008). This was not only for model simplicity, but also because of the 

uncertainty surrounding the topology and degree of differentiation of pedal muscles in 

non-avian theropods (Carrano and Hutchinson, 2002; Hutchinson, 2002). Hence, for 

consistency, these modelling limitations inherent to non-avian theropods were also 

observed in the chicken model. The length of the prism was set as the total length of 
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digit III, and the width set as the mediolateral width of the distal tarsometatarsus, across 

the condyles. 

 

7.2.3.2 Definition of muscle and ligament anatomy 

 

A total of 34 musculotendon actuators were used to represent muscles in the model; an 

additional four actuators were used to represent the medial and lateral collateral 

ligaments of the knee and ankle, thus allowing the possibility of passive forces to be 

included. The origins and insertions of the actuators in the model (Table 7.1) were 

derived from first-hand observations made during dissections (from four individuals in 

total), as well as comparison to the published literature (e.g., Hudson, 1937, Hudson et 

al., 1959; Paxton et al., 2010), and were placed as near as possible to the centroid of the 

area of attachment in each case. The 3-D course of each actuator from origin to insertion 

was constrained to follow anatomically realistic paths as observed during dissections 

and reported in the literature. This was achieved through the placement of a number of 

intermediate ‘via points’ (Delp et al., 1990) along the course of the actuator. Only the 

minimum number of via points was used to achieve realistic paths, across the whole 

physiological range of motion. 

 

For the purposes of the current study, a number of simplifications were made regarding 

the representation of some of the muscles: 

1. The popliteus was not included in the model, for it runs between the proximal 

tibiotarsus and fibula. Since relative movement between the two bones was not 

modelled here, inclusion of the popliteus is unnecessary. 

2. The plantaris was not included in the model, because it runs from the proximal 

tibiotarsus to the medial aspect of the tibial cartilage surrounding the ankle; it was 

therefore considered unlikely to play a significant role in load bearing, and thus load 

transmission to the bones. For a similar reason, the secondary attachment of the 

fibularis longus (FL) to the tibial cartilage was also not modelled. 

3. On account of its small size, similar line of action to, and common insertion with, the 

obturatorius medialis (OM), the obturatorius lateralis was not modelled: a single 

musculotendon actuator was deemed sufficient to represent the two muscles. 

4. Both parts of the flexor cruris lateralis (pars pelvica, FCLP; pars accessoria, FCLA) 

were modelled with separate musculotendon actuators. At the point where the FCLA  
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Muscle or ligament Abbreviation Origin Insertion 

Iliotibialis cranialis IC Anterior rim of dorsal iliac crest Patellar tendon [medial aspect of anterior cnemial crest] 

Iliotibialis lateralis pars 
preacetabularis 

ILPR Dorsolateral iliac crest, anterior to acetabulum Patellar tendon [anterior cnemial crest] 

Iliotibialis lateralis pars 
postacetabularis 

ILPO Dorsolateral iliac crest, posterior to acetabulum Patellar tendon [anterior cnemial crest] 

Ambiens AMB Preacetabular process on proximal pubis Lateral fibular head 

Femorotibialis externus FMTE Lateral femoral shaft Patellar tendon [anterior cnemial crest] 

Femorotibialis medius FMTM Anterior femoral shaft Patellar tendon [anterior cnemial crest] 

Femorotibialis internus FMTI Medial femoral shaft Patellar tendon [medial aspect of anterior cnemial crest] 

Iliofibularis ILFB Lateral postacetabular ilium, anterior to FCLP Fibular tubercle 

Flexor cruris lateralis pars 
pelvica 

FCLP 
Lateral surface of posterior end of ilium and adjacent caudal 
vertebrae 

Medial proximal tibiotarsus 

Flexor cruris lateralis pars 
accessoria 

FCLA From FCLP Distal posterior femur 

Flexor cruris medialis FCM Lateral surface of posterior end of ischium Medial proximal tibiotarsus 

Iliofemoralis externus IFE Processus supratrochantericus of ilium Trochanteric shelf of femur 

Iliofemoralis internus IFI Ventral preacetabular ilium, ventral to ITM Medial surface of proximal femur (distal to femoral head) 

Iliotrochantericus cranialis ITCR Ventral preacetabular ilium, posterior to ITCR Anterolateral surface of femoral trochanter 

Iliotrochantericus medius ITM Ventral preacetabular ilium Anterolateral surface of femoral trochanter, distal to ITC 

Iliotrochantericus caudalis ITC Lateral surface of preacetabular ilium Anterolateral surface of femoral trochanter, distal to ITC 

Ischiofemoralis ISF Lateral ischium Lateral proximal femur 

Caudofemoralis pars 
caudalis 

CFC Ventrolateral surface of pygostyle Posterior surface of proximal femoral shaft 

Caudofemoralis pars 
pelvica 

CFP Lateral ilium, posterior to ILFB and dorsal to ISF Posterior surface of proximal femoral shaft (lateral to CFC) 

Obturatorius medialis OM Medial surfaces of ischium and pubis Posterolateral surface of proximal femur 

Puboischiofemoralis pars 
lateralis 

PIFL Ventral ischium and pubis Posterior surface of femoral shaft, lateral to PIFM 

Puboischiofemoralis pars 
medialis 

PIFM Ventral ischium and pubis (ventral to PIFL) Posterior surface of femoral shaft, medial to PIFL 

Gastrocnemius lateralis GL Lateral aspect of distal femur (proximal to lateral condyle) Posterior surface of tarsometatarsus 

Gastrocnemius intermedia GI Medial aspect of distal femur (near medial condyle) Posterior surface of tarsometatarsus 

2
4
1
 

 

TABLE 7.1. The origins and insertions of each of the muscles and ligaments represented in the chicken musculoskeletal model. Those muscles 
that attach to the patella or patellar tendon were modelled as attaching in a general fashion to the apices of one of the cnemial crests (identified 
in brackets). 
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Muscle or ligament Abbreviation Origin Insertion 

Gastrocnemius medialis GM Anteromedial proximal tibiotarsus Posterior surface of tarsometatarsus 

Flexor digitorum longus FDL Caudal surface of tibiotarsus Ventral aspect of digit II-IV phalanges 

Other digital flexors* ODF Caudal femur, near lateral condyle (but proximal to it) Ventral aspect of digit II-IV phalanges 

Flexor hallucis longus FHL Caudal distal femur, popliteal fossa region Ventral aspect of phalanx II-2 (ungual) 

Extensor digitorum longus EDL Anterior surface of tibiotarsus, distal to TCT origin 
Dorsal aspect of digit II-IV phalanges; passes under pons 
supratendinous 

Other digital extensors** ODE Anterior aspect of tarsometatarsus Dorsal aspect of digit II-IV phalanges 

Tibialis cranialis caput 
femorale 

TCF Distal lateral condyle of femur Anterior proximal tarsometarsus 

Tibialis cranialis caput 
tibiale 

TCT Distal aspect of anterior cnemial crest Anterior proximal tarsometarsus 

Fibularis longus FL 
Soft tissues surounding proximolateral tibiotarsus [apex of 
lateral cnemial crest] 

Tendon of flexor perforati digiti III [ modelled separately, to 
insert on ventral pes] 

Fibularis brevis FB Craniolateral tibiotarsus and craniomedial fibula Lateral proximal tarsometatarsus 
Knee medial collateral 
ligament 

KMCL Depression on medial surface of medial femoral condyle 
Medial proximal tibiotarsus, proximal to FCLP and FCM 
insertions 

Knee lateral collateral 
ligament 

KLCL Depression on lateral surface of lateral femoral condyle Lateral fibular head, proximal to AMB insertion 

Ankle medial collateral 
ligament 

AMCL 
Depression on medial surface of medial condyle of 
tibiotarsus 

Medial proximal tarsometatarsus 

Ankle lateral collateral 
ligament 

ALCL 
Depression on lateral surface of lateral  condyle of 
tibiotarsus 

Lateral proximal tarsometatarsus, anterior to FB insertion 

TABLE 7.1 (continued). 

2
4
2
 

 

*ODE includes the extensores brevis digitorum III et IV and extensor proprius digiti III.
**ODF includes the flexores perforantes et perforatus digitorum II et III and flexores perforatus digitorum II, III et IV.
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diverges from the FCLP, the actuators went their own separate way towards their 

respective insertions, but proximal to this, they took on the same line of action 

towards the origin on the pelvis. A similar approach was used for modelling the 

twoheads of the tibialis cranialis (caput femorale, TCF; caput tibiale, TCT). 

5. The flexor hallucis brevis and extensor hallucis longus were not modelled, because 

they run from the tarsometatarsus to the ungual of digit I; as there was no degree of 

freedom that these two muscles could influence in the model, they were unnecessary. 

6. As noted above, there is considerable uncertainty surrounding the topology and 

degree of differentiation of many of the digital flexor and extensor muscles in non-

avian theropods (Carrano and Hutchinson, 2002; Hutchinson, 2002). The 

representation of these muscles in the chicken model was consequently simplified, to 

maintain consistency with non-avian theropod models, but also because the pes was 

modelled as a single unit. The flexor digitorum longus (FDL) and flexor hallucis 

longus (FHL) were modelled separately, but the deep digital flexors were represented 

by a single musculotendon actuator (‘other digital flexors’, ODF), which grossly 

reflected the lines of action of the individual muscles. Likewise for the extensors, the 

extensor digitorum longus (EDL) was modelled separately, but the deep digital 

extensors were represented by a single musculotendon actuator (‘other digital 

extensors’, ODE). 

7. Owing to the simplified representation of the deep digital flexors, the main insertion 

of the FL was extended to the ventral aspect of the pes segment. 

These modelling simplifications were not expected to have any significant influence on 

the loading conditions experienced by the femur, tibiotarsus or fibula. 

 

The 38 musculotendon actuators so modelled here provided the forces necessary to 

counter collapse of the hindlimb during the simulation of a given test posture. Whilst 

the maximum force able to be produced by each muscle (or resisted by each ligament) 

could be estimated from empirical anatomical data (Calow and Alexander, 1973), this is 

obviously not possible in the case of extinct, non-avian theropods. As such, for the sake 

of consistency across extinct and extant species, all musculotendon actuators were 

assigned the same maximum force, 30.597 N, equal to two times body weight (BW). A 

value of 2 BW was chosen because some muscles would have undoubtedly been 

capable of exerting forces of that magnitude, or greater, as is the case in other animals 

(Anderson and Pandy, 1999; Smith et al., 2006; O’Neill et al., 2013; Hutchinson et al., 
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2015; Charles et al., 2016). With all actuators having the capacity to exert forces of that 

magnitude, there was ample force for the actuation of each joint degree of freedom, 

obviating the need for reserve actuators (but see Section 7.2.4.3 below).  

 

7.2.3.3 Definition of segment mass properties 

 

As a means to estimating the mass properties of each limb segment in the 

musculoskeletal model, the flesh surrounding each limb bone was segmented out from 

the carcass CT scans in Mimics to produce a series of surface meshes. Using the 

computer-aided design software Rhinoceros 4.0 (McNeel, USA), each flesh mesh was 

then repositioned in space to align it with the underlying bone(s) in their neutral 

orientation. Additionally, the thigh segment flesh was retro-deformed to fit the pelvis 

and femur in the neutral pose, and care was taken to ensure that the net change in 

volume was negligible; this process was accomplished in Rhinoceros using the ‘cage 

edit tool’, a form of host mesh warping (Fernandez et al., 2004). The mass and centre of 

mass (COM) of each segment was then able to be calculated in NMSbuilder, assuming a 

bulk density of 1000 kg/m3. The total mass of the right hindlimb in the model was 0.159 

kg, and therefore the mass of the remaining body was 1.401 kg; this was designated as 

the mass of the pelvis segment in the model. Given the data reported by Allen et al. 

(2013), the combined COM of the whole body, minus the right leg, in their geometric 

model of a chicken was 0.076 m anterior to the hip joint. Scaling isometrically (via 

femur length) to the chicken specimen modelled here, the COM is 0.068 m anterior to 

the hip; this was taken to be the location of the COM of the pelvis segment in the 

musculoskeletal model. As Allen et al. (2013) did not provide data concerning the 

dorsoventral position of the COM for individual segments, it was assumed here that the 

COM of the pelvis segment is level with the hip. Moments of inertia for each segment 

were not calculated, on account that the simulations performed in this study were quasi-

static only. 

 

7.2.4 Musculoskeletal simulations 

 

7.2.4.1 Deriving a test posture 

 

Based on the argument presented in Section 7.2.1 above, a general mid-stance posture 



 

245 
 

was used as an initial starting posture, which was then modified in subsequent 

modelling iterations. It was based on comparison to the kinematic data previously 

reported for ground-dwelling birds (e.g., Gatesy, 1999a; Abourhachid and Renous, 

2000; Reilly, 2000; Rubenson et al., 2007; Stoessel and Fisher, 2012; Grossi et al., 

2014). The modification of a given test posture to produce a new posture at the start of a 

new modelling iteration followed hierarchical priorities: hip extension angle > knee 

angle > ankle and metatarsophalangeal angles, with the metatarsophalangeal angle set 

so as to position the pes segment flat on the ground (i.e., parallel to the x-y plane). Each 

posture was also constrained by thee basic criteria: 

1. No interpenetration occurred between any bones, including those of the pelvis. 

2. The centroid of the pes segment, taken to be the location of the centre of pressure 

(COP) of the GRF (see below), was underneath the whole-body COM in the x-z 

plane. This constraint predominantly affected the knee, ankle and 

metatarsophalangeal joint angles, and was necessitated by the fact that the applied 

ground reaction force in the simulations was vertically oriented (see below). 

3. The mediolateral step width, defined as twice the distance from the centroid of the 

pes segment to the body midline, was less than 15% of the posture’s hip height, 

defined as the vertical distance from the hip joint centre to the base of the pes 

segment. This constraint predominantly affected the hip adduction-abduction and 

long-axis rotation angles, and was based on the results of Chapter 3. 

 

7.2.4.2 External forces 

 

In the present study, a given test posture was analysed as a quasi-static system. 

Dynamic effects such as segment accelerations were not considered, as this requires 

additional information and assumptions about movement, which are currently unknown 

for extinct, non-avian theropods. Hence, the only acceleration in the simulation was that 

due to gravity, of magnitude 1 BW. In order for static equilibrium to be maintained, and 

also to refrain from using residual actuators of the six degrees of freedom at the pelvis, 

this necessitated the applied GRF to be vertical and also of magnitude 1 BW (Figure 

7.2). This in turn required one of the following three scenarios to also be true: 

1. The centroid of the pes segment (taken as the COP of the GRF) must be directly 

underneath the whole-body COM, in both the x and y directions. However, the 

whole-body COM is on (or almost on) the body midline, meaning that in such a  
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FIGURE 7.2. Musculoskeletal simulation of a given test posture. Muscles that are active 
are red, whilst those set to be inactive during simulation are blue. External loads applied 
to the pes segment are the vertical ground reaction force (GRF) and moments about the 
x and y axes (Mx and My, respectively). A reserve actuator is also applied to the 
metatarsophalangeal joint (purple). Loads are not shown to scale. 

 

 

scenario the pes is also on the body midline. This is posturally inaccurate, because 

theropods employ non-zero step widths across most speeds (Chapter 3). 

2. The centroid of the pes segment is not directly underneath the whole-body COM, 

instead having a non-zero step width. This is more posturally accurate, but static 

equilibrium will not be achieved unless: 

(a) The COP is moved away from the centroid of the pes and retained directly under 

the whole-body COM. This is more speculative however, because empirical data 

on the path of the COP in modern bipeds shows that it remains close to the 

centre of the foot, not straying too far laterally or medially away from the foot 

midline (Winter, 2009; Schaller et al., 2011). 
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(b) The COP is kept at the centroid of the pes, and an additional moment about the 

x-axis is applied to the pes. This moment is equal to the product of BW and the 

mediolateral distance between the COM and COP:  

 Mx = mg(COPy – COMy).  (7.1) 

This is physiologically implausible however, as in reality the feet can only be 

capable of applying a moment about the vertical (z) axis, the so-called ‘free 

moment’. 

Hence, regardless of which scenario is used, some amount of accuracy must be lost in 

order for static equilibrium to be achieved and the simulation to be solved. The present 

study followed scenario 2(b), in order to maintain postural accuracy (Figure 7.2). An 

additional moment about the y-axis (My) was also applied to the pes to account for 

minute positional discrepancies between the x-coordinates of the COP and COM (i.e., 

when the COP was not exactly underneath the COM), but this never amounted to more 

than 0.011 Nm in any of the simulations performed. 

 

That the applied GRF in the simulations was vertical is appropriate in the context of the 

current study for two reasons. Firstly, in a wide range of animals the GRF is 

approximately vertical, in the sagittal plane, at around mid-stance (see also Chapter 4). 

Secondly, in a wide range of animals the GRF is largely vertical at the instance of peak 

net GRF, and this instance also occurs at around mid-stance (see also Chapter 4). 

However, when the GRF is at its most vertical in the sagittal plane, or when it is at 

maximum magnitude, it is almost always never 1 BW in magnitude; it is sometimes a 

little lower, but most often it is higher, and sometimes much higher, than 1 BW. This is 

not a problem for the current study, because principal stress trajectories do not reflect 

the absolute magnitudes of applied forces, only their relative magnitudes and directions, 

provided that deformation remains within the elastic range (Beer et al., 2012). 

Moreover, in having the GRF as 1 BW in magnitude, this also facilitates size-

independent comparisons across postures and across species post analysis. 

 

7.2.4.3 Simulation and calculation of internal forces and moments 

 

Once a test posture was established and the GRF (and associated moments) was applied, 

the forces developed by the musculotendon actuators to resist limb collapse were 

calculated in OpenSim. Although 34 muscles were represented in the musculoskeletal 
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model, not all of them would be active and exerting force at around the mid-stance of a 

stride. Thus, some muscles were set to be inactive in the simulations (Figure 7.2; Table 

7.2). Which muscles were set to be inactive was determined through comparison to 

published electromyography data for birds (Jacobson and Hollyday, 1982; Gatesy, 

1990, 1994; Roberts et al., 1998; Gatesy, 1999b; Marsh et al., 2004). Muscles that are 

active only in the swing phase, or active in the stance phase but only at the very 

beginning or end, were considered inactive. If no data existed for a particular muscle, 

the following line of reasoning was employed. If the muscle belonged to the same 

functional group as another muscle that had been investigated (e.g., femorotibialis 

externus, FMTE; puboischiofemoralis lateralis, PIFL), its activity was assigned based 

on the recorded muscle. Failing that, if the muscle was considered unlikely to be 

involved in limb support at around mid-stance (e.g., ankle flexors, digital extensors, 

OM, IFI), it was considered inactive. If its activity still remained equivocal after that, 

then it was included in the model and deemed to be active, to be conservative. All four 

collateral ligament actuators were also included, to allow for passive forces to occur. 

 

On account of the unknowable properties of muscle and ligament in extinct theropods, 

intrinsic force-length-velocity relationships were ignored for all musculotendon 

actuators in the simulations. That is, the actuators simply modelled the application of a 

force along a line of action set by the actuator geometry, defined in Section 7.2.3.2 

above. Hence, the moment Mi a given actuator exerted about a given joint i was equal to 

 Mi = a·Fmax·ri,  (7.2) 

where Fmax is the maximum force capable of being produced (set at 2 BW), ri is the 

moment arm of the actuator and a is the activation of the actuator, which can vary 

between 0 and 1. The forces developed in each musculotendon actuator were calculated 

using the static optimization routine of OpenSim, which solved the statically 

indeterminate problem of force distribution by minimizing the sum of squared 

activations across the actuators (Pedotti et al., 1978; Rankin et al., 2016). It was found 

that in no simulation did the activation of any musculotendon actuator ever approach 1; 

indeed, activations rarely exceeded 0.5. Coupled with the omission of intrinsic force-

length-velocity relationships, this prevented nonlinearities from occurring in the static 

optimization routine, further facilitating size-independent comparisons across postures 

and across species post analysis. Due to the simplified representation of the pes segment 

and the muscles that cross the metatarsophalangeal joint, a reserve actuator was also  
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TABLE 7.2. Hypothetical activities of the muscle actuators used in the simulations. X = 
active (capable of exerting up to 30.597 N of force), O = inactive (exerts zero force). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

applied to the metatarsophalangeal joint in the static optimization, with a maximum 

output set at 1,000 Nm (Figure 7.2). This high value provided ample control of the 

metatarsophalangeal joint, and helped reduce excessively high and unrealistic 

recruitment of the FDL, ODF and FL musculotendon actuators in the static 

optimization. In addition to the actual calculated forces, the line of action of all 

Muscle Activity 

IC O 

ILPR O 

ILPO X 

AMB X 

FMTE X 

FMTM X 

FMTI X 

ILFB X 

FCLP X 

FCLA X 

FCM X 

IFE O 

IFI O 

ITCR O 

ITM X 

ITC X 

ISF X 

CFC X 

CFP X 

OM O 

PIFL X 

PIFM X 

GL X 

GI X 

GM X 

FDL X 

ODF X 

FHL X 

EDL O 

ODE O 

TCF O 

TCT O 

FL X 

FB X 
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musculotendon actuators was also extracted from the posture, using the 

MuscleForceDirection plugin for OpenSim (van Arkel et al., 2013). Following the 

calculation of muscle and ligament forces, joint forces and moments were extracted 

using the JointReaction tool in OpenSim (Steele et al., 2012). All forces were extracted 

and expressed in the global coordinate system. 

 

7.2.5 Finite element simulations 

 

Two finite element simulations were performed for each test posture in ANSYS 17.0 

(Ansys, Inc., USA), one of the femur and one of the tibiotarsus + fibula. The loads 

applied in these simulations were exactly the same as those calculated in the 

musculoskeletal simulations. Furthermore, the nodes on each bone to which muscle or 

ligament forces were applied in the finite element simulations were the exact same 

nodes to which the musculotendon actuators attached in the musculoskeletal 

simulations. This ensures complete correspondence between the two sets of simulations. 

 

7.2.5.1 Geometry 

 

The relative positions and orientations of each bone in the musculoskeletal simulations 

were maintained exactly in the finite element simulations. In addition to the modelling 

the focal bone (or bones) of interest, two extrinsic structures were created to represent 

the adjacent articulating bones, to more realistically model the distribution of joint 

forces (Figure 7.3A,B). For the femur simulation, an acetabulum structure (derived from 

the pelvis surface mesh) and proximal crus structure (derived from the tibiotarsus and 

fibula surface meshes) were created. For the tibiotarsus + fibula simulation, a distal 

femur structure (derived from the femur surface mesh) and proximal tarsometatarsus 

structure (derived from the tarsometatarsus surface mesh) were created. These structures 

were generated simply by trimming their parent surface meshes down to the immediate 

area involved in the joint articulation, using a combination of Rhinoceros and 3-matic. 

Additionally, in the proximal crus structure, the geometry was modified distally, well 

away from the articular areas, to fuse the tibiotarsus and fibula together, limiting 

movement between the two during the simulations.  
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FIGURE 7.3. Finite element simulation of a given test posture. A, B, for each posture, 
two simulations were performed, one for the femur (A) and one for the tibiotarsus + 
fibula (B). Muscle and ligament forces are red, segment weights are blue, joint forces 
are green and joint moments are orange. The focal bones in each simulation were 
‘bookended’ between their adjacent articulating bones, to which restraints or joint forces 
were applied. C, the intervening soft tissues between focal bones and their neighbouring 
bones were modelled as a single homogenous volume (turquoise). D, knee joint forces 
were applied as a remote force: the force was applied to a remote point (knee joint 
centre, red dot), which was topologically attached to a neighbouring bone via constraint 
equations (red lines, schematic illustration only). Loads are not shown to scale. 
 

 

In order to model the distribution of joint forces more realistically and evenly across 

opposing joint surfaces, the intervening soft tissues that occur between a focal bone and 

its neighbouring bone in life were modelled as a single volume (Figure 7.3). A single, 

homogenous entity was chosen to represent these joint soft tissues (e.g., cartilage, 

menisci) in the current study, as the anatomy of such tissues is unknown for extinct, 

non-avian theropods. Moreover, this modelling simplification makes the analyses more 

tractable for the current study, instead of involving more complex, non-linear 

behaviours and contact formulations. The volume of soft tissues for each of the hip, 

A

B

C

D
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knee and ankle joints was produced by connecting up the closest parts of the articular 

surfaces of the bones involved, using the ‘loft’ tool in Rhinoceros to create an initial 

mesh, which was then smoothed and remeshed in 3-matic. In addition to more 

realistically modelling joint load distribution, the approach used here also allowed for 

boundary conditions (restraints) to be moved away from the bone (or bones) of interest, 

reducing the incidence of artifacts in the model results. It is conceptually similar to the 

approach employed by Phillips and co-workers in their finite element modelling of 

human limb bones (Geraldes and Phillips, 2014; Phillips et al., 2015; Geraldes et al., 

2016), although the actual formulations involved are markedly different. 

