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ABSTRACT 

This study investigates the relationship between metatarsal bone form, as quantified by 

cross-sectional geometric properties, and its relationship to high (medial forefoot loading) 

versus low gear (lateral forefoot loading) push-off during the propulsion phase of the gait 

cycle. The objective being to assess whether forefoot loading may be variable or whether 

high gear loading occurs in higher frequencies, as depicted in theoretical foot function 

models. The study sample (n=53), made up of three broad groups, include Later Stone 

Age southern Africans, post-industrial individuals from South Africa, and the Jomon of 

Japan. Metatarsals 1-5 cross-sectional geometric properties (CSA, Ix, Iy, Imin, Imax, Zx, Zy, 

Zp, Zmin, Zmax) taken from CT scans at 25%, 35%, 50% and 65% metatarsal diaphyseal 

biomechanical lengths are grouped into high gear (metatarsal 1-2) and low gear 

(metatarsal 2-5) for comparison. The combined population analysis reveals that the high 

gear metatarsal diaphysis exhibit significantly higher strength and rigidity driven mainly 

by the post-industrial individuals from South Africa and the Later Stone Age southern 

Africans. In contrast, the Jomon of Japan, exhibit no significant differences between high 

and low gear metatarsals except for CSA, Imax, and Zmax. Furthermore, metatarsal 1 and 5 

differ far less in cross-sectional geometric properties in the Jomon of Japan compared to 

the other populations except for medial-lateral strength (Zy) and torsional and average 

bending strength (Zp) where metatarsal 5 is significantly higher. The study findings 

indicate that forefoot loading demonstrates variability during the propulsion phase of gait, 

while also suggesting a higher frequency of occurrence for high gear push-off. This 

challenges current theoretical models of foot function that emphasise high gear push-off 

as typical and normal for striding bipedalism. 
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CHAPTER 1 – INTRODUCTION 

There are four categories of studies that evaluate the relationship between bone form and 

its biomechanical function: joint form and pathology, trabecular architecture, histology, 

and cross-sectional geometry (Pearson and Lieberman, 2004). This study investigates the 

relationship between metatarsal bone form, as quantified by cross-sectional geometric 

properties, and its possible relationship to high versus low gear push-off during the 

propulsion phase of the gait cycle. 

  

1.1 Bone form 

Bone is a term used to describe both the organ and the material it is made of (Sharir et al., 

2008). Increased mechanical loading of bone can lead to changes in its form (Carlson, 

2005; Carlson and Marchi, 2014; Chirchir et al., 2015; Duncan et al., 2002; Jashashvili et 

al., 2015; Laskey et al., 2010; Lieberman and Crompton, 1998; Lieberman et al., 2003; 

Marchi, 2005; Martin et al., 2015; Pearson, 2000; Ruff, 1987; Ruff et al., 1993; Ruff et 

al., 2006; Shaw and Stock, 2009). Increased strain stimulates deposition of new bone 

tissue when exceeding a modelling threshold, which strengthens the bone in the direction 

of deformations and reduces strain to its original level (Lieberman and Crompton, 1998; 

Lieberman et al., 2003; Ruff, 2018). Modelling describes the process of paired or unpaired 

bone formation and/or resorption of periosteal and/or endosteal surfaces resulting in bone 

cross section reshaping (Barak, 2019). An example of modelling occurring with paired 

bone deposition and resorption is when bone is deposited on the outer perimeter 

(periosteal surface) while bone resorption occurs on the inner perimeter (endosteal 

surface) leading to an increase in the outer radius and a concomitant expansion in the 

inner radius of the medullary cavity (Fig. 1.1). The result on the bone’s cross-sectional 

geometry is an increase in bending stiffness (Sharir et al., 2008). 
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This adaptive response of bone to its loading regime is commonly referred to as bone 

functional adaptation and can be used to infer mobility patterns in past populations 

(Carlson and Marchi, 2014; Ruff et al., 2006). It is important to note however, that other 

factors such as bone disease, sex, foot pathologies, menopause, age, diet are biological 

factors that along with behavioural factors may affect bone structure (Bae et al., 2012; 

Carlson and Marchi, 2014; Duncan et al., 2002; Ferretti et al., 1996; Groll et al., 1999; 

Högler et al., 2003; Laskey et al., 2010; Martin et al., 2015; Pathria et al., 2016; van 

Rietbergen et al., 2002; Wehrli et al., 2006). An example of modelling occurring 

independent of mechanical loading is found in post-menopausal women, where 

endocortical bone resorption increases and outpaces periosteal bone deposition, which 

slows or ceases due to physiological changes, ultimately leading to decreased bone mass 

with a reduction in bending stiffness (Fig. 1.2). 