 

Volume meshes for finite element analysis were generated from the surface meshes of 

each bone and soft tissue entity in 3-matic. All volume meshes were composed 

exclusively of low-order (4-node) tetrahedral elements. Meshes composed of high-order 

(10-node) elements may produce more accurate results than those composed of low-

order elements, but this discrepancy decreases with a greater number of elements used 

(Dumont et al., 2005; Bright and Rayfield, 2011). Furthermore, considering the 

relatively simple geometry of the structures being modelled here, any such discrepancy 

was considered to be minimal. In producing the volume meshes, the maximum 

tetrahedral edge length was constrained, so as to avoid the generation of tetrahedral 

elements of undesirably high aspect ratios, which can lead to inaccurate results. The 

maximum edge length for each entity was defined as being no more than double the 

mean edge length of the triangles in the parent surface mesh. The mean edge length of 

the surface mesh triangles was calculated as 

 
n

A
L

3

4
= ,  (7.3) 

where A is the total area of the surface mesh and n is the number of comprising triangles 

in the surface mesh. This assumes that the average triangle in the surface mesh is 

equilateral in shape. The total number of elements used across the various postures 

tested ranged from 803,508 to 822,322 in the femur simulation and from 986,280 to 

1,005,550 in the tibiotarsus + fibula simulation.  

 

In the finite element simulations, the interfaces of adjacent contacting entities (e.g., hip 

soft tissues and femur) were ‘bonded’ relative to each other, such that they did not move 

or separate relative to each other. This facilitates seamless load transmission from one 
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entity to another. Bonded contact was also used to model the connection between the 

fibula and fibular crest of the tibiotarsus, even though their respective interfaces were 

 not in actual direct contact. 

 

7.2.5.2 Material properties 

 

All entities were modelled as solid, isotropic, linearly elastic materials. Three different 

materials were defined for the entities being modelled (Table 7.3): bone, cartilage (for 

the hip and ankle soft tissue entities) and a composite of the material properties of 

cartilage and menisci (for the knee soft tissue entity). Extinct, non-avian theropods are 

inferred to have had menisci in their knee joints, based on their widespread occurrence 

in extant tetrapods, including birds and crocodilians (Haines, 1942; Wink et al., 1989; 

Zinoviev, 2010; Chadwick et al., 2014), but the actual morphology of these menisci 

remains speculative. This is one of the reasons for modelling all soft tissues in the knee 

joint as a single, homogenous entity, in addition to being a computational simplification. 

The material properties assigned for bone were conservatively estimated from the most 

common values reported for cortical bone in the literature (e.g., Currey, 2002; Erickson 

et al., 2002; Reed and Brown, 2001, and references cited therein). The material 

properties for cartilage and menisci were also conservative estimates, derived from the 

literature (e.g., Currey, 2002; Stops et al., 2012; Kazemi et al., 2013, and references 

cited therein). 

 

In previous finite element studies, cartilage and menisci have been represented with a 

variety of material behaviours, including isotropic and transversely isotropic linear 

elasticity, hyperelasticity, viscoelasticity and poroelasticity (Stops et al., 2012; Kazemi 

et al., 2013). The use of isotropic, linearly elastic material behaviour in the present 

 

 

TABLE 7.3. Material properties used in the finite element analysis component of the 
simulations. All entities were modelled as solid, isotropic, linearly elastic materials. 
 

 

 

 

*The knee soft tissues material properties reflected a composite of those of both cartilage and menisci. 

Material Density (kg/m
3
) Young's modulus (MPa) Poisson's ratio 

Bone 2,060 17,000 0.3 

Cartilage 1,100 50 0.45 

Knee soft tissues* 1,100 100 0.3 
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study is justified on the following grounds. Firstly, as the analyses of the present study 

were quasi-static in nature, the time (strain rate) dependency of nonlinear material 

properties can be ignored with minimal error (Carey et al., 2014). Secondly, the precise 

kind of material behaviour, or material properties, is virtually unknown for any 

archosaur (extinct or extant). Thirdly, assuming an isotropic, linearly elastic material 

behaviour kept the model simple and minimally speculative, and also reduced the 

computational cost of solving the finite element models.  

 

A solid, isotropic, linearly elastic continuum representation was also necessitated for the 

bone entities in the simulations. Not only is this due to the fact that material properties 

(and any anisotropy thereof) are unable to be determined for extinct theropods, but 

moreover anything other than this representation could compromise the objectives of 

the current study. Specifically, the introduction of any sort of structural or material 

heterogeneity, discontinuity or directionality will influence the resulting principal stress 

trajectories. Since a key objective of this study was to examine the nature of the 

calculated principal stress trajectories, in relation to cancellous bone architecture, 

directionality needed to be a model output only, not a model input. 

 

7.2.5.3 Loads and restraints 

 

For each simulation, four sets of loads were applied: muscle and ligament forces, joint 

forces, joint moments and segment weight. As noted above, muscle and ligament forces 

were applied to the same nodes as were involved in the musculoskeletal simulations. 

Additionally, a given muscle or ligament force was evenly spread out over a number of 

nodes (generally around 20), centred about the focal node, in order to reduce the 

incidence of artifacts in the model results.  

 

Joint forces were applied to a focal bone via its neighbouring bones. Here, one 

neighbouring bone was restrained in translation in all three axes, whilst the other was 

used to apply a joint force; the joint force at the restrained end of the bone was provided 

by the reaction at the restraints, transmitted back through the bone of interest. In both 

the femur and tibiotarsus + fibula simulations, the knee joint force was applied directly 

via the appropriate neighbouring bone (proximal tibiotarsus + fibula and distal femur, 

respectively), with the other neighbouring bone being restrained (acetabulum and 
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proximal tarsometatarsus, respectively). In ANSYS, this approach was implemented by 

using a ‘remote force’ (Figure 7.3D). This is where a force is applied to a specific 

entity, but via a remote point in space that is topologically attached (‘scoped’) to the 

entity; when a force is applied to the remote point, the target entity gets pulled or 

pushed along with it, along the line of action of the applied force. In ANSYS, this is 

accomplished by a set of constraint equations that relate the degrees of freedom of an 

entity’s nodes to the remote point; one constraint equation exists for each node in the 

entity experiencing the remote force. The location of the remote point in both the femur 

and tibiotarsus + fibula simulations was specified as the location of the knee joint centre 

in the musculoskeletal model. This meant that the joint force was applied properly, 

without introducing any moments into the system, because the net force vector passed 

through the correct location in space, again ensuring complete correspondence between 

the finite element and musculoskeletal simulations. 

 

The knee joint moment was applied directly to the appropriate bone or bones, by 

applying it to the surface or surfaces in contact with the knee soft tissues; for example, 

by applying it to the distal femur in the femur simulation. This direct application was 

chosen, as opposed to the moment being applied via a neighbouring bone, because the 

greater compliance of the knee soft tissues would not allow full transmission of the 

moment to the bone or bones of interest. No hip joint moment was involved, since the 

hip joint was modelled as a ball-and-socket joint, and thus unable to resist moments. 

Whilst an ankle joint moment was calculated in the musculoskeletal simulations, it was 

not able to applied in the tibiotarsus + fibula finite element simulations. This is because 

of the close proximity of the ankle end of the tibiotarsus to the restraint, and thus the 

restraint would greatly alter the transmission of any applied moment; this modelling 

deficiency will be returned to in the Discussion (Section 7.4.1). 

 

The weight of the appropriate segment (e.g., thigh segment weight in the femur 

simulation) was applied via a remote point that was scoped to the entire bone of interest. 

The location of the remote point was set as the COM of the limb segment. 

 

7.2.5.4 Model solution 

 

All finite element simulations were solved as linear static systems in the Static 
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Structural module of ANSYS. Additionally, all simulations used inertia relief, which is 

a technique that is used to counter unbalanced forces, so as to produce no net 

acceleration of the model (Liao, 2011). This is achieved through the application of an 

inertial force and moment to the model’s centre. Although the musculoskeletal 

simulations described above were analysed under the assumption of static equilibrium, 

this does not exactly occur in finite element simulations due to non-rigid behaviour of 

the various entities. In particular, the soft tissue structures are highly compliant relative 

to the bone structures, and deformation of these soft tissue structures during simulation 

will lead to an imbalance of the applied forces. This has the potential to produce a 

positive-feedback loop where force imbalance leads to model acceleration, which leads 

to further deformation, which in turn leads to greater force imbalance, and so on. 

Ultimately, very large and unrealistic deformations occur, and calculated model results 

are unreliable. Thus, inertia relief was used to counter the initially very small imbalance 

in forces that results upon deformation of the model; for instance, in the femur 

simulation of the final posture tested, the applied inertial force was 

(Fx, Fy, Fz) = (7.1725 × 10-8, 6.7934 × 10-8, -1.1303 × 10-6) N, 

and the applied inertial moment was  

(Mx, My, Mz) = (1.7224 × 10-6, 3.3496 × 10-6, -5.3604 × 10-7) Nm. 

The very small magnitude of these adjustments justifies the use of this technique in the 

current study. 

 

7.2.6 Results analysis 

 

Upon performing the finite element simulations for a given test posture, the calculated 

stress tensor at each node in each bone entity was exported from ANSYS. A custom 

script in MATLAB 8.0 (MathWorks, Natick, USA) was then used to perform an 

eigenanalysis of the stress tensor data, producing the vector orientations of the principal 

stresses. Their 3-D trajectories were then visualized using this MATLAB script, as well 

as Rhinoceros. These trajectories, particularly of the maximum principal stress (σ1, 

usually signifying tension) and minimum principal stress (σ3, signifying compression) 

were visually compared to the architectural patterns of cancellous bone fabric reported 

for birds in Chapter 6. As a further aid to assessing the degree of correspondence 

between principal stresses and cancellous bone fabric, the direction of σ3 in the femoral 

head and medial femoral condyle was quantitatively compared to the mean directions of 
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the primary fabric direction (u1) for those parts of the femur in birds, also as reported in 

Chapter 6. As σ3 is compressive, it stands to reason that this will show the greatest 

correspondence with the architecture in the femoral head and medial femoral condyle, 

both of which would be expected to be exposed predominantly to compressive joint 

loading. The direction of σ3 in the femoral head was taken to be the mean direction of 

vectors in the region of a sphere of radius one-half of that fit to the entire femoral head 

(performed in 3-matic), and positioned just under the surface of the bone, underneath 

where the hip force was received in the finite element simulations. The direction of σ3 in 

the medial femoral condyle was taken to be the mean direction of vectors in the region 

of a sphere of radius one-third of that fit to the condyle (performed in 3-matic), and 

positioned in the anatomical centre of the condyle. Higher priority was given towards 

improving correspondence in the femoral head over the medial condyle, since hip 

angles are presumed to be more important for determining overall posture in bipeds. 

Additionally, strict comparison between the mean directions of σ3 and u1 in the medial 

femoral condyle ignores the ‘fanning’ of u1 that occurs in this region of the bone (see 

Chapter 6), and hence is less legitimate. 

 

Comparisons were made from the chicken finite element stress results to the 

architectural patterns observed in ground-dwelling birds as a whole for three main 

reasons. Firstly, it has been shown that birds as a whole demonstrate a largely consistent 

pattern of cancellous bone architecture in the femur, tibiotarsus and fibula (Chapter 6). 

Secondly, explicit and direct comparison to the architectural pattern observed in a 

particular chicken bone specimen could be misleading, given that there is potential for 

intraspecific variation (Chapter 6, Figure 6.15B), and given that the specimens studied 

in Chapter 6 are different to the one upon which the models of the current chapter are 

based. Thirdly, cancellous bone architecture was not able to be extensively quantified in 

relatively small birds such as chickens (see Chapter 6). Thus, until such time as it can be 

demonstrated that there are significant interspecific differences, in terms of both 

locomotor behaviour and cancellous bone architecture, it is prudent to make 

comparisons to ground-dwelling birds as a whole in the present study. 

 

7.2.7 Caveats 

 

Two points are worth noting about the overarching philosophy of the approach of the  
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current study. Firstly, this study sought to determine a single posture, the principal 

stress trajectories of which showed the greatest degree of correlation to observed 

cancellous bone architecture in the femur, tibiotarsus and fibula. Cancellous bone, 

however, experiences many different loading regimes throughout the course of normal 

daily activity, each of which engenders a remodelling stimulus, and to which cancellous 

bone responds and adapts its architecture (Kivell, 2016). This has been demonstrated in 

many previous computational theoretical studies, whereby no one loading regime will 

lead to replication of all of the observed architectural features in a bone; only when 

multiple loading regimes are considered can all of a bone’s cancellous architecture be 

explained (Carter et al., 1989; Beaupré et al., 1990; Jacobs et al., 1997; Turner et al., 

1997; Carter and Beaupré, 2001; Tsubota et al., 2002, 2009; Bona et al., 2006; Jang and 

Kim, 2008, 2010a,b; Coelho et al., 2009; Boyle and Kim, 2011; Sverdlova, 2011; 

Phillips et al., 2015). Therefore, in seeking a single posture that best reflects the 

observed cancellous bone architecture, the current study in fact searched for a 

‘characteristic posture’, which is a time- and load-averaged posture across all loading 

regimes. This characteristic posture may or may not be an actual posture used at a 

particular instance in a particular behaviour. As argued above, however, the posture at 

around the mid-stance of a stride will nevertheless probably be of significant 

importance, and the characteristic posture so derived may therefore bear considerable 

resemblance to it. 

 

Secondly, it is acutely obvious that a great many assumptions and modelling 

simplifications were made in this study. Many of these were necessitated by the lack of 

empirical data for extinct, non-avian theropods, such as soft tissue anatomy or material 

properties, which in all likelihood will never be obtained. Other simplifications 

pertained to making the system more tractable for analysis and interpretation, such as 

representing the knee and ankle joints with a single degree of freedom each, when it is 

known that these joints are capable of more complex motions during locomotion in 

birds (Rubenson et al., 2007; Kambic et al., 2014). All of the assumptions and 

simplifications involved in the present study could in principle be investigated via 

sensitivity analysis, but no such analysis was performed here. Instead, all assumptions 

were kept at their ‘best guess’ manifestation throughout the study. By keeping every 

aspect of every stage of the modelling process constant, and only varying posture, this 

allowed for the direct comparison of simulation results to postural differences: 
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differences in model results were entirely due to differences in limb posture. When 

these assumptions are also held constant in a comparative context, across species, this 

also allows for a more direct assessment of the effects of posture on limb bone loading 

and muscular recruitment (Chapter 8). 

 

7.3 Results 

 

A total of eight different postures were tested before no further correspondence between 

principal stress trajectories and cancellous bone architectural patterns was achieved 

(Figure 7.4A). Going from the worst to best postures tested, the angular deviation 

between the minimum principal stress (σ3) and the primary fabric orientation  (u1) in the 

femoral head decreased from 23.3° to 7.9°, a 66% reduction; likewise, the angular 

deviation between σ3 and u1 in the medial femoral condyle decreased from 29.2° to 

17.3°, a 41% reduction. The final solution posture is illustrated in Figure 7.4B–C. The 

degree of crouch of this posture is 0.160; the degree of crouch in a standing posture, as 

empirically predicted from the total leg length of the chicken individual modelled (275 

mm), would be 0.166 (see Chapter 4). 

 

7.3.1 Principal stress trajectories 

 

In the solution posture, the principal stress trajectories in the femur, in particular those 

of σ3 (compressive), showed a high degree of correspondence with the observed 

cancellous bone architectural directions, in the femoral head, under the facies 

antitrochanterica, in the trochanteric crest and in both femoral condyles (Figure 7.5A–

H). The mean direction of σ3 in the femoral head showed strong correspondence to the 

mean direction of u1 measured for birds (Figure 7.5I). Fair correspondence between σ3 

and u1 also occurred in the medial femoral condyle, although the direction of σ3 was 

notably more posteriorly inclined than the mean direction of u1 across all birds (Figure 

7.5J). A more posteriorly inclined orientation of σ3 occurred in all postures tested. 

 

Much correspondence between principal stress trajectories and cancellous bone 

architecture was also observed in the tibiotarsus, particularly in the proximal end 

(Figure 7.6). In the anterior cnemial crest, the trajectory of the maximum principal stress  
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FIGURE 7.4. The identified solution posture for the chicken. A, progressive decrease in 
the angular deviation between σ3 and u1 in the femoral head (filled circles) and medial 
femoral condyle (open circles) for each posture tested, with the final posture identified 
as the solution. This shows the progressive improvement in alignment between principal 
stresses and cancellous bone architecture across the postures tested. B–D, the solution 
posture in lateral (B), dorsal (C) and anterior (D) views; also illustrated in B are stick 
figure representations of the other postures tested, and the whole-body COM of the 
solution posture. The solution posture resulted in the greatest degree of overall 
correspondence between principal stress trajectories and observed cancellous bone 
architectural patterns in birds, as assessed by qualitative comparisons across the femur, 
tibiotarsus and fibula, as well as quantitative results for the femoral head and medial 
femoral condyle. 

A

test posture

an
g

u
la

r 
d
ev

ia
ti

o
n

 (
°)

5

1 2 3 4 5 6 7 8

10

15

20

25

30

0

B C

D



 

261 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

anterior

posterior

m
ed

ia
l la

tera
l

anterior

posterior

B

C D

E F

G

H

I J

σ3

u1

σ3

u1



 

262 
 

FIGURE 7.5 (previous page). Principal stress trajectories for the femur in the solution 
posture. For easier visual comparison, these stress trajectories were ‘downsampled’ in a 
custom MATLAB script, by interpolating the raw stress results at each finite element 
node to a regular grid. A, B, vector field of σ3 in the femoral head, plotted on a 
translucent rendering of the external bone geometry, in anterior (A) and medial (B) 
views. C, D, vector field of σ3 in the region under the facies antitrochanterica, in 
anterior (C) and lateral (D) views. E, F, vector field of σ3 in the trochanteric crest, in 
anterior (E) and lateral (F) views. G, vector field of σ3 in a 3-D slice through the medial 
femoral condyle, parallel to the sagittal plane and in medial view. H, vector field of σ3 
in a 3-D slice through the lateral femoral condyle, parallel to the sagittal plane and in 
lateral view. Compare the stress trajectories in A–H with the fabric vector fields 
illustrated in Figures 6.9 and 6.17. I, comparison of the mean direction of σ3 in the 
femoral head and the mean direction of u1 for birds, plotted on an equal-angle 
stereoplot, with northern hemisphere projection (using StereoNet 9.5; Allmendinger et 
al., 2013; Cardozo and Allmendinger, 2013). J, comparison of the mean direction of σ3 
in the medial femoral condyle and the mean direction of u1 for birds, plotted on an 
equal-angle stereoplot, with southern hemisphere projection. Insets in I and J show 
locations of regions for which the mean direction of σ3 was calculated. 

 
 

 

 

 

 

 

 

 

 

 

 

FIGURE 7.6 (next page). Principal stress trajectories for the tibiotarsus in the solution 
posture. A, B, vector field of σ1 in the anterior cnemial crest, in anterior (A) and medial 
(B) views. C, D, vector field of σ3 in the lateral cnemial crest, in anterior (C) and lateral 
(D) views. E, F, vector field of σ3 under the medial articular facies, shown as 3-D slices 
parallel to the coronal plane (E, posterior view) and sagittal plane (F, medial view). G, 
H, vector field of σ3 under the lateral articular facies, shown as 3-D slices parallel to the 
coronal plane (G, posterior view) and sagittal plane (H, lateral view). I, vector field of 
σ1 (red) and σ3 (blue) in a 3-D slice through the middle of the proximal metaphysis, 
parallel to the sagittal plane. Schematic inset shows the double-arcuate pattern formed 
by the two stress trajectories. J, K, vector field of σ3 in the articular condyles (purple = 
lateral condyle, pink = medial condyle) of the distal tibiotarsus, shown for 3-D slices 
through the middle of the condyles, in oblique anterolateral (J) and anteromedial (K) 
views. Compare the stress trajectories illustrated here with the fabric vector fields 
illustrated in Figures 6.24 and 6.29. 
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(σ1, tensile) largely paralleled the margins of the crest, as observed for cancellous bone 

fabric. In much of the lateral cnemial crest, the observed cancellous bone fabric reported 

for birds was reflected by the trajectory of σ3. Under the articular facies, the trajectory 

of σ3 corresponded closely with the observed architectural patterns there, showing a 

posterior inclination largely parallel to the sagittal plane. Additionally, in the sagittal 

plane through the middle of the proximal end, σ1 and σ3 formed a double-arcuate 

pattern, closely resembling a similar pattern in u1 observed in some of the large bird 

individuals studied in Chapter 6. In contrast to the proximal tibiotarsus, only minimal 

correspondence between principal stress trajectories and cancellous bone architecture 

could be attained in the distal tibiotarsus, in any posture tested. In the solution posture, 

there was some correspondence between σ3 and observed architecture in the immediate 

vicinity of the articular condyles, where σ3 was largely parallel to the sagittal plane, but 

this was not observed throughout the entire distal end of the bone, unlike the 

architecture. 

 

The principal stress trajectories in the fibular head showed strong correspondence to the 

gentle inclination observed in the cancellous bone architecture (Figure 7.7). Medially, 

σ1 showed this pattern, whereas laterally, it was σ3 that showed this pattern. 

 

 

 

 

 

 

 

 

 
FIGURE 7.7. Principal stress trajectories for the fibula in the solution posture. A, vector 
field of σ1 in the medial side of the fibular head, in medial view (reversed). B, vector 
field of σ3 in lateral side of the fibular head, in lateral view. Compare the stress 
trajectories here with the vector fields and isosurfaces illustrated in Figure 6.33G–K. 
 

 

7.3.2 Mid-shaft stresses 

 

In the solution posture, the most axis-parallel orientation of both σ1 and σ3 at the 

A B
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femoral mid-shaft was at a high angle to the long-axis of the bone, by at least 30°, 

indicating considerable torsion (Figure 7.8A). Moreover, the sense of torsion as 

indicated by the stress trajectories was positive; when the right femur is viewed 

proximally, the proximal end was rotated counterclockwise relative to the distal end 

(Figure 7.8B). The neutral axis of bending was oriented 36° from the mediolateral axis, 

indicating that bending of the femur was predominantly in an anteroposterior direction. 

 

In the tibial mid-shaft, the most axis-parallel orientation of σ1 and σ3 was almost parallel  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 7.8. Additional aspects of the solution posture. A, the trajectories σ1 (red) and 
σ3 (blue) at the femoral mid-shaft, in anterior view. B, the oblique nature of the 
principal stresses in the femoral mid-shaft are indicative of a strong torsional loading, 
with a positive sense. C, the trajectories of σ1 and σ3 at the tibial mid-shaft, in anterior 
view. D, activations for each muscle actuator in the musculoskeletal simulation; for 
keys to abbreviations, see Table 7.1. 
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to the long-axis of the bone, indicating only a minimal torsion (Figure 7.8C). The sense 

of torsion (what very little there is) as indicated by the stress trajectories was also 

positive. The neutral axis of bending was oriented 19° from the mediolateral axis, 

indicating that bending of the tibiotarsus was also in a predominantly anteroposterior 

direction. 

 

7.3.3 Muscle and ligament activations 

 

In the solution posture, the activations of the four collateral ligament actuators were 

very low (0.012 or less), indicating that the vast majority of limb stabilization, 

excluding the metatarsophalangeal joint, was conferred by muscle actuators. However, 

as the knee and ankle were represented as hinge joints in this study, joint stabilization 

would also have been achieved in part through resistance offered by these single degree-

of-freedom joints to off-axis moments and forces. This resistance was nevertheless 

transmitted to the bones as joint moments and forces (calculated in the musculoskeletal 

simulations). Therefore, as far as the bones are concerned, all experienced loads are 

accounted for and incorporated into the finite element simulations. However, the 

calculated forces in the collateral ligaments may be appreciably less than what they 

were in vivo. 

 

The activations of all muscle actuators are presented in Figure 7.8D. Most muscles were 

recruited to a significant degree; no muscle was recruited beyond half of its maximal 

capacity. The iliotrochanterici medius (ITM) et caudalis (ITC), grastrocnemius medialis 

(GM) and fibularis longus (FL) were the most recruited muscles, each with an 

activation above 0.4. The iliofibularis (ILFB), ischiofemoralis (ISF) and 

caudofemorales partes caudalis (CFC) et pelvica (CFP) were the least recruited muscles, 

all with negligible activations. 

 

7.4 Discussion 

 

The aim of this study was to verify the ‘reverse’ application of the trajectorial theory, to 

go from observed cancellous bone architectural patterns to bone loading regimes and 

limb postures, as applied to theropod locomotor biomechanics. This was achieved 

through the development of a novel approach that integrated musculoskeletal and finite 
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element simulations of a modern theropod, the chicken. By focusing on a modern 

theropod here, the validity of the reverse approach was able to examined for each major 

bone in the hindlimb. 

 

7.4.1 Successes and pitfalls 

 

Despite the many modelling simplifications made in the current study, and that only a 

single static posture was modelled for any one test, much of the observed cancellous 

bone architectural patterns in the avian hindlimb was able to be replicated in the 

principal stress trajectories. This was particularly true of the femur. The ‘solution 

posture’ that produced the greatest correspondence between principal stresses and 

cancellous bone architecture is quite comparable to the posture of the avian hindlimb at 

around the mid-stance of locomotion (Gatesy, 1999a; Abourhachid and Renous, 2000; 

Reilly, 2000; Rubenson et al., 2007; Stoessel and Fisher, 2012; Grossi et al., 2014). 

Furthermore, its degree of crouch was almost identical to what would be predicted 

based on limb bone lengths, for a quiet standing posture (Chapter 4). Other aspects of 

the solution posture also showed correspondence with empirical data for avian 

terrestrial locomotion. The femur was predicted to be loaded in considerable torsion, 

with a positive sense, as well as bending of a predominantly anteroposterior nature. This 

is consistent with the loading regimes recorded by in vivo strain gauge studies (Carrano, 

1998; Carrano and Biewener, 1999; Main and Biewener, 2007). Additionally, the two 

most strongly recruited muscles in the musculoskeletal simulations, the gastrocnemius 

medialis and fibularis longus, are also the two largest muscles in the distal hindlimb of 

birds (Smith et al., 2006), and would therefore be expected to produce large amounts of 

force, all other factors being equal.  

 

There were also a few aspects in which the solution posture did not accord well with 

empirical observations. Most pertinently, the principal stress trajectories in the distal 

tibiotarsus did not show much correspondence with the cancellous bone architecture 

observed in this region of the bone of birds (Chapter 6). This may suggest that the 

manner in which that part of the bone was modelled in the current study was 

inadequate, that is, too non-physiological. For instance, the ankle joint moment 

calculated in the musculoskeletal simulations was unable to be applied in the finite 

element simulations in their current formulation. The discrepancy may also be due to 
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the cancellous bone architecture reflecting many different loading regimes, any single 

one of which cannot capture the architecture. Some of those loading regimes may be 

very different to that occurring around mid-stance of locomotion, such as those 

associated with the swing phase of locomotion, or even standing and sitting. A second 

aspect in which the solution posture did not concur with empirical observations 

concerned the stresses at the tibial mid-shaft. Here, the bone was predicted to be loaded 

in only minimal torsion, the sense of which was positive; this does not accord with in 

vivo strain gauge studies, which have shown that the avian tibiotarsus experiences a 

large amount of torsional loading during locomotion, which furthermore is of a negative 

sense (Biewener et al., 1986; Main and Biewener, 2007; Verner et al., 2016).  

A final incongruence between the solution posture and empirical observations was the 

negligible recruitment of some muscles in the static optimization routine of the 

musculoskeletal simulations. There were four such muscles (iliofibularis, 

ischiofemoralis and caudofemorales partes caudalis et pelvica), yet electromyography 

data indicates that at least three of these (iliofibularis, ischiofemoralis and 

caudofemoralis pars caudalis) are active during a significant part of the stance (Jacobson 

and Hollyday, 1982; Gatesy, 1990, 1999b; Marsh, 2004). The negligible recruitment of 

the ischiofemoralis and caudofemorales is consonant with the generally small size of 

these muscles in birds, but this does not hold for the iliofibularis, which is a quite large 

(McGowan, 1979; Patak and Baldwin, 1998; Smith et al., 2006; Paxton et al., 2010). It 

is probable that all four muscles were minimally recruited in the static optimization 

routine on account of (i) all muscle actuators were assigned the same maximum capable 

force output, and (ii) these four particular muscles have smaller moment arms of hip 

extension compared to other muscles, such as the flexores crures medialis, lateralis pars 

pelvica et lateralis pars accessoria. That is, the static optimization preferentially 

recruited muscles with larger moment arms, such that lower forces, and therefore 

activations, were required to provide the necessary stabilizing joint moments. 

 

The last two aspects of discrepancy between the solution posture and empirical data 

may also in part reflect the fact that the musculoskeletal simulations were analysed as 

quasi-static systems. Dynamic aspects of locomotion, such as inertial forces or relative 

movement between bones, may lead to increased levels of torsion in the tibiotarsus. The 

same dynamic effects can also influence the net joint moments required to be stabilized 

by muscle forces; for instance, active retraction of the hip and flexion of the knee may 
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lead to greater activation of the iliofibularis. Therefore, the activations calculated in the 

current study are probably most informative for muscles that predominantly confer 

postural stability, rather than active limb movement. 

 

7.4.2 Reconstructing loading regimes and postures in extinct species 

 

Notwithstanding the aforementioned discrepancies, the concept of applying the  

trajectorial theory in reverse is, overall, well-supported by the results of the present 

study. The reverse approach therefore has the potential to provide insight into the 

loading regimes experienced by extinct, non-avian theropods during locomotion, and 

more broadly the postures used during locomotion. 

 

A number of previous studies have sought to use the architecture of cancellous bone to 

derive loading conditions experienced in vivo, although this has largely been confined to 

theoretical studies of modern animals. Some of these studies have focused on utilizing 

the spatial distribution of the bulk density of cancellous bone, to which remodelling 

algorithms (Fischer et al., 1995; Bona et al., 2006) or artificial neural networks 

(Campoli et al., 2012; Zadpoor et al., 2013) are applied to retrieve one or more loading 

regimes. Presently, these studies have only been implemented in two dimensions, and so 

their efficacy in analysing complex, 3-D geometries or loading regimes (such as torsion) 

remains to be determined. More importantly for the study of extinct species, however, 

the process of fossilization will greatly hamper any attempt founded upon the bulk 

density of cancellous bone. Geological chemical alteration (diagenesis) has the potential 

to greatly alter the physical density of a fossil bone, and moreover this alteration may 

not be uniform across a bone, such that it may be impossible to reconstruct the original 

patterns of bulk density in the living bone. 

 

Diagenesis does not, however, normally alter the actual structure of bone; indeed, fine, 

cellular-level structures are frequently preserved in the fossil bones of dinosaurs and 

other vertebrates (Chinsamy-Turan, 2005; Houssaye, 2014). It is the structural 

characteristics of cancellous bone architecture that are utilized in the present study, 

namely, fabric directions. Regardless of alterations to bulk density, so long as the actual 

structure of cancellous bone is preserved in a given fossil, and can be imaged 

appropriately, then the approach of the present study is feasible. The structural 
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characteristics of cancellous bone have also been utilized previously in the deduction of 

in vivo loads, in a series of studies by Christen et al. (2012, 2013a,b, 2015a). These 

studies developed voxel-based micro-finite element models that modelled each 

individual trabecula of a bone, and sought to determine the loading regime, or 

combination of loading regimes, that achieved the most uniform distribution of strain 

energy density across the model. The great geometric complexity of the models used in 

these studies necessitated immense computational capability; only small bones or parts 

of larger ones were able to be modelled. The computational requirements would quickly 

become prohibitively large for the modelling of whole bones of even a modest size. 

Moreover, such geometric complexity would be impossible to produce for medium-

sized or large bones, for which high-resolution CT imagery is currently unattainable. An 

additional problem faced by these computational studies is that currently only very 

basic loads are able to be examined, and these are only applied at the joints; muscle 

forces were not considered. 

 

In light of the above discussion, the advantages of the reverse trajectorial approach 

developed in the current study are clear. Firstly, it is based on the actual structure of 

cancellous bone, which is usually resistant to alteration by diagenetic processes. 

Moreover, the structural information required can be ascertained for specimens of a 

wide range of sizes; each individual trabeculae need not be imaged in excruciating 

detail. The reverse approach is also easily implemented as a fully 3-D analysis that is 

relatively computationally inexpensive to perform; using a computer with 32 Gb of 

memory and a 2.4 GHz processor, no single simulation of the present study took more 

than 10 minutes to solve. However, the main advantage of the reverse approach is that it 

explicitly links whole-bone cancellous architecture to whole-limb musculoskeletal 

mechanics. Thus, cancellous bone architectural patterns can be used to directly test 

hypotheses of limb posture, muscle control and bone loading mechanics, as will be done 

in Chapter 8. 

 

7.5 Conclusion 

 

In this chapter a new, mechanistic approach to reconstructing locomotor biomechanics 

in theropods is developed and tested. Its underlying concept of applying the trajectorial 

theory in reverse is overall well-supported by the results of the present study: cancellous 
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bone architecture can be used to derive bone loading regimes, and in turn limb postures. 

This is achieved through the integration of 3-D musculoskeletal and finite element 

models with observations of cancellous bone fabric direction. 

 

With just a single, quasi-static posture of a chicken hindlimb, modelled with a number 

of relatively simple assumptions, a large portion of the observed patterns in cancellous 

bone architecture in birds was able to be replicated by principal stress trajectories. This 

posture correlated to those actually used during locomotion in birds, in particular the 

postures used at around mid-stance of normal terrestrial locomotion. Additionally, other 

biomechanical aspects of the posture, including loading mechanics of the femur and the 

activations of certain muscles, corresponded well to empirical data recorded for birds. 

 

The reverse approach therefore holds great promise for better understanding whole-bone 

and whole-limb musculoskeletal biomechanics in the hindlimbs of non-avian theropods 

during terrestrial locomotion. The generality of this approach also means that it could 

also be used to improve understanding of locomotor biomechanics in other extinct 

tetrapod vertebrate groups as well. As correspondence between principal stresses and 

cancellous bone architecture was greatest in the femur in the present study, this suggests 

that the reverse approach will yield the most insight for more proximal limb segments. 
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Chapter 8 

Reconstructing posture and locomotor 
biomechanics in extinct theropods, and its 
evolution on the line to birds

 
 

 

 

 

 

 

 

 

The hindlimb skeletons of three theropods: the extinct Daspletosaurus torosus (left) and 
Troodon formosus (centre), and the modern chicken, Gallus gallus (right). Based on the 
success of the previous chapter, this chapter uses cancellous bone architecture to predict 
posture and loading biomechanics in the two extinct species. 
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8.1 Introduction 

 

Stark differences in hindlimb cancellous bone architecture have been found to exist 

between humans and birds, the only obligate bipeds alive today (Chapter 6). Many of 

these differences can be associated with differences in the manner of striding, 

parasagittal, bipedal locomotion employed by the two groups. In particular, the 

differences in cancellous bone architecture reflect differences in their erect versus 

crouched postures and subsequent whole-bone loading mechanics, that is, the relevant 

prominence of bending and torsion. The different postures employed by humans and 

birds are also associated with the mechanism of muscular control required to achieve 

limb support during locomotion. In humans, mediolateral collapse of the stance phase 

limb is counteracted by hip abduction, conferred predominantly by the gluteal muscles 

located dorsal to the hip (Pauwels, 1980; Wall-Scheffler et al., 2010). However, in 

birds, anatomical, kinematic and electromyographic evidence suggests that stance limb 

collapse is counteracted predominantly by long-axis rotation of the subhorizontally 

oriented femur, conferred by the iliotrochantericus muscles located anterior to the hip 

(Gatesy, 1999b; Hutchinson and Gatesy, 2000). But what of extinct obligate bipeds, 

such as non-avian theropod dinosaurs? 

 

In more basal species of non-avian theropod, the architecture of cancellous bone in the 

main hindlimb bones was observed to exhibit much similarity to that of humans, whist 

cancellous bone architecture in more phylogenetically derived species tended to be 

more similar to that observed in extant birds (Chapter 6). Given that cancellous bone 

architectures in modern obligate bipeds appear to be linked to their different locomotor 

biomechanics, these observations raise the following questions regarding non-avian 

theropods: 

1. Did the different species of non-avian theropod employ different limb postures? 

2. Did the bones of the different species of non-avian theropod experience different 

loading regimes? 

3. Did the different species of non-avian theropod employ different strategies of 

muscular support in counteracting stance limb collapse? 

4. If the different species of non-avian theropod did employ different suites of 

hindlimb locomotor biomechanics, how did these evolve on the line to modern 

birds? 
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Previously, the integration of anatomical, kinematic, bone strain and electromyographic 

data in extant species led Carrano (1998) and Hutchinson and Gatesy (2000) to 

hypothesize that the aforementioned aspects of bipedal locomotor biomechanics were 

intimately tied throughout theropod evolution. The incremental change of external 

osteological features throughout theropod evolution was also taken to indicate that the 

transformation in the above biomechanical aspects was a gradual occurrence 

(Hutchinson and Gatesy, 2000; Hutchinson, 2001a,b). This is in contrast to the results of 

earlier studies which suggested that transformations in theropod hindlimb biomechanics 

may have been more punctuated than gradual. For example, analyses of limb 

proportions and whole-bone scaling suggested a more clear-cut distinction between non-

avian theropods and birds (Gatesy, 1991b; Gatesy and Middleton, 1997; Carrano, 1998), 

implying a more sudden transformation of hindlimb biomechanics. It is worth noting, 

however, that most of these studies are over two decades old, and as such did not 

incorporate the myriad of more recently discovered bird-like paravians, which 

increasingly blur the distinction between what is a bird and what is not (Xu et al., 2014). 

 

A new approach that can quantitatively address the aforementioned questions has been 

outlined in Chapter 7. In this ‘reverse trajectorial approach’, a single characteristic 

posture is derived for a given species, by utilizing the architecture of cancellous bone in 

concert with musculoskeletal and finite element models of the hindlimb. In addition to 

assessing postures, it also allows an investigation of bone loading mechanics and 

muscle recruitment patterns. Hence, in this approach the architecture of cancellous bone 

constitutes an independent data set against which one or more biomechanical 

hypotheses may be tested.  

 

The present chapter aimed to quantitatively test the hypotheses of Carrano (1998) and 

Hutchinson and Gatesy (2000) concerning the evolution of theropod locomotor 

mechanics. To do this, it applied the reverse trajectorial approach to two species of non-

avian theropod, the basal coelurosaur Daspletosaurus torosus and the derived paravian 

Troodon formosus (cf. Figure 6.1), to derive a single characteristic posture that best 

reflects these species’ architectural patterns of cancellous bone. These species show 

markedly different cancellous bone architectures, with that of the former more similar to 

that of humans and that of the latter bearing stronger resemblance to that of birds 

(Chapter 6). Understanding posture in these and other non-avian theropod species is in 
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and of itself important, but it is also important for understanding other aspects of 

locomotion. For instance, posture can influence maximum speed capability in bipeds 

(Hutchinson, 2004b; Gatesy et al., 2009; Hutchinson and Allen, 2009). In concert with 

the results already derived from for a modern bird, the chicken (Chapter 7), the results 

of this study will also facilitate an examination of how locomotor biomechanics has 

evolved in theropods on the line to birds. 

 

8.2 Methods 

 

The methodology employed in the present study followed that outlined previously 

(Chapter 7). Essentially, musculoskeletal models of the hindlimb in a static posture were 

used to provide the force and boundary conditions for finite element modelling of the 

individual limb bones, from which principal stress trajectories were determined and 

compared to cancellous bone architectural patterns. Only those differences associated 

with the modelling of the two different species will be described in the present chapter. 

Also, as with the previous chapter, all assumptions and model parameters were kept in 

their ‘best guess’ manifestation throughout the analyses; thus, differences in model 

results directly reflected differences in limb postures in the extinct species. 

 

8.2.1 Skeletal geometry acquisition 

 

The models of Daspletosaurus torosus and Troodon formosus developed in this study 

were derived through a combination of X-ray computed tomographic (CT) scanning and 

photogrammetry of multiple fossil specimens; see Table 8.1 for the specimens and 

imaging parameters used. The CT scans for each specimen were segmented in Mimics 

17.0 (Materialize NV, Belgium), via a combination of manual and automatic 

techniques, to produce initial surface meshes of each bone. For photogrammetry, digital 

photographs were taken with a Lumix DMC-TZ40 (Panasonic, Japan) and rendered to 

produce three-dimensional (3-D) meshes in Agisoft Photoscan 1.0.4 (Agisoft LLC, 

Russia), RealityCapture 1.0 (Capturing Reality s.r.o., Slovakia), Meshlab 1.3.3 

(http://meshlab.sourceforge.net/) and CloudCompare 2.5.4 

(http://www.cloudcompare.org/). 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane pixel 

resolution (mm) 

Slice 

thickness 

(mm) 

Coelurosauria, 
Tyrannosauridae 

Albertosaurus 

sarcophagus 

TMP 
81.010.0001 

Pubis 
      

Coelurosauria, 
Tyrannosauridae 

Albertosaurus 

sarcophagus 

TMP 
81.010.0001 

Ischium 
      

Coelurosauria, 
Tyrannosauridae 

Gorgosaurus 

libratus 

TMP 
1994.012.0603 

Metatarsals II–IV + 
distal tarsals 

GE 
Lightspeed 
Ultra 

140 150 1195 0.703 1.25 

Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Femur 
GE 
Lightspeed 
Ultra 

140 150 1195 0.838 1.25 

Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Tibia 
GE 
Lightspeed 
Ultra 

120 245 1195 0.832 1.25 

Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Fibula 
GE 
Lightspeed 
Ultra 

120 245 1195 0.832 1.25 

Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Astragalus 
GE 
Lightspeed 
Ultra 

140 155 1195 0.879 1.25 

Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Metatarsal IV + 
lateral distal tarsal 

GE 
Lightspeed 
Ultra 

120 185 1195 0.738 1.25 

Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Ilium 
      

Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Pubis 
      

Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Ischium 
      

Coelurosauria, 
Tyrannosauridae 

Tyrannosaurus 

rex 
MOR 009 Metatarsal V 

Toshiba 
Aquilion 64 

135 250 750 0.625 0.5 

Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 
sp. 

MOR 590 
Metatarsals II–IV + 
phalanges       

Coelurosauria, 
Tyrannosauridae 

Tyrannosaurus 

rex 
MOR 980 Pubis 

      

TABLE 8.1. The specimens utilized in building the models of Daspletosaurus torosus and Troodon formosus. Also listed are the settings used 
in acquiring CT scans; the geometry of specimens that were not CT scanned was captured via digital photogrammetry. 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane pixel 

resolution (mm) 

Slice 

thickness 

(mm) 

Coelurosauria, 
Tyrannosauridae 

Tyrannosaurus 

rex 
MOR 980 Ischium 

      
Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 
sp. 

MOR 1130 Calcaneum 
Toshiba 
Aquilion 64 

135 150 1000 0.526 0.5 

Coelurosauria, 
Tyrannosauridae 

Daspletosaurus 
sp. 

MOR 1130 Metatarsal I 
Toshiba 
Aquilion 64 

135 
150 1000 0.526 0.5 

Coelurosauria, 
Tyrannosauridae 

Teratophoneus 

curriei 

UMNH VP 
16690 

Pubis 
      

Coelurosauria, 
Tyrannosauridae 

Teratophoneus 

curriei 

UMNH VP 
16690 

Ischium 
      

Paraves, 
Troodontidae 

Troodon 

formosus 

TMP 
1992.036.0575 

Metatarsals II–V 
Siemens 
Inveon 

80 250 1700 0.05 0.05 

Paraves, 
Troodontidae 

Troodon 

formosus 

MOR 553l-
7.27.8.67 

Ischium 
      

Paraves, 
Troodontidae 

Troodon 

formosus 

MOR 553s-
7.11.91.41 

Tibia 
Siemens 
Inveon 

80 200 1900 0.04 0.04 

Paraves, 
Troodontidae 

Troodon 

formosus 

MOR 553s-
7.28.91.239 

Femur 
Siemens 
Inveon 

80 200 1800 0.04 0.04 

Paraves, 
Troodontidae 

Troodon 

formosus 

MOR 553s-
8.3.9.387 

Pubis 
      

Paraves, 
Troodontidae 

Troodon 

formosus 

MOR 553s-
8.6.92.168 

Metatarsal I 
      

Paraves, 
Troodontidae 

Troodon 

formosus 

MOR 553s-
8.17.92.265 

Fibula 
Siemens 
Inveon 

80 250 1600 0.04 0.04 

Paraves, 
Troodontidae 

Troodon 

formosus 
MOR 748 Femur 

Siemens 
Inveon 

80 200 1900 0.04 0.04 

Paraves, 
Troodontidae 

Troodon 

formosus 
MOR 748 

Tibia + astragalus 
+ calcaneum 

Siemens 
Inveon 

80 200 1900 0.04 0.04 

Paraves, 
Troodontidae 

Troodon 

formosus 
MOR 748 Metatarsals II–IV 

Siemens 
Inveon 

80 200 1900 0.04 0.04 

Paraves, 
Troodontidae 

Troodon 

formosus 
MOR 748 Ilium 

      
Paraves, 
Troodontidae 

Troodon 

formosus 

MOR 
uncatalogued 

Ilium 
      

*Collection number abbreviations: MOR, Museum of the Rockies; TMP, Royal Tyrrell Museum of Palaeontology; UMNH VP; Natural History Museum of Utah. 

TABLE 8.1 (continued).  
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To maximize rigour, the models for each species were based primarily on single focal 

individuals that were relatively complete and well-preserved, and for which information 

on cancellous bone architecture was previously reported (Chapter 6). These were TMP 

2001.036.0001 for Daspletosaurus and MOR 748 for Troodon. However, some bones, 

or parts thereof, were missing from these focal specimens, and in these cases their 

geometry was modelled using other specimens of the same or closely related species 

(Table 8.1). This was achieved by scaling the geometries of these other specimens 

appropriately to fit the focal specimens’ bones, accomplished using a combination of 

Mimics and the computer-aided design software Rhinoceros 4.0 (McNeel, USA). 

Wholesale reconstruction was required for the much of the pubis in Daspletosaurus and 

much of the ilium in Troodon. In Daspletosaurus, the general shape of the pubis was 

evident from the focal specimen, but much of the boot, pubic apron and ischiadic head 

were reconstructed based on comparison to other specimens that were imaged (Table 

8.1), other specimens in the TMP and MOR collections, and also the tyrannosaurid 

literature (e.g., Osborn, 1917;  Brochu, 2003). In Troodon, the acetabulum, 

antitrochanter and pubic and ischiadic peduncles were present in the focal specimen, but 

the anterior and posterior iliac blades were reconstructed based on comparison to other 

troodontids described in the literature (e.g., Xu et al., 2002; Gao et al., 2012; Tsuihiji et 

al., 2014). The assembly of the individual elements of the pelvis was based on the 

geometry of individual bones, but also on specimens of other tyrannosaurids or 

paravians where the pelvic elements were preserved in situ and intact with the sacrum 

(e.g., Lambe, 1917; Osborn, 1917; Norell and Makovicky, 1997; Xu et al., 2002; 

Brochu, 2003; Gao et al., 2012; Tsuihiji et al., 2014), as well as personal observation of 

other specimens in the TMP and MOR collections and displays. For completeness, the 

vertebral column was represented by a single cylinder fixed with respect to the pelvis. 

In addition to the pelvis, the distalmost fibular shaft was also reconstructed for Troodon; 

it was essentially a continuation of the preserved part of the shaft, tapering towards the 

end, and gently curving laterally as it approaches the distal tibia (cf. Ostrom, 1969; 

Norell and Makovicky, 1999).  

 

Some of the individual bones utilized in the above procedure had undergone a variable 

amount of taphonomic distortion. However, in all cases this appeared to be brittle 

deformation only, in the form of fracturing and rigid displacement of the fragments 

relative to one another. In these instances, the bones were retro-deformed in Rhinoceros, 
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under the assumption of brittle deformation. This rigid retro-deformation restored the 

fossil geometry to the original geometry by realigning fragments along apposing 

fracture surfaces, and also taking into consideration the geometry of the bones in other 

specimens and other species, including comparison to the literature (e.g., Brochu, 2003; 

Tsuihiji et al., 2014). The retro-deformed geometries were then ‘smoothed over’ in 

Mimics and 3-Matic 9.0 (Materialize NV, Belgium). Additionally, cracks or abraded 

edges were filled in and reconstructed in Mimics; only the minimal amount of filling in 

required was undertaken. 

 

Once an initial surface mesh had been produced for the complete geometry of each bone 

for both species, these were smoothed in 3-matic and then refined to produce a more 

isoparametric mesh in ReMESH 2.1 (Attene and Falcidieno, 2006; 

http://remesh.sourceforge.net/). Although the tibia, astragalus and calcaneum typically 

remain as separate ossifications in tyrannosaurids, and the tibia remains separate from 

the astragalus and calcaneum in troodontids, the meshes of the three bones were fused 

together in this study to create a single tibiotarsus geometry. This was undertaken for 

the sake of simplifying the models, as well as maintaining a greater degree of 

consistency with the previously developed chicken model (Chapter 7). 

 

8.2.2 Musculoskeletal modelling 

 

Musculoskeletal models of the right hindlimb of Daspletosaurus and Troodon were 

constructed in NMSBuilder (Martelli et al., 2011; Valente et al., 2014) for use in 

OpenSim 3.0.1 (Delp et al., 2007), and are shown in Figures 8.1 and 8.2. Both 

comprised 12 degrees of freedom, as in the chicken model of Chapter 7, and 38 

musculotendon actuators.  

 

8.2.2.1 Definition of joints 

 

Joint locations and orientations were defined in a similar fashion to the chicken model 

(Chapter 7). However, the location of the hip joint was left open-ended, so as to 

investigate the effects of different hip articulations (see Section 8.2.4 below). Initially, 

the centre of the joint in the femur was determined by fitting a sphere to the femoral 

head in 3-matic, and the centre of the joint in the acetabulum was determined by  
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FIGURE 8.1. The musculoskeletal model of the Daspletosaurus hindlimb developed in 
this study. This is shown in the ‘neutral posture’ for all joints, that is, when all joint 
angles are zero. A–C, geometries of the musculotendon actuators in relation to the 
bones, in lateral (A), anterior (B) and oblique anterolateral (C) views. D–E, location and 
orientation of joint coordinate systems (red, green and blue axes), the centres of mass 
for each segment (grey and white balls) and the soft tissue volumes used to calculate 
mass properties; these are shown in the same views as A–C. Also reported in D are the 
masses for each segment. In D–F, the flexion-extension axis of each joint is the blue 
axis. For scale, the length of each arrow in the triad of the global coordinate system is 
500 mm. 
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FIGURE 8.2. The musculoskeletal model of the Troodon hindlimb developed in this 
study. This is shown in the ‘neutral posture’ for all joints. A–C, geometries of the 
musculotendon actuators in relation to the bones, in lateral (A), anterior (B) and oblique 
anterolateral (C) views. D–E, location and orientation of joint coordinate systems (red, 
green and blue axes), the centres of mass for each segment (grey and white balls) and 
the soft tissue volumes used to calculate mass properties; these are shown in the same 
views as A–C. Also reported in D are the masses for each segment. In D–F, the flexion-
extension axis of each joint is the blue axis. For scale, the length of each arrow in the 
triad of the global coordinate system is 200 mm. 
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positioning the centre of femoral head sphere in the centre of the acetabulum (in both 

lateral and anterior views). Hence, in this initial configuration, the articulation of the 

femur with the acetabulum was consistent with the configuration used for the chicken 

model. It was also consistent with the inferences drawn in Chapter 6 from observations 

of cancellous bone architecture (Section 6.4.2.3), that the articulation was centred about 

the apex of the femoral head. The articulation of the tibia and fibula was guided by the 

relative positions of the fibular crest on the tibiotarsus and the flared anteromedial 

process of the proximal fibula, as well as the facet formed distally by the tibia, 

astragalus and calcaneum. As with the chicken model, the pes was modelled as a 

rectangular prism, with a width set to the mediolateral width of the distal 

tarsometatarsus and a length set to the total length of digit III; the total length of digit III 

for the Troodon model was based on the data of Russell (1969), scaled to the individual 

modelled in the current study. 

 

8.2.2.2 Definition of muscle and ligament anatomy 

 

The hindlimb myology of Daspletosaurus and Troodon was reconstructed through 

analysis of the muscle and ligament scarring patterns observed on the fossil bones, 

framed in the context of the myology and scarring patterns of extant archosaurs 

(Hutchinson, 2001a,b; Carrano and Hutchinson, 2002; Hutchinson, 2002; Hutchinson et 

al., 2005, 2008; Bates et al., 2012; Bates and Schachner, 2012). The 33 muscles and 

four ligaments reconstructed, along with their origins and insertions, are listed in Table 

8.2. As in the chicken model, the collateral ligaments of the knee and ankle were 

represented by four musculotendon actuators in both the Daspletosaurus and Troodon 

models. Each muscle was represented by a single musculotendon actuator in the models, 

with one exception; the iliotibialis 2 (IT2) was represented by two actuators on account 

of its probable expansive origin on the dorsal ilium (Hutchinson et al., 2005, 2008; 

Bates et al., 2012). The 3-D courses of the actuators were constrained to follow paths 

that are comparable to those reported for homologous muscles in extant archosaurs, and 

also as reconstructed for other non-avian theropod species (Hutchinson et al., 2005, 

2008; Bates et al., 2012; Bates and Schachner, 2012).  

 

In reconstructing the muscular and ligamentous components of the models, a number of 

simplifying assumptions were made. Two muscles, the ambiens (AMB) and fibularis  
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Muscle or ligament Abbreviation Origin Insertion 

Iliotibialis 1 IT1 Anterior rim of lateral ilium Cnemial crest 

Iliotibialis 2 IT2 Dorsal rim of ilium, lateral surface Cnemial crest 

Iliotibialis 3 IT3 Dorsal rim of postacetabular ilium Cnemial crest 

Ambiens AMB Preacetabular process on proximal pubis Cnemial crest 

Femorotibialis externus FMTE Lateral femoral shaft Cnemial crest 

Femorotibialis internus FMTI Anteromedial femoral shaft Cnemial crest 

Iliofibularis ILFB 
Lateral postacetabular ilium, between IFE and FTE; posterior to 
median vertical ridge of the ilium in Daspletosaurus 

Fibular tubercle 

Iliofemoralis externus IFE 
Lateral ilium, anterodosal to acetabulum; anterior to median 
vertical ridge of the ilium in Daspletosaurus 

Trochanteric shelf of femur 

Iliotrochantericus 
caudalis 

ITC Lateral preacetabular ilium Lesser trochanter 

Puboischiofemoralis 
internus 1 

PIFI1 
Iliac preacetabular fossa; also descending onto lateral surface of 
pubic peduncle in Daspletosaurus 

Anteromedial aspect of proximal femur 

Puboischiofemoralis 
internus 2 

PIFI2 
Near PIFI1 origin, probably anterior to it (iliac preacetabular 
fossa) 

Distal to lessor trochanter; on accessory trochanter in 
Daspletosaurus 

Flexor tibialis internus 
1 

FTI1 
Low tubercle on posterolateral ischial shaft in Daspletosaurus; 
distal end of ischium in Troodon 

Medial proximal tibia 

Flexor tibialis internus 
3 

FTI3 
Ischial tuberosity on posterolateral proximal ischium in 
Daspletosaurus; proximal ischial shcaft in Troodon 

Medial proximal tibia 

Flexor tibialis externus FTE Lateral postacetabular ilium Medial proximal tibia 

Adductor femoris 1 ADD1 Lateral surface of obturator process 
Medial posterodistal surface of femoral shaft; large scarred 
region in Daspletosaurus 

Adductor femoris 2 ADD2 Posterodorsal rim of ischium 
Lateral posterodistal surface of femoral shaft; large scarred 
region in Daspletosaurus 

Puboischiofemoralis 
externus 1 

PIFE1 Anterior surface of pubic apron Greater trochanter 

Puboischiofemoralis 
externus 2 

PIFE2 Posterior surface of pubix apron Greater trochanter 

Puboischiofemoralis 
externus 3 

PIFE3 Lateral ischium, between ADD1 and ADD2 Greater trochanter 

Ischiotrochantericus ISTR Medial surface of ischium Lateral proximal femur 

TABLE 8.2. The origins and insertions of each of the muscles and ligaments represented in the Daspletosaurus and Troodon musculoskeletal 
models. Specific differences between the two theropods are noted where appropriate. 
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Muscle or ligament Abbreviation Origin Insertion 

Caudofemoralis longus CFL 
Caudal vertebral centra, probably from caudal vertebrae 1–15 in 
Daspletosaurus, and caudal vertebrae 1–10 in Troodon 

Medial surface of fourth trochanter in Daspletosaurus, 
posteromedial surface of proximal femur in Troodon 

Caudofemoralis brevis CFB Brevis fossa of iliim 
Lateral surface of fourth trochanter  in Daspletosaurus, 
posterolateral surface of proximal femur in Troodon 

Gastrocnemius lateralis GL Posterolateral surface of distal femur Posterior surface of metatarsals II-IV 

Gastrocnemius medialis GM Medial proximal tibia Posterior surface of metatarsals II-IV 

Flexor digitorum 
longus 

FDL Posterior surface of distal femur Ventral aspect of digit II-IV phalanges 

Flexor digitorum brevis FDB Posterior surface of metatarsals II-IV Ventral aspect of digit II-IV phalanges 

Flexor hallucis longus FHL Posterior surface of femur Ventral aspect of digit I phalanges 

Extensor digitorum 
longus 

EDL 
Distal anterolateral femur; possibly also proximal anterior tibia 
in Daspletosaurus, and possibly also distal anterolateral femur 
in Troodon 

Dorsal aspect of digit II-IV phalanges 

Extensor digitorum 
brevis 

EDB Anterior surface of metatarsals Dorsal aspect of digit II-IV phalanges 

Extensor hallucis 
longus 

EHL Distal fibula Dorsal aspect of digit I ungual 

Tibialis anterior TA Anterior surface of proximal tibia Anteroproximal metatarsals II-IV 

Fibularis longus FL Anterolateral surface of tibia and/or fibula Posterolateral ankle region (e.g., metatarsal V) 

Fibularis brevis FB Distal to FL on fibula Anterolateral ankle region (e.g., metatarsal IV) 
Knee medial collateral 
ligament 

KMCL Depression on medial surface of medial femoral condyle 
Medial proximal tibiotarsus, proximal to FCLP and FCM 
insertions 

Knee lateral collateral 
ligament 

KLCL Lateral surface of lateral femoral condyle Lateral fibular head 

Ankle medial collateral 
ligament 

AMCL Depression on medial surface of astragalus Medial proximal tarsometatarsus 

Ankle lateral collateral 
ligament 

ALCL Depression on lateral surface of calcaneum Lateral proximal tarsometatarsus 

TABLE 8.2 (continued). 
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longus (FL) may possibly have sent off secondary tendons to attach more distally in the 

limb, as can occur in extant archosaurs (Carrano and Hutchinson, 2002; Hutchinson, 

2002). However, these secondary attachments were assumed to be of little importance 

for bone loading mechanics as far as the present study is concerned, and so were not 

modelled. A distal accessory tendon was considered to be absent from the 

caudofemoralis longus (CFL), as the fourth trochanter of both species lacks a distally 

directed process or is of small size (Hutchinson, 2001a; Carrano and Hutchinson, 2002). 

It is also possible that there may have been other flexor muscles of digits II–IV in both 

Daspletosaurus and Troodon, in addition to the flexores digitorum longus (FDL) et 

brevis (FDB), but currently it is too speculative to infer these (Carrano and Hutchinson, 

2002; Hutchinson, 2002). It was assumed in the present study that if any such digital 

flexor muscles were present in either species, they would have had a similar disposition 

to the FDL, and so their action could be represented by the FDL actuator. 

 

8.2.2.3 Definition of segment mass properties 

 

To estimate the mass properties of each limb segment in the Daspletosaurus 

musculoskeletal model, the segment soft tissue models of Allen et al. (2013) for 

Tyrannosaurus were scaled appropriately to fit the pelvic and limb elements of 

Daspletosaurus. This was accomplished in Rhinoceros. Likewise, the segment soft 

tissue models of Allen et al. (2013) for Velociraptor were scaled appropriately to fit the 

pelvic and limb elements of Troodon in the estimation of mass properties in its model. 

The application of the soft tissue models developed for other species to the species 

studied here is justified, due to close phylogenetic relationship and much similarity in 

the underlying skeletal structure between the species involved. Assuming a bulk density 

of 1000 kg/m3 for all body segments, the total mass of the right hindlimb in the 

Daspletosaurus model was calculated to be 342.7 kg, and that in the Troodon model 

was 5.65 kg.  

 

To completely define the musculoskeletal model, this also required the calculation of 

mass properties for the remainder of the body, that is, the pelvis segment of the models. 

Based on femoral mid-shaft circumferences, equation 7 of Campione et al. (2014) was 

used to estimate the total body mass for the two models. This resulted in a mass of 2757 

kg for the Daspletosaurus model and 48.5 kg for the Troodon model, and hence the 
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mass of the pelvis segment in the two models (including the mass of the left hindlimb) 

was 2414.3 kg and 42.85 kg, respectively. By unintended coincidence, in both models 

the mass of the right hindlimb constituted approximately 12% of total body weight, 

which therefore increased consistency between two models. For comparison, the mass 

of the hindlimb in the chicken model of Chapter 7 constituted approximately 10% of 

total body weight. Given the data reported by Allen et al. (2013), the combined centre of 

mass (COM) of the whole body, minus the right leg, in their ‘average’ model of 

Tyrannosaurus was 0.544 m anterior to the hip joint. The femur length of the specimen 

upon which their model was based is 1.265 m, as reported by Hutchinson et al. (2011). 

Scaling isometrically to the Daspletosaurus model, which has a femur length of 0.984 

m, the COM of the pelvis segment was set at 0.423 m anterior to the hip. Similarly, the 

combined COM of the whole body, minus the right leg, in the ‘average’ Velociraptor 

model of Allen et al. (2013) was 0.090 m anterior to the hip joint, and the femur length 

upon which their model was based is 0.163 m. Thus, scaling isometrically to the 

Troodon model, which has a femur length of 0.304 m, the COM of the pelvis segment 

was set at 0.168 m anterior to the hip. 

 

8.2.2.4 Muscle activity 

 

Not all of the 34 musculotendon actuators representing muscles were set to be active 

during the musculoskeletal simulations, in both Daspletosaurus and Troodon (Table 

8.3). The inactive muscles were set using the same criteria employed for the chicken 

model, and through comparison to published electromyography data for extant 

archosaurs (Jacobson and Hollyday, 1982; Gatesy, 1990, 1994, 1997; Roberts et al., 

1998; Gatesy, 1999b; Reilly and Blob, 2003; Marsh et al., 2004). One exception to this 

was the iliofemoralis externus (IFE), which in both birds and crocodilians is mostly 

active during the swing phase of locomotion. However, in the evolutionary scenario 

proposed by Hutchinson and Gatesy (2000), abductor muscles such as the IFE are 

expected to have been crucial to maintaining stance limb stability, if the femur was 

habitually held in the subvertical orientation hypothesized for most, if not all, non-avian 

theropods (Hutchinson and Allen, 2009). Moreover, the hypothesis of Hutchinson and 

Gatesy (2000) explains the stance phase inactivity of the IFE (or its homologues) in 

birds and crocodilians as a result of other hip muscles conferring stance limb support, 

namely, long-axis rotators in birds (iliotrochanterici) and adductors in crocodilians  
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TABLE 8.3. Hypothetical activities of the muscle actuators used in the Daspletosaurus 
and Troodon simulations. X = active (capable of exerting up to two body weights of 
force), O = inactive (exerts zero force). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(adductores femoris 1 et 2). Thus, to test the hypothesis of Hutchinson and Gatesy 

(2000), among others, the IFE was set as being active in both the Daspletosaurus and 

Troodon simulations. All active musculotendon actuators were assigned the same 

maximum force capacity, equal to two times body weight, that is, 54073.9 N for 

Daspletosaurus and 951.2 N for Troodon. 

Muscle Activity 

IT1 X 

IT2 X 

IT3 X 

AMB X 

FMTE X 

FMTI X 

ILFB X 

IFE X 

ITC X 

PIFI1 X 

PIFI2 X 

FTI1 X 

FTI3 X 

FTE X 

ADD1 X 

ADD2 X 

PIFE1 O 

PIFE2 O 

PIFE3 O 

ISTR X 

CFL X 

CFB X 

GL X 

GM X 

FDL X 

FDB X 

FHL X 

EDL O 

EDB O 

EHL O 

TA O 

FL O 

FB O 
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As in the chicken simulations of Chapter 7, a reserve actuator was applied to the 

metatarsophalangeal joint in the musculoskeletal simulations. The maximum output of 

this actuator in the Daspletosaurus and Troodon simulations was scaled from that set 

for the chicken, in proportion to the total body mass of each model: 1,767,308 Nm for 

Daspletosaurus and 31,090 Nm for Troodon. By providing ample control of the 

metatarsophalangeal joint, this helped reduce excessively high recruitment of the FDL 

and FDB. 

 

8.2.2.5 Initial posture 

 

A general mid-stance posture was used as an initial starting point, which was modified 

in subsequent modelling iterations, as per the process outlined in Chapter 7. This initial 

posture was based on general interpretations of tyrannosaurid and troodontid appearance 

in the literature (technical and popular). Additionally, the hip extension angle was 

initially set so that the knee joint was near the line of the vertical ground reaction force 

in the x-z plane, following previous interpretations of theropod hindlimb biomechanics 

(e.g., Hutchinson and Gatsey, 2006; Gatesy et al., 2009). 

 

8.2.3 Finite element modelling 

 

Finite element simulations of the Daspletosaurus and Troodon models were developed 

and solved in largely the same manner as the previously described chicken simulations 

(Chapter 7), using ANSYS 17.0 (Ansys, Inc., USA). Two minor differences were that 

(i) a graduated and finer mesh was used around the cleft of the lesser trochanter of the 

Daspletosaurus femur, to reduce stress artifacts, and (ii) connection between the 

tibiotarsus and fibula entities was modelled both proximally and distally. The latter 

difference reflects that fact that both tyrannosaurs and troodontids possessed a distinct 

furrow in the distal tibiotarsus for reception of the distal fibula, whereas in birds the 

distal fibula is greatly reduced. In the Daspletosaurus model, the total number of 

elements used across the various postures tested ranged from 961,023 to 975,544 in the 

femur simulation and from 985,071 to 1,005,550 in the tibiotarsus + fibula simulation. 

In the Troodon model, the total number of elements used across the various postures 

tested ranged from 668,033 to 684,547 in the femur simulation and from 583,228 to 

598,556 in the tibiotarsus + fibula simulation. 



 

289 
 

8.2.4 Varying hip articulation 

 

Following the identification of a ‘solution posture’ for the Daspletosaurus model, a 

brief exploratory exercise was undertaken to address the ambiguity surrounding the 

articulation of non-avian theropod hips. Unlike birds, non-avian theropods typically 

possessed a large incongruence in size between the femoral head and the acetabulum; 

for example, in the Daspletosaurus focal specimen studied, the diameter of the femoral 

head is about two-thirds that of the acetabulum (Figure 8.3). This has consequently 

created uncertainty in how the femur articulates with the acetabulum in these extinct 

species. It has been previously suggested that the main area of articulation on the femur 

occurred on the roughly cylindrical part of the femoral head, lateral to the apex of the 

head (Hotton, 1980; Hutchinson and Allen, 2009). However, cancellous bone 

architectural patterns observed in Allosaurus spp. and tyrannosaurids (Chapter 6) 

suggest that hip joint loads were transmitted through the femoral head mainly from the 

apex of the head, not from the more lateral parts. 

 

To examine the effect of different hip articulations in the Daspletosaurus model, this 

was varied to assess if any improvement in correspondence between principal stress 

trajectories and cancellous bone architecture was possible beyond that of the solution 

posture (Figure 8.3). Two such variations were made. Firstly, the femur was moved 50 

mm medially with respect to the acetabulum, so that a sizeable proportion of the 

cylindrical part of the femoral head was in close proximity to the acetabulum (Figure 

8.3C,D). The rest of the limb was also moved medially along with the femur, including 

the coordinate systems of distal joints and all musculotendon actuator origins, insertions 

and via points that were level with or distal to the hip. So as to maintain a similar 

mediolateral foot placement as the original solution posture, the amount of hip 

abduction-adduction was altered slightly. In the second variation, the femur and limb 

distal to it was again moved 50 mm medially with respect to the acetabulum, but the hip 

was also abducted by 14°, producing a net 10° abduction from the neutral posture 

(Figure 8.3E,F). This reflects the amount of hip abduction that has been supposed for 

tyrannosaurids in previous modelling studies (e.g., Hutchinson et al., 2005, 2007), on 

account of the inclined disposition of the femoral head relative to the long-axis of the 

femur. In order to bring the foot anywhere near the body midline, this abducted posture 

also necessitated a large 27° of external long-axis rotation of the hip. 
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FIGURE 8.3. Varying the articulation of the hip joint in the Daspletosaurus model. A, 
B, the original ‘solution posture’ identified for the Daspletosaurus model. C, D, the first 
variation in hip articulation, where the femur (and limb distal to it) is moved medially 
by 50 mm. E, F, the second variation in hip articulation, where the femur (and limb 
distal to it) is moved medially by 50 mm, also with a sizeable amount of hip abduction 
and external long-axis rotation. A, C and E are in oblique anterolateral view; B, D and 
F are in anterior view. Intervening soft tissues used in the finite element simulations are 
shown in turquoise; for clarity, the ilium and pubis are shown translucent in B, D and F. 
Also illustrated in B are the relative diameters of the femoral head (solid lines) and the 
acetabulum (dashed lines). 
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8.2.5 Cross-species patterns 

 

Once solution postures were identified for both the Daspletosaurus and Troodon 

models, a number of biomechanically relevant parameters were extracted. The same 

parameters were also extracted from the solution posture identified previously for the 

chicken model (Chapter 7). By way of comparison across the three species, these  

parameters would allow a quantitative assessment of the evolutionary-biomechanical 

hypotheses of Carrano (1998) and Hutchinson and Gatesy (2000). Three sets of 

parameters were extracted: 

1. Postural parameters, related to Question 1 posed in Section 8.1: the location of the 

whole-body COM as normalized by total leg length (sum of interarticular lengths of 

femur, tibiotarsus and tarsometatarsus), joint angles for the hip and knee, and the 

degree of crouch, both actual and predicted from empirical data reported in Chapter 

4. 

2. Bone loading parameters, related to Question 2 posed in Section 8.1: the 

orientation of principal stresses at the femoral mid-shaft, the ratio of maximum 

shear stress to bending stresses at the femoral mid-shaft, and the orientation of the 

neutral axis of bending at the femoral mid-shaft, relative to the mediolateral axis. 

3. Muscular support parameters, related to Question 3 posed in Section 8.1: the 

activation of muscles that are predominantly suited to conferring hip abduction (i.e., 

iliofemoralis externus), and the activation of muscles that are predominantly suited 

to conferring hip long-axis rotation (i.e., iliotrochantericus caudalis and 

puboischiofemorales internus 1 et 2 in non-avian theropods; iliotrochanterici 

caudalis et medialis in the chicken). 

To enable estimation of bone loading parameters at femoral mid-shaft, a local long-axis 

in the vicinity of the mid-point of the bone was determined. This was calculated by 

fitting a cylinder to the shaft in the immediate vicinity of the mid-point, calculated in 3-

matic; the long-axis of the cylinder defined the local long-axis of the bone, and the 

normal to this axis defined the plane of the mid-shaft cross-section. The orientation of 

principal stresses was defined as the orientation of the steepest inclined stress vector 

with respect to the local long-axis; this was calculated separately for both σ1 and σ3, and 

then the mean orientation was taken. In pure bending the orientation would be 0°, that 

is, parallel to the long-axis, and in pure torsion it would be 45° (Beer et al., 2012). 

Additionally, mid-shaft bending stresses were calculated as  
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2

minmax

bending

σσ
σ

+
= ,  (8.1) 

where σmax is the maximum (tensile) stress at mid-shaft and σmin is the minimum 

(compressive) stress at mid-shaft. This assumes that planar strain conditions were in 

place, which was revealed by inspection of normal stress contours to be approximately 

true (Biewener, 1992b). 

 

8.3 Results 

 

A total of five different postures for Daspletosaurus, and six postures for Troodon, were 

tested before no further correspondence between principal stress trajectories and 

cancellous bone architectural patterns was able to be achieved (Figure 8.4A,B). In the 

Daspletosaurus model, going from the worst to best postures tested, the angular 

deviation between the minimum compressive stress (σ3) and the mean direction of the 

primary fabric orientation (u1) in the femoral head decreased from 15.6° to 7.3°, a 53% 

reduction; likewise, the angular deviation between σ3 and u1 in the medial femoral 

condyle decreased from 11.7° to 2.8°, a 76% reduction. In the Troodon model, going 

from the worst to best postures tested, the angular deviation between σ3 and u1 in the  

femoral head decreased from 23.8° to 3.9°, an 84% reduction; likewise, the angular 

deviation between σ3 and u1 in the medial femoral condyle decreased from 28.3° to 

24.2°, a 14% reduction. The final solution postures for both species are illustrated in 

 

 

 

FIGURE 8.4 (next page). The identified solution postures for Daspletosaurus and 
Troodon. A, B, progressive decrease in the angular deviation between the minimum 
principal stress (σ3) and the mean direction of the primary fabric orientation (u1) in the 
femoral head (filled circles) and medial femoral condyle (open circles) for each posture 
tested, for Daspletosaurus (A) and Troodon (B). This shows the progressive imcrease in 
alignment between stresses and cancellous bone architecture across the postures tested. 
C–E, the solution posture for Daspletosaurus in lateral (C), dorsal (D) and anterior (E) 
views. F–H, the solution posture for Troodon in lateral (F), dorsal (G) and anterior (H) 
views. Also illustrated in C and F are stick figure representations of the other postures 
tested, and the whole-body COM of the solution posture. The solution postures resulted 
in the greatest degree of overall correspondence between principal stress trajectories and 
observed cancellous bone architectural patterns, as assessed by qualitative comparisons 
across the femur, tibiotarsus and fibula, as well as quantitative results for the femoral 
head and medial femoral condyle. 
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Figure 8.4C–H. As with the results for the chicken model (Chapter 7), only minimal 

correspondence between principal stress trajectories and cancellous bone architecture 

was able to be achieved in the distal tibiotarsus of either species. Little correspondence 

was also able to be achieved in the fibular crest of the Daspletosaurus model. Thus, the 

remainder of this section will focus on the more proximal parts of the hindlimb. 

 

8.3.1 Daspletosaurus results 

 

In the solution posture, the principal stress trajectories in the femur showed a high 

degree of correspondence with the observed cancellous bone architecture throughout the 

bone (Figures 8.4A, 8.5, 8.6). Strong correspondence between σ3 (compressive) and 

cancellous bone architecture occurred in the femoral head and both medial and lateral 

femoral condyles. This correspondence included that between the mean direction of σ3 

and u1 (Figures 8.5G, 8.6I). Correspondence between the maximum principal stress (σ1, 

tensile) and cancellous bone architecture occurred in the distal half of the fourth 

trochanter. Additionally, three instances of a double-arcuate pattern occurred, formed by 

σ1 and σ3, largely in the coronal plane. These correlate to three similar such patterns 

observed in the cancellous bone architecture of tyrannosaurids: in the femoral head and  

 

 

FIGURE 8.5 (next page). Principal stress trajectories for the proximal femur in the 
solution posture of Daspletosaurus. For easier visual comparison, these stress 
trajectories were ‘downsampled’ in a custom MATLAB script, by interpolating the raw 
stress results at each finite element node to a regular grid. A, vector field of σ1 (red) and 
σ3 (blue) in a 3-D slice through the proximal femur, parallel to the coronal plane and 
through the middle of the femoral head, in anterior view. Note how the trajectory of σ3 
projects towards the apex of the femoral head (green braces). B, geometric 
representation of cancellous bone architecture in the proximal femur of Allosaurus spp. 
and tyrannosaurids (cf. Chapter 6), in the same view as A. C, vector field of σ1 and σ3 in 
a 3-D slice through the lesser trochanter, parallel to the plane of the trochanter, in 
anterolateral view. D, geometric representation of cancellous bone architecture in the 
lesser trochanter of Allosaurus spp. and tyrannosaurids (cf. Chapter 6), in the same view 
as C. E, vector field of σ3 in the femoral head, shown as a 3-D slice parallel to the 
sagittal plane and through the apex of the head, in medial view. F, geometric 
representation of cancellous bone architecture in the femoral head of Allosaurus spp. 
and tyrannosaurids (cf. Chapter 6), in the same view as E. G, comparison of the mean 
direction of σ3 in the femoral head (green) and the estimated mean direction of u1 for 
Allosaurus spp. and tyrannosaurids (red), plotted on an equal-angle stereoplot with 
northern hemisphere projection (using StereoNet 9.5; Allmendinger et al., 2013; 
Cardozo and Allmendinger, 2013). Inset shows location of region for which the mean 
direction of σ3 was calculated. 
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proximal metaphysis, in the lesser trochanter, and in the anterior and posterior parts of 

the distal femur proximal to the condyles. The double-arcuate patterns of σ1 and σ3 

sometimes also occurred in the results for other postures tested, but they were often less 

developed compared to the solution posture. 

 

Strong correspondence between principal stress trajectories and cancellous bone 

architecture also occurred in the proximal tibia and fibula (Figure 8.7). In the cnemial 

crest of the tibia, the trajectory of σ1 largely paralleled the margins of the crest, as 

observed for cancellous bone fabric. The trajectory of σ3 corresponded closely with the 

observed architectural patterns of both the medial and lateral condyles, including a more 

lateral inclination in the lateral condyle. Good correspondence between σ3 and 

cancellous bone architectural patterns was also observed in the fibular head, particularly 

for in the medial aspect of the bone (Figure 8.7K,L). 

 

 

 

 

 

 

 

FIGURE 8.6 (next page). Principal stress trajectories for the distal femur and fourth 
trochanter in the solution posture of Daspletosaurus. A, vector field of σ1 (red) and σ3 
(blue) in a 3-D slice, parallel to the coronal plane and through the anterior aspect of the 
distal metaphysis, in anterior view. B, geometric representation of cancellous bone 
architecture in the distal metaphysis of Allosaurus spp. and tyrannosaurids (cf. Chapter 
6), in the same view as A. C, vector field of σ1 in the fourth trochanter, in medial view. 
D, geometric representation of cancellous bone architecture in the fourth trochanter of 
Allosaurus spp. and tyrannosaurids (cf. Chapter 6), in the same view as C. E, vector 
field of σ3 in the lateral condyle, shown as a 3-D slice parallel to the sagittal plane and 
through the middle of the condyle. F, geometric representation of cancellous bone 
architecture in the lateral condyle of Allosaurus spp. and tyrannosaurids (cf. Chapter 6), 
in the same view as E. G, vector field of σ3 in the medial condyle, shown as a 3-D slice 
parallel to the sagittal plane and through the middle of the condyle. H, geometric 
representation of cancellous bone architecture in the medial condyle of Allosaurus spp. 
and tyrannosaurids (cf. Chapter 6), in the same view as G. I, comparison of the mean 
direction of σ3 in the medial condyle (green) and the estimated mean direction of u1 for 
Allosaurus spp. and tyrannosaurids (red), plotted on an equal-angle stereoplot with 
southern hemisphere projection (using StereoNet 9.5; Allmendinger et al., 2013; 
Cardozo and Allmendinger, 2013). Inset shows location of region for which the mean 
direction of σ3 was calculated. 
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8.3.2 Troodon results 

 

As with the Daspletosaurus model, in the solution posture identified for Troodon, the 

principal stress trajectories in the femur generally showed strong correspondence to the 

observed cancellous bone architecture (Figures 8.4B, 8.8, 8.9). Correspondence with σ3 

occurred in the femoral head, under the greater trochanter and in both medial and lateral 

condyles; correspondence with σ1 occurred in the lesser trochanter. The mean direction 

of σ3 in the femoral head showed strong correspondence to the mean direction of u1 

(Figure 8.8E). Fair correspondence between σ3 and u1 also occurred in the medial 

femoral condyle, although the direction of σ3 was notably more posteriorly inclined than 

the mean direction of u1 (Figure 8.9E), as occurred in the chicken model of Chapter 7. 

Unlike the results for the Daspletosaurus model, no double-arcuate pattern of σ1 and σ3 

was present in Troodon; instead, their trajectories tended to spiral about the bone’s long 

axis, much like the stress results for the chicken model of Chapter 7. 

 

 

 

 

FIGURE 8.7 (previous page). Principal stress trajectories for the tibia and fibula in the 
solution posture for Daspletosaurus. A, vector field of σ3 in the medial tibial condyle, 
shown as a 3-D slice through the middle of the condyle and parallel to the sagittal plane, 
in medial view. B, geometric representation of cancellous bone architecture in the 
medial tibial condyle of Allosaurus spp. and tyrannosaurids (cf. Chapter 6), in the same 
view as A. C, vector field of σ3 in the medial and lateral tibial condyles, shown as 3-D 
slices through the middle of the condyles and parallel to the coronal plane, in posterior 
view. D, geometric representation of cancellous bone architecture in the medial and 
lateral tibial condyles of Allosaurus spp. and tyrannosaurids (cf. Chapter 6), in the same 
view as C. E, vector field of σ3 in the lateral tibial condyle, shown as a 3-D slice 
through the middle of the condyle and parallel to the sagittal plane, in lateral view. F, 
geometric representation of cancellous bone architecture in the lateral tibial condyle of 
Allosaurus spp. and tyrannosaurids (cf. Chapter 6), in the same view as E. G, vector 
field of σ1 in the cnemial crest, shown as a 3-D slice parallel to the coronal plane, in 
anterior view. H, geometric representation of cancellous bone architecture in cnemial 
crest of Allosaurus spp. and tyrannosaurids (cf. Chapter 6), sectioned in the plane of the 
crest, shown in the same view as G; blue section lines illustrate primary architectural 
direction. I, vector field of σ1 in the cnemial crest, shown as a 3-D slice parallel to the 
sagittal plane, in medial view. J, geometric representation of cancellous bone 
architecture in cnemial crest of Allosaurus spp. and tyrannosaurids (cf. Chapter 6), 
sectioned in the plane of the crest, shown in the same view as I. K, vector field of σ3 in 
the medial aspect of the fibular head, in medial view. L, geometric representation of 
cancellous bone architecture in the fibular head of Allosaurus spp. and tyrannosaurids 
(cf. Chapter 6), in the same view as K. 
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FIGURE 8.8 (previous page). Principal stress trajectories for the proximal femur in the 
solution posture of Troodon. A, B, vector field of σ3 in the femoral head, shown as 3-D 
slices parallel to the coronal plane (A, in anterior view) and sagittal plane (B, in medial 
view). C, D, vector field of u1 in the femoral head, in the same views as A and B, 
respectively (cf. Chapter 6). E, comparison of the mean direction of σ3 in the femoral 
head (green) and the mean direction of u1 (red), plotted on an equal-angle stereoplot 
with northern hemisphere projection. Inset shows location of region for which the mean 
direction of σ3 was calculated. F, G, vector field of σ3 under the greater trochanter, 
shown as 3-D slices parallel to the coronal plane (F, in posterior view) and sagittal plane 
(G, in lateral view). H, I, vector field of u1 under the greater trochanter, shown in the 
same views as F and G, respectively (cf. Chapter 6). J, vector field of σ1 in the lesser 
trochanter, shown in oblique anterolateral view. K, vector field of u1 in the lesser 
trochanter, shown in the same view as J for both specimens studied (cf. Chapter 6). 

FIGURE 8.9. Principal stress trajectories for the distal femoral condyles in the solution 
posture of Troodon. A, vector field of σ3 in the lateral condyle, shown as a 3-D slice 
parallel to the sagittal plane. B, vector field of u1 in the lateral condyle, shown in the 
same view as A (cf. Chapter 6). C, vector field of σ3 in the medial condyle, shown as a 
3-D slice parallel to the sagittal plane. D, vector field of u1 in the medial condyle,
shown in the same view as C (cf. Chapter 6). E, comparison of the mean direction of σ3

in the medial condyle (green) and the mean direction of u1 (red), plotted on an equal-
angle stereoplot with southern hemisphere projection. Inset shows location of region for
which the mean direction of σ3 was calculated.
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Good correspondence between principal stress trajectories and cancellous bone 

architecture also occurred in the proximal tibia and fibula (Figure 8.10). In the medial 

and lateral condyles, σ3 corresponded closely with observed architectural patterns, 

possessing a gentle posterior inclination, with a slight lateral inclination under the 

lateral condyle. In the cnemial crest, the trajectory of σ1 largely paralleled the margins 

of the distal part of the crest. In the fibular head, the principal stress trajectories showed 

good overall correspondence to the observed architectural patterns (Figure 8.10K–M). 

Greater correspondence occurred laterally with σ1, but some correspondence was also 

present in the medial side with σ3. 

 

8.3.3 Hip articulation results 

 

In both variations in hip articulation tested for the Daspletosaurus model, the resulting 

principal stress trajectories of the proximal femur showed poorer correspondence with 

observed cancellous bone architecture than that achieved with the initial solution 

posture (Figure 8.11). In particular, σ3, was broadly directed towards the more 

cylindrical part of the femoral head, lateral to the apex, rather than towards the apex 

itself. Additionally, the anterior inclination of σ3 in the femoral head was greater in both 

variations than that in the originally identified solution posture, and was markedly 

greater than the anterior inclination of the mean direction of u1.  

 

 

FIGURE 8.10 (next page). Principal stress trajectories for the tibia and fibula in the 
solution posture for Troodon. A, vector field of σ3 in the medial tibial condyle, shown as 
a 3-D slice through the middle of the condyle and parallel to the sagittal plane, in medial 
view. B, vector field of u1 in the medial tibial condyle, in the same view as A (cf. 
Chapter 6). C, vector field of σ3 in the medial and lateral tibial condyles, shown as 3-D 
slices through the middle of the condyles and parallel to the coronal plane, in posterior 
view. D, vector field of u1 in the medial and lateral tibial condyles, in the same view as 
C (cf. Chapter 6). E, vector field of σ3 in the lateral tibial condyle, shown as a 3-D slice 
through the middle of the condyle and parallel to the sagittal plane, in lateral view. F, 
vector field of u1 in the lateral tibial condyle, in the same view as E (cf. Chapter 6). G, 
vector field of σ1 in the cnemial crest, shown as a 3-D slice parallel to the coronal plane, 
in anterior view. H, vector field of u1 in the cnemial crest, in the same view as G (cf. 
Chapter 6). I, vector field of σ1 in the cnemial crest, shown as a 3-D slice parallel to the 
sagittal plane, in medial view. J, vector field of u1 in the cnemial crest, in the same view 
as I (cf. Chapter 6). K, vector field of σ1 in the lateral fibular head, in lateral view. L, 
vector field of σ3 in the medial fibular head, in medial view (reversed). M, vector field 
of u1 in the fibular head, in the same view as K (cf. Chapter 6). 
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FIGURE 8.11. Principal stress trajectories for the proximal femur of Daspletosaurus in 
the two variations in hip articulation tested. A, vector field of σ3 in the first variation 
tested, shown as a 3-D slice parallel to the coronal plane and through the middle of the 
femoral head. B, vector field of σ3 in the first variation tested, shown as a 3-D slice 
parallel to the sagittal plane and through the apex of the femoral head. C, vector field of 
σ3 in the second variation tested, shown as a 3-D slice parallel to the coronal plane and 
through the middle of the femoral head. D, vector field of σ3 in the second variation 
tested, shown as a 3-D slice parallel to the sagittal plane and through the apex of the 
femoral head. A and C are in anterior view, B and D are in medial view. Note in 
particular how the trajectory of σ3 projects towards the more cylindrical part of the 
femoral head, lateral to the apex (green braces); compare to Figure 8.5A,B,E,F. Also 
note in C how σ3 has a strong medial component near the apex of the head. 
 

 

8.3.4 Cross-species comparisons of biomechanical parameters 

 

In terms of posture, hip extension, hip adduction-abduction, hip long-axis rotation and 

knee flexion angles all changed in a gradual fashion progressing from Daspletosaurus to 

Troodon to the chicken (Figure 8.12). The same pattern also occurred for the anterior 

location of the whole-body centre of mass and the degree of crouch. Furthermore, the  
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degree of crouch of the solution postures matched closely with empirical predictions 

based on total leg length (Figure 8.12B). In terms of bone loading, all parameters also 

changed in a gradual fashion progressing from Daspletosaurus to the chicken. Thus, in 

Daspletosaurus, the femur was loaded predominantly in mediolateral bending, whereas 

in the chicken the femur was loaded predominantly in torsion, with bending 

predominantly of an anteroposterior nature. In Troodon, torsion was more prominent 

compared to Daspletosaurus, but bending still remained the dominant loading regime 

(Figure 8.12F). As with the other parameters, muscular support parameters also changed 

gradually progressing from Daspletosaurus to the chicken Figure 8.12G). In 

Daspletosaurus, hip abductor activation was relatively high and hip medial rotator 

activation was relatively low, whereas the situation was reversed in the chicken. 

 

8.4 Discussion 

 

Having previously demonstrated the validity and potential utility of the ‘reverse’ 

application of the trajectorial theory (Chapter 7), the aim of the present study was to 

apply this approach to two extinct, non-avian theropods, Daspletosaurus torosus and 

Troodon formosus, to gain new insight into their hindlimb locomotor biomechanics. In 

 

 

 

FIGURE 8.12 (previous page). Comparison of parameters related to posture, bone 
loading mechanics and muscular support, extracted from the solution postures of the 
three species modelled: Daspletosaurus (D), Troodon (T) and the chicken (C). A, 
whole-body centre of mass location anterior to the hips, normalized to total leg length. 
B, degree of crouch for each species, both as measured from the solution posture, as 
well as empirically predicted from the data reported in Chapter 4. C, angles of the hip 
and knee joints. The hip extension angle is expressed relative to the horizontal, whereas 
the knee flexion angle is expressed relative to the femur. D, long-axis rotation and 
adduction-abduction of the hip joint. Positive values indicate external rotation and 
abduction (respectively), whereas negative values indicate internal rotation and 
adduction (respectively). E, orientation of the neutral axis of bending and the orientation 
of principal stresses (σ1 and σ3) relative to the femur long-axis, both measured at mid-
shaft. F, ratio of maximum shear to bending stress in the femoral mid-shaft. G, 
activation of hip abductor and medial rotator muscles. The hip abductor for all species is 
the iliofemoralis externus (activation set to zero in the chicken; see Chapter 7). In 
Daspletosaurus and Troodon, the medial rotators are the iliotrochantericus caudalis and 
puboischiofemorales internus 1 et 2; in the chicken, they are the iliotrochanterici 
caudalis et medius. H, Oblique anterolateral view of the hip of Daspletosaurus, showing 
the abductor and medial rotator muscles (colour codes as in G). 
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addition to deriving a ‘characteristic posture’ for both species, quantitative results were 

produced that have bearing on various questions concerning theropod locomotor 

biomechanics and its evolution, posed in Section 8.1. In particular, the evolutionary-

biomechanical hypotheses of Carrano (1998) and Hutchinson and Gatesy (2000) were 

able to be quantitatively tested for the first time. 

 

8.4.1 Postures 

 

In the ‘characteristic posture’ identified for both species, there was generally a strong 

alignment between calculated principal stress trajectories and observed patterns in 

cancellous bone architecture, across the femur, proximal tibia and proximal fibula. It is 

important to note that this was not the posture used by these extinct species at any 

particular point in the stance phase; rather, the posture identified here is a time- and 

load-averaged characterization of the kinds of postures experienced on a daily basis. 

Nevertheless, since the posture previously identified for the chicken corresponds well to 

the posture of the avian hindlimb at around mid-stance in terrestrial locomotion 

(Chapter 7), the postures derived for Daspletosaurus and Troodon are inferred to reflect 

the postures of these species at around the mid-stance of normal locomotion. Thus, 

Daspletosaurus is inferred to have stood and moved with a largely erect posture with a 

subvertical femoral orientation, whilst that of Troodon is inferred to have been more 

crouched, although not to the degree observed in modern birds. It is worth noting that 

the femoral orientation of the Daspletosaurus posture, in terms of the degree of hip 

extension, is very similar to that hypothesized for other large, basal tetanuran species by 

previous workers such as Tyrannosaurus (Hutchinson, 2004b; Hutchinson et al., 2005; 

Gatesy et al., 2009), Allosaurus and Acrocanthosaurus (Bates et al., 2012). The 

inferences drawn in those studies were based on the posture that achieved a maximal 

total moment arm of the hip extensor muscles (Hutchinson et al., 2005; Bates et al., 

2012) or which allowed for high locomotor forces to be sustained (Hutchinson, 2004b; 

Gatesy et al., 2009). 

 

8.4.2 Patterns across species 

 

A second major objective of the current study was to test evolutionary-biomechanical 

hypotheses concerning posture, bone loading mechanics and muscular control strategies 
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in theropods. In doing so, insight would be gained as to how such aspects of theropod 

locomotion may have evolved on the line to birds. The results for the three theropod 

species modelled demonstrate that, progressing through theropod phylogeny towards 

more derived species, the following trends occurred: 

1. The whole-body centre of mass (COM) moved anteriorly; this was to be expected, 

given that model mass properties were largely derived from the models of Allen et 

al. (2013), which showed the same pattern. 

2. Hindlimb posture became more crouched, at least as far as the hip and knee joints 

are concerned. 

3. Torsion became more prevalent than bending as the dominant loading regime of the 

femur. 

4. The direction of bending of the femur changed from being predominantly 

mediolateral to being predominantly anteroposterior. 

5. Hip abduction became overtaken by hip long-axis rotation as the main muscular 

control mechanism of stance-limb support. 

Each of these changes occurred in a continuous or step-wise fashion across the three 

theropods modelled: for a given parameter, the value for Troodon was intermediate 

between that for Daspletosaurus and that for the chicken. This suggests that hindlimb 

posture, bone loading mechanics and muscular support strategies were tightly associated 

with each other, and that these features changed gradually on the line to birds, 

supporting the hypotheses of Carrano (1998) and Hutchinson and Gatesy (2000). Future 

development of models for other non-avian theropod species will help further test this 

interpretation. 

 

The results of this study may also have more general implications for understanding 

locomotor biomechanics in tetrapod species that employ a largely parasagittal stance 

and gait. Previous in vivo strain gauge studies of parasagittal mammals that use a more 

crouched femoral posture have shown that the femur experiences a sizeable amount of 

torsional loading, in addition to bending (Keller and Spengler, 1989; Butcher et al., 

2011). Additionally, unpublished finite element simulations of sit-to-stand and stand-to-

sit behaviour in humans, behaviours that require limb support during crouched femoral 

orientations, have revealed a marked increase in torsional loading of the femur 

compared to normal locomotion (A.T.M. Phillips and C.C. Villette, pers. comm., 

19.1.16). In concert with the results of this study, these observations suggest that there 
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is a continuum in musculoskeletal mechanics spanning from crouched to erect postures, 

of which birds and humans are ‘end members’. In erect postures, hip abduction is the 

dominant mode of limb support, which results in bending being the dominant mode of 

loading of the femur. However, as the femur becomes more crouched, the efficacy of 

hip abduction in providing limb support decreases, whilst that of hip long-axis rotation 

increases; this in turn loads the femur in a greater degree of torsion (see also Butcher et 

al., 2011).  

 

8.4.3 Articulation of the non-avian theropod hip joint 

 

The results of the exploratory analysis of hip articulations in the Daspletosaurus model 

supported the inference made in Chapter 6: in non-avian theropods such as Allosaurus 

and tyrannosaurids, the articulation of the femur with the acetabulum was centred about 

the apex of the femoral head. Other articulations, involving greater contribution from 

the cylindrical part of the femoral head lateral to the apex, did not result in as strong 

correlations between principal stresses and cancellous bone architecture. This result is 

consonant with anatomical considerations of the non-avian theropod pelvis and sacrum. 

Specifically, a more lateral articulation of the femur with the acetabulum places the 

femoral head more medially with respect to the pelvis, which could bring it into contact 

with the centra of the sacral vertebrae (e.g., Osborn, 1917; Gilmore, 1920). 

 

Combined with the results of the exploratory analysis, the solution posture identified for 

the Daspletosaurus model can also resolve the question of how theropods with 

proximomedially inclined femoral heads, such as tyrannosaurids and 

carcharodontosaurids, kept their feet positioned close to the body midline, as indicated 

by fossil trackways (e.g., McCrea et al., 2014). Previously, working on the assumption 

that the cylindrical part of the femoral head articulated with the acetabulum, researchers 

had found that the femur inevitably becomes markedly abducted from the body midline. 

Without further speculation about joint articulations or the nature of the intervening soft 

tissues (e.g., cartilage, menisci) more distally in the limb, this leads to an unnaturally 

wide foot placement (e.g., Hutchinson et al., 2005, 2007; Bates et al., 2012). Indeed, in 

the second variation of hip articulation tested for the Daspletosaurus model, 

mediolateral step width was almost 47% of hip height, more than three times the typical 

step width observed in theropods (Chapter 3). With the hip articulation occurring at the 
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apex of the femoral head, however, this allows for significant joint movement in other 

directions besides abduction-adduction. In particular, the solution posture identified for 

the Daspletosaurus model had a modest amount of external long-axis rotation, but little 

abduction of the femur; in fact, the femur was adducted slightly. Moreover, the 

asymmetry of the distal femoral condyles leads to a gently skewed orientation of the 

knee flexion-extension axis in the coronal plane, such that the distal crus is angled in 

towards the body midline (see Chapter 7 and Figures 8.1E and 8.2E). The combination 

of these features allows the pes to be positioned close to the midline, yet the upper limb 

be kept clear of the pelvis, without the need for special assumptions about the nature of 

soft tissues in the knee or more distal joints. 

 

8.4.4 Methodological considerations 

 

A number of methodological considerations should be borne in mind when interpreting 

the results of the present study. None are of any major importance for the main 

interpretations made here, but they do highlight areas where future research efforts 

could be focused, potentially yielding further insight into theropod hindlimb 

biomechanics. 

 

8.4.4.1 Correspondence in the distal tibiotarsus 

 

It is worth re-iterating the point that little correspondence was able to be achieved 

between principal stresses and cancellous bone architecture in the distal parts of the 

tibiotarsus or fibula, in any posture tested for all three theropod species modelled. 

Additionally, the architectural patterns observed in the fibular crest of tyrannosaurids 

could not be replicated in the Daspletosaurus model. As discussed in Chapter 7, this 

could reflect an inadequate modelling formulation, adaptation of these parts of the 

bones to many varied loading regimes, or a combination of both (or other) factors. 

Despite this, the architecture of cancellous bone in the distal tibiotarsus of theropods 

shows some strikingly different patterns; from a phenomenological perspective at least, 

this is indicative of marked differences in bone loading regimes, and by extension 

locomotor behaviour. It is therefore worthy of future modelling effort to establish a 

more mechanistic link between cancellous bone architecture and musculoskeletal 

loading mechanics in this part of the hindlimb. 
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8.4.4.2 Pelvic orientation 

 

One aspect of theropod posture that was not investigated in this study was the 

orientation of the pelvis. In all simulations, the pelvis of the three theropod species 

modelled was oriented similarly, with the sacral vertebrate oriented approximately 

horizontally and parallel to the global coordinate system. However, it is known that 

modern birds can employ significant amounts of pitch, roll or yaw during locomotion 

(Gatesy, 1999a; Rubenson et al., 2007; Abourachid et al., 2011). If the pelvis underwent 

side-to-side rolling during locomotion in non-avian theropods, even by a small amount, 

this may have served to clear the pubis further out of the way of the thigh of the stance 

leg. The effect of this would have been most obvious in species with well-developed 

pubic boots, such as large tyrannosaurids and carnosaurs. 

 

8.4.4.3 Stresses in the medial femoral condyle 

 

As noted in the results of this study, as well as those of Chapter 7, the mean direction of 

the minimum principal stress (σ3) in the medial femoral condyle was notably more 

posteriorly inclined than the mean direction of the primary fabric orientation of 

cancellous bone (u1), in both the chicken and Troodon models. This was the case 

regardless of the posture tested. The cause for this discrepancy is probably twofold. 

Firstly, taking the mean direction of u1 in the medial condyle will average out the ‘fan’ 

of individual fabric vectors (see Chapter 6) that is ubiquitous in theropods. Thus, there 

will be some parts of the condyle for which a greater correspondence between fabric 

direction and the calculated principal stresses will indeed occur, namely, where the 

fabric vectors are more posteriorly inclined than the overall orientation.  

 

Secondly, it is quite possible that the individual u1 vectors throughout the medial 

condyle may also ‘reflect’ the maximum principal stress (σ1) in addition to σ3, and so do 

not fully align with the calculated directions of either one. Given the predominantly 

hinge-like nature inferred for the theropod knee, the main loading regimes expected in 

the femoral condyles would be expected be anteroposteriorly oriented, as also suggested 

by the ‘butterfly pattern’ of the secondary fabric direction in the condyles (see Chapter 

6). Hence, both σ1 and σ3 could be expected to be largely constrained to a parasagittal 

orientation, which could influence the direction of u1 throughout the medial condyle. 
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8.5 Conclusion 

 

By applying the trajectorial theory in reverse, this chapter sought to identify a single, 

characteristic posture for two species of extinct, non-avian theropod that can explain a 

considerable amount of the architecture of cancellous bone observed in the hindlimb 

bones of these species. The postures derived for Daspletosaurus torosus and Troodon 

formosus are inferred to reflect the postures used at around mid-stance during normal 

terrestrial locomotion. The largely erect posture identified for Daspletosaurus is 

comparable to the postures previously hypothesized for other large, basal tetanuran 

species of non-avian theropod. The posture identified for Troodon is more crouched 

than that of Daspletosaurus, especially in regard to femoral orientation, but not to the 

degree observed in extant birds. The results of this study have also clarified the manner 

of articulation of the non-avian theropod hip joint, and have provided a solution to how 

non-avian theropods with proximomedially inclined femoral heads maintained narrow 

mediolateral foot placements. 

 

In addition to improving understanding of posture in non-avian theropods, this study is 

the first time that the evolutionary-biomechanical hypotheses of Carrano (1998) and 

Hutchinson and Gatesy (2000) have been explicitly and quantitatively tested. By using a 

previously underexplored line of evidence, cancellous bone architecture, the results of 

this study have supported these hypotheses, which concern the evolution of hindlimb 

locomotor biomechanics in theropods on the line to birds. Progressing from basal 

tetanurans and coelurosaurs through to extant birds, a number of important changes 

occurred in concert with one another, involving whole-body COM position, hindlimb 

posture, bone loading mechanics and muscular control strategies. These changes are 

also inferred to have taken place in a gradual or step-wise fashion, adding to the 

growing body of evidence suggesting that the unique locomotor repertoire of modern 

birds was acquired gradually over a long period of time.  

 

The integrative biomechanical modelling approach developed in Chapter 7 has revealed 

much new insight into non-avian theropod hindlimb locomotor biomechanics, as well as 

how this evolved along the line to modern birds. The generality of the approach means 

that it could be useful for understanding locomotor behaviour, and its evolution, in other 

extinct vertebrate groups as well. Examples of future research that could apply the 
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approach include: forelimb posture and use in quadrupedal dinosaurs, such as 

ceratopsians (Johnson and Ostrom, 1995; Fujiwara & Hutchinson, 2012); the evolution 

of powered flight in birds, bats and pterosaurs (Thewissen and Babcock, 1992; Unwin, 

2005; Bishop, 2008; Heers and Dial, 2012); the evolution of posture in synapsids on the 

line to mammals (Blob, 2001); and the evolution of terrestrial locomotor capabilities in 

stem tetrapods (Clack, 2012; Pierce et al., 2013). It may also prove to be of use for 

questions of biomechanics not related to locomotion, such as the posture of sauropod 

dinosaur necks (Stevens and Parrish, 2005; Taylor et al., 2009). 
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Chapter 9 

General discussion
 

 

9.1 Summary of findings 

 

This thesis aimed to investigate the biomechanics of terrestrial locomotion in both 

extinct and extant theropod dinosaurs, as well as how this evolved throughout the course 

of their 230 million year history. By integrating the most comprehensive and diverse 

body of evidence accumulated to date with new and innovative approaches to 

quantitative analysis and simulation, it has resulted in a much improved and more 

rigorously founded understanding of this topic. An equally important outcome of this 

thesis is that it has demonstrated that a previously neglected line of evidence, cancellous 

bone architecture, has great potential utility in addressing questions of locomotor 

biomechanics, as well as forming an independent test of hypotheses derived from other 

sources of data. 

 

In Chapter 3, the most direct evidence of locomotion in extinct theropods, fossil 

footprints and trackways, was studied in a new light. By comparing the mediolateral 

distance between successive footfalls (step width) of a series of non-avian theropod 

trackways to similar measurements obtained for modern birds and humans, it was found 

that in all three groups, step width tended to decrease with increasing speed. 

Mediolateral limb movements are hence an important aspect of locomotion in all bipeds 

studied, and the results from this study were drawn upon in the modelling undertaken in 

Chapters 7 and 8. Whilst step width decreased markedly and abruptly with humans, the 

decrease in theropods (both extinct and extant) was gradual. In modern bipeds this 

reflects whether a discontinuous (humans) or continuous (birds) gait is used, the latter 

incorporating grounded running at intermediate speeds. Thus, the non-avian theropod 

trackmakers responsible for the footprints studied are inferred to also have had a more 

continuous locomotor repertoire, possibly also including grounded running. The great 

antiquity of the footprints (approximately 211 million years old) suggests that a 

continuous locomotor repertoire may have been present in most non-avian theropods, 

indicating that some of the unique aspects of terrestrial locomotion in modern birds had 

begun evolving well before the origin of birds, by at least 50 million years. 
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In Chapter 4, a number of fundamental kinematic and kinetic aspects of avian terrestrial 

locomotion were investigated across a range of species of varied body sizes, moving 

across a wide range of speeds. In turn, a series of predictive equations that relate body 

size and speed to these kinematic and kinetic variables was developed, which can also 

be applied to extinct theropods. Predictive equations were also developed for relating 

morphometric variables to one another; for example, given the total leg length of a 

particular extinct theropod, standing hip height can be estimated. Comparison of the 

data collected for birds with similar data collected for humans has reiterated the fact that 

birds have a highly continuous terrestrial locomotor repertoire, in terms of both 

kinematic and kinetic variables. In addition to body size, the results of this study also 

demonstrated that the location of the whole-body centre of mass (COM) exerts an 

important influence on locomotor biomechanics in bipeds. In particular, temporal 

asymmetry in both the vertical and anteroposterior components of the ground reaction 

force (GRF) is markedly greater in birds compared to humans. 

 

In Chapter 5, the potential effect of taphonomic cracks on the quantitative analysis of 

cancellous bone architecture in fossil and archaeological specimens was investigated. 

By simulating the presence of cracks in otherwise undamaged specimens of modern 

cancellous bone, it was found that cracks can indeed pose a significant problem to 

quantitative analysis, although the influence on results decreases as the relative size of 

the crack decreases. Nevertheless, even in samples where the size of the crack relative 

to the size of the volume of bone analysed is quite small, the potential for error was still 

considerable. Cracks were hence actively identified and avoided in the analyses of 

cancellous bone architecture undertaken in Chapter 6. 

 

In Chapter 6, the three-dimensional (3-D) architecture of cancellous bone was 

investigated in the main hindlimb bones of a variety of extinct, non-avian theropods and 

modern birds, as well as modern reptiles and humans. Through computed tomographic 

(CT) scanning and a combination of quantitative and qualitative 3-D analyses across 

entire bones, this chapter has produced the first survey of cancellous bone architectural 

patterns in the hindlimb bones of avian and non-avian theropods. It was found that 

cancellous bone architecture is quite consistent across the range of birds studied, yet 

these patterns are strikingly different from the patterns observed for humans. These 

differences are inferred to reflect the distinctly different nature of posture and gait in the 
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two groups. An unexpected finding of this study was the occurrence of oblique 

trabeculae in the diaphyses of birds and reptiles, which tend to form spiralling patterns 

in the larger species. It is hypothesized that these architectures reflect the prominence of 

torsion in the normal daily loading regimes experienced by these bones. In general, it 

was found that cancellous bone architecture in more basal non-avian theropods tended 

to be similar to that of humans, whereas that found in derived paravians were more 

similar to that of birds. These differences in architecture are suggestive of differences in 

locomotor biomechanics, a proposition that was tested in Chapter 8. 

 

In Chapter 7, the concept of the trajectorial theory was put into reverse, to utilize 

cancellous bone architectural patterns as a way of deriving bone loading regimes, and in 

turn inferring whole-limb biomechanics. The efficacy of this approach was tested by 

developing integrated musculoskeletal and biomechanical models of the hindlimb of a 

chicken, and then asking the question: “in what posture of the hindlimb do the principal 

stresses line up with observed cancellous bone architecture, and is this posture 

consistent with empirical observations?” By modelling just a single, quasi-static posture 

with a number of relatively simple assumptions, a large portion of the observed patterns 

in cancellous bone architecture in the femur, tibiotarsus and fibula was replicated by 

principal stress trajectories. The resulting solution posture that achieved this was similar 

to that of mid-stance during avian terrestrial locomotion, and had a hip height 

comparable to empirical predictions based on leg length, derived in Chapter 4. 

Additionally, the manner of femoral loading as predicted by this posture was also 

consistent with previously reported in vivo strain gauge data for birds. Overall, the 

approach received strong support, paving the way for its application to extinct theropods 

in Chapter 8. 

 

In Chapter 8, the approach developed in Chapter 7 was applied to two species of extinct, 

non-avian theropod, to derive a characteristic posture that best reflected their observed 

cancellous bone architecture. These species were Daspletosaurus torosus, a basal 

coelurosaur (tyrannosaurid), and Troodon formosus, a derived paravian (troodontid). 

The posture identified for Daspletosaurus was largely erect, with a subvertical femoral 

orientation, whilst that identified for Troodon was more crouched, but not to the degree 

observed in extant birds. Moreover, the results have also clarified the manner of 

articulation of the non-avian theropod hip joint, as well as how theropods with inclined 
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femoral heads were able to maintain narrow step widths. In addition to assessing 

posture, this study also investigated parameters relating to bone loading mechanics and 

muscular recruitment in both the extinct species modelled here, as well as the chicken 

modelled in Chapter 7. This provided a quantitative test of the evolutionary-

biomechanical hypotheses of Carrano (1998) and Hutchinson and Gatesy (2000). 

Collectively, these hypotheses were supported by the results: an erect femoral posture is 

correlated with bending-dominant bone loading and abduction-based muscular support 

of the hip, whereas a crouched femoral posture is correlated with torsion-dominant bone 

loading and long-axis rotation-based muscular support. The results of this study also 

suggest that posture, bone loading mechanics and muscular support strategies evolved in 

a gradual or stepwise fashion along the line to birds. 

 

9.2 Significance  

 

9.2.2 Findings supporting previous interpretations 

 

By integrating a wider and more diverse body of evidence than previously investigated, 

this thesis has provided new, quantitative support for previous observations and 

inferences, and thus helped to further consolidate an understanding of theropod 

locomotion and its evolution. This includes: 

i. The continuous locomotor repertoire of modern birds (Gatesy and Biewener, 1991; 

Gatesy, 1999a; Rubenson et al., 2004; Hancock et al., 2007; Andrada et al., 

2013a,b) has been demonstrated to hold for an ever-growing list of kinematic 

parameters (Chapters 3 and 4). For the first time, this has also been demonstrated to 

occur in kinetic parameters such as the GRF and COM energy fluctuations (Chapter 

4). 

ii. Body size modulates posture in birds, with smaller species having a more crouched 

posture than large species (Gatesy and Biewener, 1991; Chapter 4). Body size also 

modulates how various kinematic parameters change with speed in birds (Gatesy 

and Biewener, 1991; Abourachid and Renous, 2001; Rubenson et al., 2004; 

Hancock et al., 2007; Chapter 4). 

iii. The location of the whole-body COM in bipeds influences the degree of temporal 

asymmetry in the GRF, in both vertical and anteroposterior components (Andrada 

et al., 2014; Clemente et al., in review; Chapter 4), with higher forces produced 
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earlier on in the stance phase. Consequently, the predictive equations derived in 

Chapter 4 will be best suited for application to extinct birds of similar whole-body 

COM location to modern birds. For application to non-avian theropods that 

possessed a whole-body COM location that was distinctly closer to the hips (e.g., 

Hutchinson et al., 2007, 2011; Allen et al., 2013), these predictive equations will 

likely need future refinement (see also Section 9.4.3 below). 

iv. The posture of large, basal non-avian theropods, such as carnosaurs and 

tyrannosaurids, was broadly similar to that of humans, with a subvertical femoral 

posture (Hutchinson, 2004b, Hutchinson et al., 2005; Hutchinson and Allen, 2009; 

Bates et al., 2012; Chapters 6 and 8). 

v. The evolution of theropod locomotion on the line to birds was a gradual or step-

wise occurrence, consonant with the evolution of external osteological features 

(Hutchinson and Gatesy, 2000; Hutchinson, 2001a,b; Hutchinson and Allen, 2009; 

Allen et al., 2013; Chapters 6 and 8). 

vi. The evolutionary-biomechanical hypotheses of Carrano (1998) and Hutchinson and 

Gatesy (2000) were found to be supported: the evolution of a crouched femoral 

posture in theropods was correlated with changes in the location of the whole-body 

COM, bone loading mechanics and the muscular strategy used to confer stability of 

the hip joint (Chapter 8). 

 

9.2.3 Novel findings and interpretations 

 

In addition to finding support for many previous interpretations, a number of novel 

findings and interpretations were also made, some prompting a re-evaluation of current 

ideas or approaches, others providing the foundation for future work. These include: 

i. As illustrated by the results of Chapter 3 and the previous findings of Day et al. 

(2002, 2004), significant mediolateral limb movements were not only possible in 

non-avian theropod locomotion (contra Fastovsky and Weishampel, 2005), but 

were also important. This has implications for the biomechanical modellling of 

locomotion in these animals. Numerous previous attempts at modelling have, for 

simplicity, utilized a largely two-dimensional approach constrained within the 

sagittal plane (e.g., Blanco and Mazetta, 2001; Hutchinson and Garcia, 2002; 

Hutchinson, 2004b; Sellers and Manning, 2007; Gatesy et al., 2009). Even when 

studies have developed 3-D musculoskeletal models, attention is mostly focused on 
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biomechanical features in the sagittal plane (e.g., Hutchinson et al., 2005, 2008; 

Bates et al., 2012; Bates and Schachner, 2012). Without examining movements in 

other directions, potentially important aspects of locomotor behaviour may be 

missed. 

ii. The results of Chapters 6 and 8 suggest that in non-avian theropods the articulation 

of the femur with the acetabulum was centred about the apex of the femoral head, 

rather than more laterally on the head (Hotton, 1980; Hutchinson and Allen, 2009). 

Such an articulation would have increased the capacity for hip movement in non-

parasagittal directions, including both adduction-abduction and long-axis rotation, 

echoing the remarks made above. This also provides a mechanism by which non-

avian theropods with inclined femoral heads could maintain narrow mediolateral 

foot placements, as indicated by fossil trackways (Paul, 1988; Henderson, 2003; 

Hutchinson et al., 2005, 2007; McCrea et al., 2014). Specifically, it is hypothesized 

that this was achieved through a combination of external long-axis rotation of the 

femur, minimal femoral abduction, and obliquity in the flexion-extension axis of 

the knee joint.  

iii. Previously, it had been supposed that if an avian-like continuous locomotor 

repertoire was present in any non-avian theropod, it would have most likely been 

present in the non-avian theropods most closely related to birds, such as 

dromaeosaurids and troodontids (Farlow et al., 2000). The results of Chapter 3 

suggest otherwise, that a continuous locomotor repertoire in theropod locomotion 

has much greater antiquity, and thus the unique suite of locomotor features 

characteristic of modern birds today has a long evolutionary history. Furthermore, 

most non-avian theropods may have used a more continuous locomotor repertoire 

than previously thought, which for the predatory forms would have conferred a 

number of advantages. 

iv. As body size modulates both posture and kinematic aspects of locomotion in 

modern birds (Chapter 4), this may complicate attempts to infer aspects of stance 

and gait from fossil theropod footprints (Thulborn, 1990). Moreover, if non-avian 

theropods used a continuous locomotor repertoire (Chapter 3), this will further 

confound attempts to discern a trackmaker’s gait. 

v. Taphonomic cracks, even small ones, can pose problems for quantitative analyses 

of cancellous bone architecture in fossil specimens (Chapter 5). Although not a 

surprising result, this is the first time that the potential effects of cracks have 
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actually been demonstrated.  Consequently, when selecting fossil specimens for CT 

scanning, it is advisable to select the best preserved specimen; even if no cracking 

is evident on the outside, the resulting CT scans should still be inspected before 

undertaking quantitative analysis. If cracks are found to be present, they should be 

avoided, but if this is not possible, then the size of the volume of analysis should be 

as large as possible. 

vi. Every observation reported for theropods and reptiles in Chapter 6 is entirely new. 

Comparisons clearly indicate that, throughout the hindlimb, distinct differences in 

cancellous bone architecture exist between the various groups of theropods, 

including basal, non-avian theropods, ornithomimids, caenagnathids, paravians and 

modern birds. Moreover, the architectures observed in derived paravian theropods 

is, overall, intermediate between that of more basal theropods and modern birds. As 

the differences in architecture among the modern species investigated can be 

mechanistically linked to differences in locomotor behaviour, the extinct non-avian 

theropods studied are inferred to have used different postures and locomotor 

biomechanics, with that of paravians bearing similarity to that of birds. This 

interpretation is also supported by the results of the modelling undertaking in 

Chapter 8. 

vii. Markedly oblique trabeculae were frequently observed in the femoral and tibial 

diaphyses of birds and, to a lesser degree, reptiles (Chapter 6). They are inferred to 

correlate with a torsion-dominant mode of long bone loading during normal daily 

use. Consequently, they can be used to as an important biomechanical indicator in 

the analysis of extinct tetrapod species: their presence is indicative of considerable 

torsion during normal limb activity. 

viii. An additional novel outcome of this thesis is the development of 3-D 

musculoskeletal models for two further species of non-avian theropod, broadening 

the range of dinosaur species for which such models are now available. They can 

hence be used in future comparative studies of limb function, such as how muscle 

moment arms may have varied with limb kinematics (Hutchinson et al., 2005; Bates 

and Schachner, 2012; Bates et al., 2012; Maidment et al., 2014). 

 

9.2.4 Novel approaches 

 

One of the pillars of this thesis has been the development of a number of new 
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approaches to addressing the question of theropod locomotor biomechanics. All of the 

approaches developed herein are generalized enough that they may be readily applied to 

other extinct groups of tetrapod vertebrates, not just non-avian theropods. Three 

approaches in particular were fundamental to the improved understanding that has been 

achieved in this thesis.  

 

The first important approach was that of broad-scale comparative biomechanics, 

integrating locomotion data from modern animals and the fossil record (Chapters 3 and 

4). Although terrestrial locomotor biomechanics has been extensively studied in modern 

birds, this has rarely been undertaken in a comparative framework (Cavagna et al., 

1977; Heglund et al., 1982; Gatesy and Biewener, 1991; Abourachid and Renous, 2000; 

Stoessel and Fischer, 2012; Andrada et al., 2015). This is the first study to compare both 

kinematic and kinetic aspects of terrestrial locomotion in modern birds, across a wide 

range of both speeds and body sizes. Additionally, comparative data was also collected 

from humans, which are often neglected in studies of theropod locomotion despite being 

the only other obligate biped alive today. Indeed, as has been demonstrated in both 

Chapters 3 and 4, comparison between birds and humans can elucidate underlying 

generalities in bipedal locomotor mechanics and also identify where this can be 

influenced by differences in anatomy or posture. 

 

The second important approach was the quantitative and qualitative analysis and 

assessment of cancellous bone architecture, especially fabric direction, across whole 

bones. The investigation of spatial variation in cancellous bone architecture across 

whole bones has been undertaken relatively infrequently (Ryan and Test, 2007; Scherf, 

2008; Saparin et al., 2011; Tsegai et al., 2013; Gross et al., 2014; Skinner et al., 2015; 

Kivell, 2016; Stephens et al., 2016). Furthermore, these assessments have mostly 

focused on scalar variables which may not be reliably measured in many fossil 

specimens. In contrast, directionality to cancellous bone architecture is frequently 

preserved, as this study has shown. In Chapter 6, multiple approaches were developed to 

assess spatial variation in cancellous bone directionality across bones of widely varying 

sizes and shapes, and to compare this variation across species. It is also worth reiterating 

the novelty of the general approach of using cancellous bone at all in addressing 

questions of theropod locomotion. Previously, use of cancellous bone architecture in 
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biomechanical investigation of extinct tetrapods has been almost nonexistent outside of 

primates (Thomason, 1985; Moreno et al., 2007; Bishop et al., 2015). 

 

By far the most important approach developed in this thesis is the ‘reverse trajectorial 

approach’ of Chapters 7 and 8, which constitutes a new way to analyse and refine 

palaeobiomechanical hypotheses. Here, the modelling of extinct theropod species was 

well-grounded in observations and biomechanical principles derived from the study of 

extant animals (including the results of earlier chapters of this thesis), as well as 

principles of basic physics. Biomechanical modelling of various aspects of theropod 

locomotion has been undertaken many times previously (Blanco and Mazzetta, 2001; 

Hutchinson and Garcia, 2002; Henderson, 2003; Hutchinson, 2004a,b; Hutchinson et 

al., 2005, Sellers and Manning, 2007; Hutchinson et al., 2008; Gatesy et al., 2009; Bates 

et al., 2010, 2012; Bates and Schachner, 2012), but the approach developed here is 

distinguished from these previous attempts in one or more ways: 

i. It is fully 3-D in its consideration of forces, moments and geometries. 

ii. It combines both musculoskeletal and finite element modelling into a single 

framework. 

iii. It uses a previously unexplored line of evidence, cancellous bone architecture, as 

the database upon which simulation results are compared to. This approach can 

hence also act as an independent test of hypotheses derived from other sources of 

data. 

iv. Whereas some previous studies have identified ranges of whole-limb postures that a 

given extinct theropod may have used at mid-stance (e.g., Hutchinson, 2004b; 

Gatesy et al., 2009), in this study a single posture was identified. Based on the 

results of Chapter 7, this single posture is inferred to reflect the posture used at 

around the mid-stance of locomotion. 

v. Questions concerning other biomechanically important factors in addition to 

posture, such as bone loading mechanics and patterns of muscle recruitment, are 

also able to be investigated. 

In addition, whilst other approaches have been previously developed to derive bone 

loading mechanics from bone architecture (Fischer et al., 1995; Bona et al., 2006; 

Campoli et al., 2012; Zadpoor et al., 2013; Christen et al., 2012, 2013a,b, 2015a), the 

approach developed in this thesis is the first one that can be readily applied to animals 

known only from fossil bones, and which can provide insight into whole-bone and 
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whole-limb musculoskeletal biomechanics. Perhaps most significant of all, the 

generality of the reverse approach means that it can be used to address questions of 

locomotor biomechanics in a wide range of extinct tetrapod groups, be it non-avian 

theropod dinosaurs (as in Chapter 8), quadrupedal dinosaurs, pterosaurs, synapsids or 

stem tetrapods. 

 

9.3 Broader implications for understanding theropod evolution  

 

The results of this thesis have provided further bearing on how theropod locomotor 

biomechanics evolved on the line to birds. It appears that many, if not all, of the unique 

aspects of avian terrestrial locomotion were acquired gradually over a long period of 

time. The timing of some of these changes remains uncertain (see also Hutchinson, 

2006), but the findings of this thesis suggest that all were underway prior to the origin 

of Paraves. These changes include: 

i. Decrease in tail length and prominence of caudofemoralis musculature (Gatesy, 

1990, 1995, 2002; Pittman et al., 2013). 

ii. Modifications of pelvic and hindlimb osteology and musculature (Carrano, 2000; 

Hutchinson, 2001a,b, 2002). 

iii. A shift from caudofemoralis-mediated, hip-based limb retraction to ‘hamstring’-

mediated, knee-based limb retraction during gait (Gatesy, 1990, 1995, 2002). 

iv. An anterior shift in whole-body COM location (Allen et al., 2013). 

v. Changes in gross limb proportions, in particular a decrease in femur length (Gatesy 

and Middleton, 1997; Carrano, 1998). 

vi. An increasingly crouched posture, characterized by more flexed hip and knee joints 

(Gatesy, 1990, 1991, 1995; Carrano, 1998; Chapters 6 and 8). 

vii. A shift from abductor-mediated hip support to long-axis rotation-mediated hip 

support (Hutchinson and Gatesy, 2000; Chapter 8) 

viii. A shift in bone loading mechanics, from bending-dominant to torsion-dominant 

(Carrano, 1998; Chapters 6 and 8). 

ix. A shift in bending direction of the femur, from predominantly mediolateral to 

predominantly anteroposterior (Chapter 8). 

x. The acquisition of a continuous locomotor repertoire (Chapter 3). 

Most of the above changes also occurred in tandem with a progressive reduction in body 

size (Turner et al., 2007; Lee et al., 2014). In addition, as the relative size of the non-
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avian theropod forelimb was correlated to absolute body size via negative allometry, the 

above changes also occurred in tandem with a progressive elaboration of the forelimbs 

(Dececchi and Larsson, 2013), as well as elaboration of forelimb integument 

(Zelenitsky et al., 2012; Xu et al., 2014). 

 

All of these changes, occurring gradually and in tandem with one another, are possibly 

an example of correlated progression (Kemp, 2007), with predatory ecology as a key 

driving factor. Consider a bipedal, non-avian theropod dinosaur, a hypercarnivorous 

predator that primarily apprehends prey front-on, that is, with its mouth and forelimbs. 

An evolutionary decrease in body size would be expected to lead to a more crouched 

limb posture, as is observed across extant parasagittal tetrapods (Biewener 1989, 1990; 

Gatesy and Biewener, 1991; Chapter 4). Whilst a crouched limb posture is less 

biomechanically advantageous during steady locomotion (Biewener, 1989, 1990; 

Biewener et al., 2004), it does afford greater capacity for rapid acceleration and 

manoeuverability in non-steady movements (Biewener, 1989; Hoang and Reinbolt, 

2012). This would be of benefit to an active predator, especially one that focuses on 

prey smaller than itself (e.g., smaller dinosaurs, early mammals). Furthermore, the 

negative allometric relationship between body size and relative forelimb size (Decechi 

and Larsson, 2013) means that this absolutely smaller theropod has relatively larger 

forelimbs, increasing its ability procure prey. These enlarged forelimbs would cause the 

whole-body COM to shift anteriorly away from the hips (Allen et al., 2013), further 

necessitating a more crouched limb posture, especially as regards the femur. The 

concomitant elaboration of feathers on the forelimb would have eventually lead to the 

development of a sizeable aerial control surface, which could have been used to provide 

lateral thrust to increase manoeuverability, further benefitting their owner. Thus, a 

positive feedback is established whereby features that increase predatory efficiency 

drive the evolution of each other. Simultaneously, as the whole-body COM shifts 

anteriorly and limb posture becomes more crouched, this necessitates further 

modification the hindlimb locomotor apparatus, such as changes in limb segment 

proportions and changes in muscular strategies of limb support and retraction. These 

lead to modification of musculoskeletal geometry and bone loading mechanics, which in 

turn further influence each other (e.g., increased torsion necessitates changes to femoral 

proportions; Carrano, 1998). Additionally, the progressive reduction in the size of the 

caudofemoralis musculature and tail would have two immediate effects: further shifting 
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the whole-body COM anteriorly (Gatesy, 1990; Allen et al., 2013), and decreasing the 

body’s moment of inertia about the vertical axis (Carrier et al., 2001; Hutchinson et al., 

2007), improving manoeuverability. The above considerations not only suggest that 

increased predatory efficiency could have been a key driver of the myriad changes that 

occurred in theropods on the line to birds, but that the relationship of cause and effect 

between the various anatomical and biomechanical changes, and the exact sequence of 

these changes, may be impossible to decipher. 

 

9.4 Limitations of the thesis 

 

Throughout this thesis a number of methodological limitations have been noted. Many 

of these concern basic logistical constraints imposed on the current body of research, or 

limitations that are inherent to working with animals for which only their fossilized 

bones are available. As regards the empirical component of research undertaken in this 

thesis, the most pertinent limitation was that of sampling. In some respects, much of the 

work contained in this thesis was exploratory, through investigating aspects of 

biomechanics in groups of animals that had previously been unstudied. In Chapters 3, 4 

and 6, preference was given to maximizing the diversity of species investigated, in order 

to elucidate any general, broad-scale patterns that were present. Consequently, this 

restricted the number of replicates for each species considerably. It was hence not 

possible to quantify potential intraspecific variation in kinematics, kinetics or bone 

architecture, nor was it possible to examine finer-scale patterns as may occur in 

association with more subtle differences in anatomy, behaviour or habitat. 

 

As regards the theoretical or computational component of this thesis, a number of 

assumptions and simplifications were made in modelling whole-body locomotor 

biomechanics (Chapter 4) or musculoskeletal mechanics (Chapter 7 and 8). These 

simplifications made the problem at hand more tractable for analysis, but also in many 

cases were necessitated by working with extinct animals. A detailed sensitivity analysis 

of the various assumptions made in the reverse approach of Chapters 7 and 8 was 

beyond the scope of the current work, but is nonetheless a necessary component of the 

modelling process so that strengths and weaknesses may be better clarified. Regardless, 

the reverse approach is a new step forward in tackling the problem of behavioural 

inference in extinct animals. 
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In the modelling undertaken in Chapters 7 and 8, comparison of predicted stress results 

to observed cancellous bone architecture was largely made in a qualitative fashion. 

Whilst the often high correspondence between principal stress trajectories and 

cancellous bone fabric was unquestionable, the application of a more stringent, fully 

quantitative comparative framework would add greater rigour to the process. Although a 

quantitative comparison was performed for the femoral head and medial femoral 

condyle, a more fully quantitative comparison could examine the angular differences 

between principal stress and fabric vectors across a multitude of sites throughout each 

bone. This kind of comparison could also potentially be made more automated in the 

iterative process of posture development, testing and analysis. However, such an 

implementation would probably require larger quantities of computing power (or 

computing time), and it is doubtful if much further refinement could be gained upon the 

overall results achieved by the present study. 

 

9.5 Future research 

 

This thesis has provided new and unique insight into the locomotor biomechanics of 

extinct, non-avian theropods, and how this evolved on the line to modern birds. 

However, the findings of each study, as well as the aforementioned limitations, also 

prompt new questions for future research, which in time will further enrich an 

understanding of locomotor biomechanics in theropods, and bipeds in general.  

 

9.5.1 Sampling 

 

Increased sampling of species, as well as the number of individuals for each species, 

will likely lead to a greater refinement of the general patterns identified in this thesis. It 

may also identify entirely new patterns. For example, in the survey of cancellous bone 

architecture (Chapter 6), a number of theropod groups were not investigated, including 

basalmost tetanurans (e.g., megalosaurs), coelophysoids and alvarezsaurids. 

Additionally, unique architectural patterns were observed in the femora of 

ornithomimids and caenagnathids, warranting greater investigation of these groups in 

the future. Greater sampling may also be possible for the analysis of speed effects in 

non-avian theropod trackways. Currently, only three sites around the world are known 

to show significant changes in speed across the length of individual trackways, only one 
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of which was amenable to analysis in this thesis. It may be possible in future studies to 

make comparisons across many different trackways made at different (uniform) speeds. 

This would greatly broaden the breadth of the dataset, but this may be as much of a 

detriment as an advantage, for it would carry the caveat of a number of uncontrolled 

variables, such as species, body size or substrate conditions, issues that were avoided in 

the present study. 

 

9.5.2 Other bone architectural parameters 

 

In Chapter 6, the investigation of cancellous bone architecture in theropods focused 

primarily on the direction of cancellous bone fabric, although studies of modern species 

demonstrate that other architectural parameters can also be useful in investigating 

locomotor biomechanics (see Chapter 2). The reasons for focusing on fabric directions 

in this thesis were explained in Chapter 6. Additionally, as fabric direction can be 

mechanistically and deterministically related to whole-bone loading mechanics, this 

provided the foundation for the work undertaken in Chapters 7 and 8. Other parameters 

that describe cancellous bone architecture, such as bone volume fraction, trabecular 

thickness or trabecular spacing, are well worth future investigation, and may indeed 

provide further insight on the patterns observed here. One challenge that future research 

will need to overcome with investigating these parameters is that, in addition to having 

excellent preservation of the entire fossil, they require very high resolution imaging. Not 

only will this necessitate technological advancements to enable the study of large fossil 

bones, but it will also require improvements in data handling, storage, visualization and 

computation, as the resulting datasets will be very large. 

 

9.5.3 Biomechanical modelling 

 

The biomechanical approach developed in Chapter 7, whilst obviously having potential 

for elucidating whole-limb musculoskeletal biomechanics in extinct animals, could be 

further refined. One salient area requiring further attention is the modelling of the distal 

limb. Little correspondence between cancellous bone architecture and principal stress 

trajectories was observed in the distal tibiotarsus of any of the species modelled. This 

may reflect adaptation to many different loading regimes experienced on a daily basis, 

and if so future work could examine ways of ‘averaging out’ the stress trajectories of 
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multiple loading regimes, although this will require assumptions about the frequency 

and magnitude of such loading regimes. The lack of correspondence between stresses 

and architecture may also reflect inadequacies in how that part of the limb was 

modelled. For example, an ankle joint moment was unable to be applied in the finite 

element models, even though one was calculated in musculoskeletal modelling phase. 

 

A second aspect of the biomechanical modelling is the incorporation of greater variation 

in the postures tested. This is achieved by increasing the number of degrees of freedom 

in the models, for example, by giving the knee joint movement capabilities other than 

just pure flexion-extension, or by investigating variation in pelvic orientation (pitch, roll 

or yaw). Caution must be exercised, however, as the number of variable parameters 

could quickly grow to be very large, requiring a great deal more iterations tested. The 

implementation of a more automated approach could make the problem more tractable, 

but would likely require significant increases in computational power. 

 

Yet another aspect of the biomechanical modelling is the formulation of the finite 

element models of the bone entities themselves. In this study, the medullary cavity was 

omitted from all bones so as to avoid any potential complications arising from structural 

discontinuities (see Section 7.2.5.2), but it may be worth investigating in the future what 

effects incorporating such a cavity would have on the results. Such investigation would 

also then be able to incorporate information on cross-sectional geometry of the 

diaphysis, possibly providing further insight on whole-bone loading mechanics. 

 

 

9.5.4 The effect of COM location 

 

In Chapter 4 it was found that the location of the whole-body COM has a significant 

influence on the nature of the GRF, in terms of temporal asymmetry of the force-time 

profiles of its vertical and anteroposterior components. The precise relationship between 

whole-body COM position and the degree of temporal asymmetry was not investigated, 

but such knowledge would be needed if the predictive equations derived in Chapter 4 

are to be rigorously applied to extinct, non-avian theropods. Experimental studies that 

artificially alter whole-body COM location may provide insight into this relationship. 

The easiest such study would probably be of humans wearing a weighted frame that 
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could shift the whole-body COM forwards or backwards in a controlled fashion, and 

examining the resulting changes to recorded GRFs. The influence of whole-body COM 

position on GRF temporal asymmetry may also be dependent on speed. Once a 

systematic relationship is found between GRF temporal asymmetry and COM location, 

then appropriate modifications could be made to the predictive equations of Chapter 4, 

to enable their application to a given species of extinct, non-avian theropod. 

  

9.5.5 Locomotion in Deinonychosauria 

 

This thesis has demonstrated that various aspects of theropod locomotor biomechanics 

are influenced by body size, one primary example of which is the amount of postural 

crouch. It would hence be interesting to investigate locomotor biomechanics within the 

clade Deinonychosauria, particularly dromaeosaurs, which exhibited a large range of 

body sizes, ranging from ~200 g to several hundred kilograms (Turner et al., 2007). 

Basal members of this clade were small animals, reflecting the general trend of gradual 

miniaturization throughout theropod evolution (Lee et al., 2014), but secondary 

gigantism occurred in multiple independent lineages (Turner et al., 2007). Thus, did the 

larger, more derived deinonychosaurs use a more erect posture compared to their 

smaller ancestors, and did they use musculoskeletal mechanics more similar to large, 

more basal theropods outside of Deinonychosauria?  

 

9.5.6 Collagen fibre orientation 

 

Cancellous bone architecture was not able to be extensively investigated in a  

quantitative fashion in the smaller species of bird studied in this thesis. This is because 

there was often too little cancellous bone for the continuum assumption to be met 

(Harrigan et al., 1988; Cowin, 2001), a prerequisite for quantitative architectural 

analyses. One avenue that may be worthy of future research, especially in regards to the 

study of small bones, is the study of collagen fibre orientation in diaphyseal cortical 

bone (Kalmey and Lovejoy, 2002; de Margerie et al., 2005). The underlying principle of 

such study is that of fibre-reinforced composites: these materials are strongest when 

their embedded fibres are aligned with principal stresses during loading (Beer et al., 

2012). Moreover, as collagen is capable of resisting tension only, the collagen fibres 

tend to be aligned with the maximum (tensile) principal stress (Kalmey and Lovejoy, 
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2002; de Margerie et al., 2005). Whilst the collagen fibres themselves will likely not be 

preserved in a fossil specimen, their orientation may possibly still be preserved in the 

mineralized matrix of the bone material in which they were embedded. This could 

potentially be observed by examination of birefringence patterns in thin sections of bone 

under polarized light, or alternatively through X-ray scattering experiments on thin 

sections of bone. The analysis of collagen fibre orientation may therefore be useful in 

deciphering whole-bone loading regimes in small specimens, although one drawback, 

particularly for fossil specimens, is that such analysis involves the partial destruction of 

a specimen.  
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Appendix A
 

 

A.1 Introductory remarks 

 

In spite of the unanimity of many empirical studies, several recent studies have 

produced results that have questioned the sensitivity of cancellous bone to its loading 

environment, and if cancellous bone architecture reflects locomotor behaviour equally 

well in all bones, in all species. Close scrutiny of the methodologies employed by each 

study, however, reveals that in each case the findings may be interpreted in a different 

light. One such study was experiment-based, whereas the others were comparative 

studies across species, and it will be convenient to treat the two separately. 

 

A.2 Experiment-based study  

 

By placing mice (BALB/cByJ strain) in enclosed environments which forced them to 

either move mainly in a straight line (‘linear mice’) or move mainly in curved paths 

(‘turning mice’), Carlson et al. (2008) attempted to test whether these differences in 

locomotor behaviour led to differences in the cancellous bone architecture of the distal 

femur. They found little such difference between the two groups. This prompted them to 

question whether cancellous bone is equally sensitive and responsive to changes in its 

loading environment in all species, in all situations, and whether cancellous bone 

architecture is a reliable indicator of differences in locomotor behaviours. 

 

A number of criticisms may be levelled against making such an interpretation in this 

instance, however. As pointed out by Barak et al. (2011), only the degree of anisotropy 

of cancellous bone fabric was measured by Carlson et al. (2008). It was not determined 

if there was any change in the orientation of the cancellous fabric, yet the principal 

fabric direction is often distinctive between different locomotor behaviours (Ryan and 

Ketcham, 2005; Pontzer et al., 2006; Barak et al., 2011, 2013b). This is particularly 

pertinent when it is considered that the mice in the experiments of Carlson et al. (2008) 

were possibly exposed only to a change in loading orientation, but not necessarily 

magnitude; the apparent lack of change in fabric anisotropy may simply reflects that the 

magnitudes of the loads experienced were not significantly different. Moreover, that 
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both bone volume fraction and the mean number of trabeculae per unit volume was 

lower compared to the ‘free-ranging’ controls may indicate that the experimental groups 

actually locomoted less than the control group (Barak et al., 2011). In this case, there 

was in fact less stimulus for cancellous bone remodelling and adaptation in the first 

instance.  

 

The study of Carlson et al. (2008) also rested upon the premise that ‘linear’ locomotion 

is distinctly different from ‘turning’ locomotion in mice, and that this difference would 

translate to measurable differences in cancellous bone architecture. It is unknown, 

however, if bone loading mechanics did indeed differ between the experimental 

behaviours; factors such as bone strain magnitudes or orientation could have been 

measured to test this, but they were not. Furthermore, mice in the turning environment 

were forced to turn both left and right in their enclosures; perhaps this ‘averaged out’ 

such that the net effect was essentially the same as that of straight locomotion. Indeed, 

in racing greyhounds that always ran anticlockwise around a track, considerable 

differences in cancellous bone architecture were found between left and right naviculars 

(central tarsal bones) of the same animals (Johnson et al., 2000). Further, the 

architectures observed in the racing dogs were also different from that of non-racing 

dogs. A better experimental design in the study of Carlson et al. (2008) would hence 

have forced the mice to consistently turn in one direction or another, but not both. 

 

A better experimental design might also have focused attention on a different part of the 

limb. As admitted by Carlson et al. (2008), the mammalian knee joint is constrained by 

both osseous and ligamentous interactions to act essentially as a hinge joint. This would 

limit the variation in how the distal femur could be loaded in the first place, 

confounding attempts to detect differences in musculoskeletal loading associated with 

differences in locomotor behaviour. 

 

A.3 Comparative studies  

 

Several studies of primate cancellous bone architecture have found little, if any, 

consistent difference between species that exhibit different locomotor behaviours 

(Fajardo et al., 2007; Ryan and Walker, 2010; Shaw and Ryan, 2012; DeSilva and 

Devlin, 2012; Kuo et al., 2013; Schilling et al., 2014). Rather than suggesting that only 



 

333 
 

in some circumstances might cancellous bone architecture reflect differences in 

locomotor behaviour, close scrutiny of these studies reveals that their findings may 

simply reflect shortcomings in their methodology (see also Schilling et al., 2014). Three 

such shortcomings are especially pertinent. 

 

Firstly, in only two of the aforementioned studies was the principal direction of 

cancellous bone fabric determined (Kuo et al., 2013; Schilling et al., 2014). Yet, as 

other studies have shown, the principal direction of cancellous bone fabric is quite 

telling of differences in locomotor behaviour (Ryan and Ketcham, 2005; Pontzer et al., 

2006; Barak et al., 2011, 2013b), presumably because of differences in the direction of 

loading, such as joint forces. 

 

Secondly, the manner in which cancellous bone architecture was sampled for 

quantitative analysis was poor. In the studies of Fajardo et al. (2007), Ryan and Walker 

(2010), Shaw and Ryan (2012), Kuo et al. (2013) and Schilling et al. (2014), only a 

small fraction of the entire volume of cancellous bone available for study was 

investigated. Hence, most of the cancellous bone architecture was ignored, despite the 

fact that it may contain a relevant ‘locomotor signal’. Several studies have shown that 

considering all regions of cancellous bone architecture can lead to a better 

understanding of how the bone as a whole was loaded and how it was adapted to these 

loads (Ryan and Test, 2007; Scherf, 2008; Saparin et al., 2011; Tsegai et al., 2013), and 

also increases the likelihood of finding differences that correlate to differences in 

locomotor behaviour (Tsegai et al., 2013). Indeed, in the studies of Ryan and Walker 

(2010) and Shaw and Ryan (2012), a single volume of interest considered just the centre 

of the femoral and humeral heads. It is well-known, however, that different ‘systems’ of 

trabeculae intersect in this region of the femur in many primates, including humans 

(Singh et al., 1970; Rafferty, 1998; Scherf, 2008). The region sampled by these studies 

may have hence ‘averaged out’ any locomotor signal present in the separate ‘systems’ 

(Scherff et al., 2013). The problem of ‘averaging out’ almost certainly occurred in the 

study of DeSilva and Devlin (2012), who investigated the entire volume of the talus in 

several species, yet divided it up into only four regions for quantitative analysis. Later 

investigation of the same bone in the same species by Su et al. (2013) involved a finer 

sampling of the bone, with nine separate regions that occupied only cancellous bone 

immediately deep to the superior articular surface. That study did find significant 
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differences in cancellous bone architecture that correlated with differences in locomotor 

behaviour. 

 

The final methodological shortcoming, which affects all investigations hitherto 

conducted, is that little is known of the actual nature of limb mechanics and bone 

loading in non-human primates during locomotion (Fajardo et al., 2007; Kivell, 2016). 

Ground reaction forces have been measured on numerous occasions (e.g., Demes et al., 

1994; Aerts, 1998; Schmitt and Hanna, 2004), yet investigation into musculoskeletal 

mechanics has hardly occurred, either empirically or theoretically, although some 

progress is starting to be made (e.g., O’Neill et al., 2013). This is somewhat surprising 

given that musculoskeletal mechanics forms the direct link between locomotor 

behaviour and bone structure (Figure A.1). Clearly, a more holistic approach, linking  

anatomy and musculoskeletal biomechanics to locomotor behaviour is required. 

Researchers have therefore tried to correlate bone structure directly with locomotor 

behaviour (or differences in soft tissue anatomy; e.g., Kuo et al., 2013), without 

considering how limb bones may actually be used and loaded. The consequence of this 

‘missing link’ in the chain of reasoning is untested, and sometimes vague, assumptions 

about the relationship between locomotor behaviour and bone loading (Kivell, 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE A.1. One problem currently facing primate researchers attempting to 
investigate variation in cancellous bone architecture as it relates to interspecific 
differences in locomotor behaviour. This stems from the fact that little research, either 
empirical or theoretical, has been conducted as to the intermediate link between the two 
fields, namely, musculoskeletal mechanics (with the exception of humans). 
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This in turn can lead to conflicting results between different studies; some finding 

significant architectural differences related to locomotor behaviour, whilst others do not, 

depending on how different species are a priori classed into different locomotor 

categories. It is not until musculoskeletal mechanics are investigated can behavioural 

categories be properly distinguished on the basis of underlying mechanical differences. 

Indeed, whilst the different behaviours may seem outwardly different, in terms of their 

underlying mechanics they may in fact just be variants along a continuum, as suggested 

by the results of Ryan and Shaw (2012), Hébert et al. (2012), and Scherf et al. (2013). 

That is, the different locomotor behaviours so investigated may have been too strongly 

stereotyped in the above studies, where in fact each species may exhibit significant 

variation in their locomotor behaviour (Schilling et al., 2014; Kivell, 2016). 

 

A.4 Summary 

 

In considering the above discussion, it seems quite possible that the results of the 

aforementioned experimental and comparative studies may not reflect true patterns, but 

rather stem from one or more inadequacies in their methodologies. The inferences and 

conclusions drawn by these studies must therefore be viewed with caution.  
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Appendix B
 

 

 

 

Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Mammalia, 
Hominidae 

Homo sapiens GU S-0013 Femurp 
Stratec 
XCT 3000 

61.3 0.203 100,000 0.161 0.1 
This 
study 

3 

Mammalia, 
Hominidae 

Homo sapiens GU S-0013 Femurd 
Stratec 
XCT 3000 

61.3 0.203 100,000 0.137 0.1 
This 
study 

3 

Mammalia, 
Hominidae 

Homo sapiens GU S-0013 Tibiap 
Stratec 
XCT 3000 

61.3 0.203 100,000 0.137 0.1 
This 
study 

3 

Mammalia, 
Hominidae 

Homo sapiens GU S-0013 Tibiad 
Stratec 
XCT 3000 

61.3 0.203 100,000 0.137 0.1 
This 
study 

3 

Mammalia, 
Hominidae 

Homo sapiens GU S-0013 Tibias 
Stratec 
XCT 3000 

61.3 0.203 100,000 0.137 0.1 
This 
study 

3 

Mammalia, 
Hominidae 

Homo sapiens GU S-0013 Fibulap 
Stratec 
XCT 3000 

61.3 0.203 100,000 0.137 0.1 
This 
study 

3 

Mammalia, 
Hominidae 

Homo sapiens GU S-0013 Fibulad 
Stratec 
XCT 3000 

61.3 0.203 100,000 0.137 0.1 
This 
study 

3 

Sauria, 
Squamata 

Varanus 

komodoensis 

AM 
R.106933 

Femur 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Sauria, 
Squamata 

Varanus 

komodoensis 

AM 
R.106933 

Tibia 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Sauria, 
Squamata 

Varanus 

komodoensis 

AM 
R.106933 

Fibula 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Sauria, 
Squamata 

Varanus 

spenceri 
QMJ 84416 Femur 

Siemens 
Inveon 

80 0.5 900 0.053 0.053 
This 
study 

1 

Sauria, 
Squamata 

Varanus 

spenceri 
QMJ 84416 Tibia 

Siemens 
Inveon 

80 0.5 900 0.053 0.053 
This 
study 

1 

TABLE B.1. The specimens investigated in the study reported in Chapter 6. In addition to providing the higher-level taxonomy of the species 
studied (cf. Figure 6.1), this table also lists the settings used in acquiring the CT scan data for each specimen, as well as the protocol used to 
process the raw CT images for subsequent analysis. 
 

3
3
6
 

 



 

337 
 

 

 

 

Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Sauria, Squamata 
Varanus 

spenceri 
QMJ 84416 Fibula 

Siemens 
Inveon 

80 0.5 900 0.053 0.053 
This 
study 

1 

Sauria, Squamata 
Varanus 

panoptes 
QMJ 91981 Femur 

Siemens 
Inveon 

80 0.5 900 0.053 0.053 
This 
study 

1 

Sauria, Squamata 
Varanus 

panoptes 
QMJ 91981 Tibia 

Siemens 
Inveon 

80 0.5 900 0.053 0.053 
This 
study 

1 

Sauria, Squamata 
Varanus 

panoptes 
QMJ 91981 Fibula 

Siemens 
Inveon 

80 0.5 900 0.053 0.053 
This 
study 

1 

Archosauria, 
Crocodylia 

Crocodylus 

johnstoni 
QMJ 47916 Femur 

Siemens 
Inveon 

80 0.5 900 0.053 0.053 
This 
study 

1 

Archosauria, 
Crocodylia 

Crocodylus 

johnstoni 
QMJ 47916 Tibia 

Siemens 
Inveon 

80 0.5 900 0.053 0.053 
This 
study 

1 

Archosauria, 
Crocodylia 

Crocodylus 

johnstoni 
QMJ 47916 Fibula 

Siemens 
Inveon 

80 0.5 900 0.053 0.053 
This 
study 

1 

Archosauria, 
Crocodylia 

Crocodylus 

porosus 
QMJ 48127 Femur 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Archosauria, 
Crocodylia 

Crocodylus 

porosus 
QMJ 48127 Tibia 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Archosauria, 
Crocodylia 

Crocodylus 

porosus 
QMJ 48127 Fibula 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Non-avian 
theropod, 
Ceratosauria 

Ceratosaurus 

nasicornis 

UMNH VP 
5278 

Tibia + 
astragalus + 
calcaneum 

Siemens 
Somatom 
Definition 
Flash 

80, 140 480 500 0.504 0.5 
This 
study 

5 

Non-avian 
theropod, 
Ceratosauria 

Masiakasaurus 

knopfleri 

FMNH PR 
2117 

Femur 
GE 
Lightspeed 
16 

100 70 1297 0.1875 1 

Farke 
and 
Alicea 
(2009) 

2 

Non-avian 
theropod, 
Ceratosauria 

Masiakasaurus 

knopfleri 

FMNH PR 
2153 

Femur 
GE 
Lightspeed 
16 

100 100 2101 0.1875 1.338 

Farke 
and 
Alicea 
(2009) 

2 

TABLE B.1 (continued). 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Non-avian 
theropod, 
Ceratosauria 

Masiakasaurus 

knopfleri 

FMNH PR 
2208 

Femur 
GE 
Lightspeed 
16 

100 70 1297 0.1875 1 

Farke 
and 
Alicea 
(2009) 

2 

Non-avian 
theropod, 
Ceratosauria 

Masiakasaurus 

knopfleri 
UA 8684 Femur 

GE 
Lightspeed 
16 

100 70 1297 0.1875 1 

Farke 
and 
Alicea 
(2009) 

2 

Non-avian 
theropod, 
Carnosauria 

Allosaurus sp. MOR 693 Femora × 2 
Toshiba 
Aquilion 64 

135 250 750 0.625 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus sp. MOR 693 Tibiae × 2 
Toshiba 
Aquilion 64 

135 300 750 0.468 0.4 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus sp. MOR 693 Fibulae × 2 
Toshiba 
Aquilion 64 

135 250 750 0.625 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus sp. MOR 693 Astragalus 
Toshiba 
Aquilion 64 

135 250 750 0.625 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus sp. MOR 693 Calcaneum 
Toshiba 
Aquilion 64 

135 250 750 0.625 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus 

fragilis 
DNM 2560 Femur 

Siemens 
Somatom 
Definition 
Flash 

80, 140 315 500 0.549 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus 

fragilis 
DNM 2560 

Tibia + 
astragalus + 
calcaneum 

Siemens 
Somatom 
Definition 
Flash 

80, 140 360 500 0.637 0.5 
This 
study 

5 

TABLE B.1 (continued). 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Non-avian 
theropod, 
Carnosauria 

Allosaurus 

fragilis 

UMNH VP 
7884 

Femur 

Siemens 
Somatom 
Definition 
Flash 

80, 140 630 500 0.529 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus 

fragilis 

UMNH VP 
7885 

Femur 

Siemens 
Somatom 
Definition 
Flash 

80, 140 225 500 0.387 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus 

fragilis 

UMNH VP 
7889 

Femurp 

Siemens 
Somatom 
Definition 
Flash 

80, 140 630 500 0.523 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus 

fragilis 

UMNH VP 
7928 

Tibia 

Siemens 
Somatom 
Definition 
Flash 

80, 140 630 500 0.355 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus 

fragilis 

UMNH VP 
9480 

Femur 

Siemens 
Somatom 
Definition 
Flash 

80, 140 80 500 0.217 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus 

fragilis 

UMNH VP 
20363 

Femur 

Siemens 
Somatom 
Definition 
Flash 

80, 140 315 500 0.664 0.5 
This 
study 

5 

Non-avian 
theropod, 
Carnosauria 

Allosaurus 

fragilis 

UMNH VP 
24326 

Tibiap 

Siemens 
Somatom 
Definition 
Flash 

80, 140 200 500 0.459 0.5 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Tyrannosaurus 

rex 
MOR 009 Femurp 

Toshiba 
Aquilion 64 

135 500 500 0.782 0.4 
This 
study 

5 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Non-avian 
theropod, 
Tyrannosauridae 

Tyrannosaurus 

rex 
MOR 1125 Femur 

Toshiba 
Aquilion 64 

135 350 500 1.178 0.5 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Tyrannosaurus 

rex 
MOR 1125 Tibia 

Toshiba 
Aquilion 64 

135 350 500 0.976 0.5 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Tyrannosaurus 

rex 
MOR 1125 Fibulae × 2 

Toshiba 
Aquilion 64 

135 350 500 0.873 0.8 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Tyrannosaurus 

rex 
MOR 1128 Femur 

Toshiba 
Aquilion 64 

135 350 500 0.976 2 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Tyrannosaurus 

rex 
MOR 1128 Tibiad 

Toshiba 
Aquilion 64 

135 350 500 0.961 0.5 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Tyrannosauridae 
indet. 

MOR 1192 Fibula 
Toshiba 
Aquilion 64 

135 150 1000 0.976 2 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Gorgosaurus 

libratus 

TMP 
1994.012.0602 

Femur 
GE 
Lightspeed 
Ultra 

120 160 1195 0.723 1.25 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Gorgosaurus 

libratus 

TMP 
1994.012.0602 

Tibia + 
astragalus + 
calcaneum 

GE 
Lightspeed 
Ultra 

140 150 1195 0.703 1.25 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Femur 
GE 
Lightspeed 
Ultra 

140 150 1195 0.838 1.25 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Tibia 
GE 
Lightspeed 
Ultra 

120 245 1195 0.832 1.25 
This 
study 

5 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Non-avian 
theropod, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Fibula 
GE 
Lightspeed 
Ultra 

120 245 1195 0.832 1.25 
This 
study 

5 

Non-avian 
theropod, 
Tyrannosauridae 

Daspletosaurus 

torosus 

TMP 
2001.036.0001 

Astragalus 
GE 
Lightspeed 
Ultra 

140 155 1195 0.879 1.25 
This 
study 

5 

Non-avian 
theropod, 
Ornithomimidae 

Ornithomimidae 
indet. 

TMP 
1985.036.0276 

Femurp 
Siemens 
Inveon 

80 500 825 0.05 0.05 
This 
study 

4 

Non-avian 
theropod, 
Ornithomimidae 

Ornithomimidae 
indet. 

TMP 
1991.036.0569 

Femur 
Siemens 
Inveon 

80 250 1500 0.05 0.05 
This 
study 

4 

Non-avian 
theropod, 
Ornithomimidae 

Ornithomimidae 
indet. 

TMP 
1991.036.0854 

Femurp 
GE 
Lightspeed 
Ultra 

140 150 1195 0.943 1.25 
This 
study 

5 

Non-avian 
theropod, 
Ornithomimidae 

Ornithomimidae 
indet. 

TMP 
1992.036.0696 

Femurp 
GE 
Lightspeed 
Ultra 

140 150 1195 0.943 1.25 
This 
study 

5 

Non-avian 
theropod, 
Ornithomimidae 

Ornithomimidae 
indet. 

TMP 
1993.066.0002 

Tibiap 
GE 
Lightspeed 
Ultra 

140 155 1195 0.879 1.25 
This 
study 

5 

Non-avian 
theropod, 
Ornithomimidae 

Ornithomimidae 
indet. 

TMP 
1999.055.0337 

Femurd 
Siemens 
Inveon 

80 250 1500 0.05 0.05 
This 
study 

4 

Non-avian 
theropod, 
Ornithomimidae 

Ornithomimidae 
indet. 

TMP 
2006.012.0065 

Fibula 
GE 
Lightspeed 
Ultra 

120 185 1195 0.738 1.25 
This 
study 

5 

Non-avian 
theropod, 
Therizinosauria 

Falcarius 

utahensis 

UMNH VP 
12360 

Femurd 
Siemens 
Inveon 

80 250 1600 0.05 0.05 
This 
study 

4 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak 

tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Non-avian 
theropod, 
Therizinosauria 

Falcarius 

utahensis 

UMNH VP 
12361 

Femurp 
Siemens 
Inveon 

80 250 1700 0.05 0.05 
This 
study 

4 

Non-avian 
theropod, 
Caenagnathidae 

Caenagnathidae 
indet. 

TMP 
1986.036.0323 

Femur 
Siemens 
Inveon 

80 250 1600 0.05 0.05 
This 
study 

4 

Non-avian 
theropod, 
Dromaeosauridae 

Saurornitholestes 

langstoni 
MOR 660 Tibiae × 2 

Siemens 
Inveon 

80 250 1600 0.05 0.05 
This 
study 

4 

Non-avian 
theropod, 
Troodontidae 

Troodon 

formosus 

MOR 553s-
7.11.91.41 

Tibia 
Siemens 
Inveon 

80 200 1900 0.04 0.04 
This 
study 

4 

Non-avian 
theropod, 
Troodontidae 

Troodon 

formosus 

MOR 553s-
7.28.91.239 

Femur 
Siemens 
Inveon 

80 200 1800 0.04 0.04 
This 
study 

4 

Non-avian 
theropod, 
Troodontidae 

Troodon 

formosus 

MOR 553s-
8.17.92.265 

Fibula 
Siemens 
Inveon 

80 250 1600 0.04 0.04 
This 
study 

4 

Non-avian 
theropod, 
Troodontidae 

Troodon 

formosus 
MOR 748 Femur 

Siemens 
Inveon 

80 200 1900 0.04 0.04 
This 
study 

4 

Non-avian 
theropod, 
Troodontidae 

Troodon 

formosus 
MOR 748 

Tibia + 
astragalus + 
calcaneum 

Siemens 
Inveon 

80 200 1900 0.04 0.04 
This 
study 

4 

Aves, 
Struthioniformes 

Struthio camelus MV R.2385 Femur 
GE 
BrightSpeed 

120 55 1681 0.488 0.3 
This 
study 

2 

Aves, 
Struthioniformes 

Struthio camelus MV R.2385 Tibiotarsus 

Siemens 
Somatom 
Definition 
AS+ 

120 199 1000 0.363 0.4 
This 
study 

2 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Aves, 
Struthioniformes 

Struthio camelus MV R.2385 Fibula 
GE 
BrightSpeed 

120 55 1681 0.488 0.3 
This 
study 

2 

Aves, 
Struthioniformes 

Struthio camelus MV R.2711 Femur 
GE 
BrightSpeed 

120 55 1681 0.488 0.3 
This 
study 

2 

Aves, 
Struthioniformes 

Struthio camelus MV R.2711 Tibiotarsus 
GE 
BrightSpeed 

120 55 1681 0.488 0.3 
This 
study 

2 

Aves, 
Struthioniformes 

Struthio camelus MV R.2711 Fibula 
GE 
BrightSpeed 

120 55 1681 0.488 0.3 
This 
study 

2 

Aves, 
Struthioniformes 

Struthio camelus YPM 2124 Femur 
GE 
Lightspeed 
16 

100 70 1297 0.311 1.25 

Farke 
and 
Alicea 
(2009) 

none** 

Aves, 
Struthioniformes 

Struthio camelus 
RVC Ostrich 
2 

Femur 
Picker 
PQ5000 

120 200 1000 0.391 2 
Doube 
et al. 
(2012) 

2 

Aves, 
Struthioniformes 

Struthio camelus 
RVC Ostrich 
2 

Tibiotarsus 
Picker 
PQ5000 

120 200 1000 0.313 4 
Doube 
et al. 
(2012) 

2 

Aves, 
Struthioniformes 

Struthio camelus 
RVC Ostrich 
2 

Fibula 
Picker 
PQ5000 

120 200 1000 0.313 4 
Doube 
et al. 
(2012) 

2 

Aves, 
Struthioniformes 

Struthio camelus 
RVC-JRH-
OST 1 

Femur 
GE 
LightSpeed 
Pro 16 

120 200 800 0.273 0.625 
This 
study 

2 

Aves, 
Struthioniformes 

Struthio camelus 
RVC-JRH-
OST 1 

Tibiotarsus 
GE 
LightSpeed 
Pro 16 

120 200 800 0.369 1.25 
This 
study 

2 

Aves, 
Struthioniformes 

Struthio camelus 
RVC-JRH-
OST 1 

Fibula 
GE 
LightSpeed 
Pro 16 

120 200 800 0.369 1.25 
This 
study 

2 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Aves, 
Rheiformes 

Rhea americana QMO 23517 Femur 
GE 
BrightSpeed 

120 80 1584 0.488 0.3 
This 
study 

2 

Aves, 
Rheiformes 

Rhea americana QMO 23517 Tibiotarsus 
GE 
BrightSpeed 

120 80 1584 0.488 0.3 
This 
study 

2 

Aves, 
Rheiformes 

Rhea americana QMO 23517 Fibula 
GE 
BrightSpeed 

120 80 1584 0.488 0.3 
This 
study 

2 

Aves, 
Tinamiformes 

Crypturellus soui MVB 23647 Femur 
Siemens 
Inveon 

80 0.35 1400 0.035 0.035 
This 
study 

1 

Aves, 
Tinamiformes 

Crypturellus soui MVB 23647 Tibiotarsus 
Siemens 
Inveon 

80 0.35 1400 0.035 0.035 
This 
study 

1 

Aves, 
Tinamiformes 

Crypturellus soui MVB 23647 Fibula 
Siemens 
Inveon 

80 0.35 1400 0.035 0.035 
This 
study 

1 

Aves, 
Tinamiformes 

Eudromia 

elegans 
UMZC 404.e Femur 

Nikon 
HMX ST 
225 

      0.034 0.034 
Doube 
et al. 
(2012) 

1 

Aves, 
Tinamiformes 

Eudromia 

elegans 
UMZC 404.e Tibiotarsus 

Nikon 
HMX ST 
225 

      0.047 0.047 
Doube 
et al. 
(2012) 

1 

Aves, 
Tinamiformes 

Eudromia 

elegans 
UMZC 404.e Fibula 

Nikon 
HMX ST 
225 

      0.047 0.047 
Doube 
et al. 
(2012) 

1 

Aves, 
Apterygiformes 

Apteryx owenii 
UMZC 
378.iii 

Femur 
Nikon 
HMX ST 
225 

      0.046 0.046 
Doube 
et al. 
(2012) 

1 

Aves, 
Apterygiformes 

Apteryx owenii 
UMZC 
378.iii 

Tibiotarsus 
Nikon 
HMX ST 
225 

      0.061 0.061 
Doube 
et al. 
(2012) 

1 

Aves, 
Apterygiformes 

Apteryx owenii 
UMZC 
378.iii 

Fibula 
Nikon 
HMX ST 
225 

      0.061 0.061 
Doube 
et al. 
(2012) 

1 

TABLE B.1 (continued). 

 

3
4
4
 



 

345 
 

 

 

 

 

Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Aves, 
Apterygiformes 

Apteryx haastii 
UMZC 
378.p 

Femur 
Nikon 
HMX ST 
225 

      0.044 0.044 
Doube 
et al. 
(2012) 

1 

Aves, 
Casuariiformes 

Dromaius 

novaehollandiae 
QMO 11685 Femur 

GE 
BrightSpeed 

120 55 1681 0.379 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Dromaius 

novaehollandiae 
QMO 11686 Femur 

GE 
BrightSpeed 

120 80 1584 0.326 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Dromaius 

novaehollandiae 
QMO 11686 Tibiotarsus 

GE 
BrightSpeed 

120 55 1681 0.488 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Dromaius 

novaehollandiae 
QMO 11686 Fibula 

GE 
BrightSpeed 

120 55 1681 0.326 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Dromaius 

novaehollandiae 
QMO 16140 Femur 

GE 
BrightSpeed 

120 55 1681 0.232 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Dromaius 

novaehollandiae 
QMO 16140 Tibiotarsus 

GE 
BrightSpeed 

120 55 1681 0.232 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Dromaius 

novaehollandiae 
QMO 16140 Fibula 

GE 
BrightSpeed 

120 55 1681 0.188 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Casuarius 

casuarius 
QMO 30105 Femur 

GE 
BrightSpeed 

120 55 1681 0.215 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Casuarius 

casuarius 
QMO 30105 Tibiotarsus 

GE 
BrightSpeed 

120 55 1681 0.219 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Casuarius 

casuarius 
QMO 30105 Fibula 

GE 
BrightSpeed 

120 55 1681 0.215 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Casuarius 

casuarius 
QMO 30604 Femur 

GE 
BrightSpeed 

120 80 1584 0.467 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Casuarius 

casuarius 
QMO 30604 Tibiotarsus 

GE 
BrightSpeed 

120 80 1584 0.488 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Casuarius 

casuarius 
QMO 30604 Fibula 

GE 
BrightSpeed 

120 80 1584 0.488 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Casuarius 

casuarius 
QMO 31137 Femur 

GE 
BrightSpeed 

120 55 1681 0.213 0.3 
This 
study 

2 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Aves, 
Casuariiformes 

Casuarius 

casuarius 
QMO 31137 Tibiotarsus 

GE 
BrightSpeed 

120 80 1584 0.488 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Casuarius 

casuarius 
QMO 31137 Fibula 

GE 
BrightSpeed 

120 80 1584 0.488 0.3 
This 
study 

2 

Aves, 
Casuariiformes 

Dromaius 

novaehollandiae 
YPM 2128 Femur 

GE 
Lightspeed 
16 

100 70 1297 0.188 0.5 

Farke 
and 
Alicea 
(2009) 

none** 

Aves, 
Galliformes 

Alectura lathami PJB Femur 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Alectura lathami PJB Tibiotarsus 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Alectura lathami PJB Fibula 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Leipoa ocellata MVB 20194 Femur 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Leipoa ocellata MVB 20194 Tibiotarsus 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Leipoa ocellata MVB 20194 Fibula 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Numida 

meleagris 
PJB Femur 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Numida 

meleagris 
PJB Tibiotarsus 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Numida 

meleagris 
PJB Fibula 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Colinus 

virginianus 
PJB Femur 

Siemens 
Inveon 

80 0.35 1400 0.035 0.035 
This 
study 

1 

Aves, 
Galliformes 

Colinus 

virginianus 
PJB Tibiotarsus 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Aves, 
Galliformes 

Colinus 

virginianus 
PJB Fibula 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Coturnix 

chinensis 
PJB Femur 

Siemens 
Inveon 

80 0.35 1400 0.035 0.035 
This 
study 

1 

Aves, 
Galliformes 

Coturnix 

chinensis 
PJB Tibiotarsus 

Siemens 
Inveon 

80 0.35 1400 0.035 0.035 
This 
study 

1 

Aves, 
Galliformes 

Coturnix 

chinensis 
PJB Fibula 

Siemens 
Inveon 

80 0.35 1400 0.035 0.035 
This 
study 

1 

Aves, 
Galliformes 

Coturnix 

japonica 
PJB Femur 

Siemens 
Inveon 

80 0.35 1400 0.035 0.035 
This 
study 

1 

Aves, 
Galliformes 

Coturnix 

japonica 
PJB Tibiotarsus 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Coturnix 

japonica 
PJB Fibula 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Gallus gallus PJB Femur 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Gallus gallus PJB Tibiotarsus 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Gallus gallus PJB Fibula 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Gallus gallus PJB Femur 
Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 (for head 
only) 

Aves, 
Galliformes 

Meleagris 

gallopavo 
PJB Femur 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Meleagris 

gallopavo 
PJB Tibiotarsus 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Meleagris 

gallopavo 
PJB Fibula 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Galliformes 

Meleagris 

gallopavo 

RVC turkey 
1 

Tibiotarsus 
Nikon 
HMX ST 
225 

      0.122 0.122 
Doube 
et al. 
(2012) 

1 
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Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Aves, 
Galliformes 

Meleagris 

gallopavo 

RVC turkey 
1 

Fibula 
Nikon 
HMX ST 
225 

      0.122 0.122 
Doube 
et al. 
(2012) 

1 

Aves, 
Galliformes 

Meleagris 

gallopavo 
YPM 2113 Femur 

GE 
Lightspeed 
16 

100 70 1297 0.188 0.5 

Farke 
and 
Alicea 
(2009) 

none** 

Aves, 
Galliformes 

Argusianus 

argus 
YPM 2100 Femur 

GE 
Lightspeed 
16 

100 70 1297 0.188 0.5 

Farke 
and 
Alicea 
(2009) 

none** 

Aves, 
Anseriformes 

Anseranus 

semipalmata 
QMO 29529 Femur 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Anseriformes 

Anseranus 

semipalmata 
QMO 29529 Tibiotarsus 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Anseriformes 

Anseranus 

semipalmata 
QMO 29529 Fibula 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Otidiformes 

Ardeotis 

australis 
MVB 20408 Femur 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Otidiformes 

Ardeotis 

australis 
MVB 20408 Tibiotarsus 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Otidiformes 

Ardeotis 

australis 
MVB 20408 Fibula 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Gruiformes 

Porphyrio 

porphyrio 
PJB Femur 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Gruiformes 

Porphyrio 

porphyrio 
PJB Tibiotarsus 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Gruiformes 

Porphyrio 

porphyrio 
PJB Fibula 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 

Aves, 
Gruiformes 

Gallinula 

tenebrosa 
PJB Femur 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 
This 
study 

1 
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     TABLE B.1 (continued). 

Higher-order 

taxonomy 
Species 

Specimen 

number* 
Element 

CT scan settings 

Study 

Image 

processing 

protocol Machine 

Peak 

tube 

voltage 

(kV) 

Tube 

current 

(mA) 

Exposure 

time (ms) 

In-plane 

pixel 

resolution 

(mm) 

Slice 

thickness 

(mm) 

Aves, 
Gruiformes 

Gallinula 

tenebrosa 
PJB Tibiotarsus 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 This study 1 

Aves, 
Gruiformes 

Gallinula 

tenebrosa 
PJB Fibula 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 This study 1 

Aves, 
Pelecaniformes 

Threskiornis 

moluccus 
PJB Femur 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 This study 1 

Aves, 
Pelecaniformes 

Threskiornis 

moluccus 
PJB Tibiotarsus 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 This study 1 

Aves, 
Pelecaniformes 

Threskiornis 

moluccus 
PJB Fibula 

Siemens 
Inveon 

80 0.45 1000 0.053 0.053 This study 1 

Aves, 
Cuculiformes 

Geococcyx 

californianus 

UMZC 
429.p 

Femur 
Nikon HMX 
ST 225 

      0.032 0.032 
Doube et 
al. (2012) 

1 

Aves, 
Cuculiformes 

Geococcyx 

californianus 

UMZC 
429.p 

Tibiotarsus 
Nikon HMX 
ST 225 

      0.049 0.049 
Doube et 
al. (2012) 

1 

Aves, 
Cuculiformes 

Geococcyx 

californianus 

UMZC 
429.p 

Fibula 
Nikon HMX 
ST 225 

      0.049 0.049 
Doube et 
al. (2012) 

1 

Aves, 
Columbiformes 

Pezophaps 

solitaria 
YPM 1154 Femur 

GE Lightspeed 
16 

120 70 1297 0.188 0.5 
Farke and 
Alicea 
(2009) 

none** 

Aves, 
Columbiformes 

Raphus 

cucullatus 
YPM 2064 Femur 

GE Lightspeed 
16 

120 70 1297 0.188 0.5 
Farke and 
Alicea 
(2009) 

none** 

Aves, 
Accipitriformes 

Sagittarius 

serpentarius 
YPM 1797 Femur 

GE Lightspeed 
16 

100 70 1297 0.188 0.5 
Farke and 
Alicea 
(2009) 

none** 

Aves, 
Accipitriformes 

Sagittarius 

serpentarius 
YPM 14150 Femur 

GE Lightspeed 
16 

120 70 1297 0.188 0.5 
Farke and 
Alicea 
(2009) 

none** 

 
* Collection number abbreviations: AM R., Australian Museum; DNM, UMNH VP; Natural History Museum of Utah; FMNH PR, Field Museum of Natural History; GU, Griffith 
University teaching collection; MOR, Museum of the Rockies; MVB, MV R., Museum Victoria; PJB, P.J.B. personal collection; QMJ, QMO, Queensland Museum; RVC, Royal 
Veterinary College; TMP, Royal Tyrrell Museum of Palaeontology; UA, Université d’Antananarivo; UMZC, Cambridge University Museum of Zoology; YPM, Yale Peabody 
Museum of Natural History. 
** The scans of these specimens were qualitatively analysed only, and did not require any further processing. 
p = proximal end, d = distal end, s = shaft. 
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