Figure 1.1. An example of bone cross section reshaping by modelling resulting in an increase in 
bending stiffness. Adapted from Sharir, A., Barak, M.M. and Shahar, R. (2008) ‘Whole bone mechanics 
and mechanical testing’, The Veterinary Journal, 177(1), pp.13. 
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Supporting evidence for these relationships can be found in experimental studies. For 

example, in comparing diaphyseal femoral shape of mice engaged in linear versus turning 

locomotion, Carlson and Judex (2007) found evidence that turning altered distribution of 

bone mass and hence cross-sectional shape compared to the linear and control groups. 

Lieberman et al. (2001) compared epiphyses of exercised and sedentary sheep and 

concluded that subchondral articular surface area did not increase in response to 

mechanical loading, but that the diaphyseal geometric cross-sectional properties (Imax, 

Imin, Imax/Imin, J, CA) did increase.  

Because of the relationship between loading regimes and bone form, skeletal variation 

has been used to explain activity patterns in past and present populations (Ruff, 2018). 

Murray Valley aboriginal people are described as having engaged in a lifestyle that 

imposed little muscular and bone stress because their femoral and humeral diaphysis and 

articular surfaces were found to be gracile in comparison to other modern human 

Figure 1.2. An example of bone cross section reshaping by modelling due to menopausal bone loss 
rather than altered mechanical loading. Adapted from Sharir, A., Barak, M.M. and Shahar, R. (2008) 
‘Whole bone mechanics and mechanical testing’, The Veterinary Journal, 177(1), pp.13. 
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populations (Collier, 1989; Pearson, 2000). Confirmation of these patterns can be found 

in studies of modern athletes, representing among the most active individuals living 

today. Shaw and Stock (2009) observed tibial cross-sectional diaphyseal properties (Imax, 

Imin, Imax/Imin, J, %CA) of a group of adolescent runners and field hockey players to be 

different, particularly stronger, compared to a control group of similarly aged individuals. 

In an investigation into the bone geometry of the distal radius of long-term tennis players, 

Ducher et al. (2005) found that the dominant radius had a marked increase in bone size 

and a slight increase in volumetric bone mineral density. Modern human adults, however, 

who became active after a sedentary phase during childhood retain the potential to slow 

the rate of endosteal resorption, but they are unable to add significant amounts of new 

sub-periosteal bone (Ericksen, 1976; Lazenby, 1990). 

The response of bone to mechanical loading is also used for characterizing broader 

evaluations of activities in different groups of humans through time or even species level 

differences. For example, the conclusion that the Tianyuan 1 femora belonged to 

physically active Pleistocene hunter-gatherers was reached because of the elevated 

femoral shaft bending strength measured (Wei et al., 2017). The Jomon of Japan are said 

to have been highly mobile in comparison to modern industrial-era Japanese because of 

high metatarsal (MT) diaphyseal strength (Zp) in the former (Hagihara and Nara, 2018). 

Furthermore, postcranial robusticity comparisons between Neandertals and the earliest 

anatomically modern humans have been used to differentiate their activity levels 

(Pearson, 2000). 

Given the above, it is reasonable to ask whether lateral MT (MT2-5) diaphysis may have 

higher bone rigidity (second moments of area) or strength (section moduli) if they are 

loaded more than the medial MT (MT1-2) diaphysis during low gear push-off. 

Conversely, medial MT diaphysis may have higher bone rigidity (second moments of 

area) or strength (section moduli) if they are loaded more than lateral MT diaphysis during 

high gear push-off. 
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1.2 Cross-sectional bone geometry 

Applying the engineering theory of beam mechanics, strength of a bone is a function of 

the amount of cortical bone present in the cross section, and its distribution around the 

centroid of the cross section (Laskey et al., 2010; Lieberman et al., 2004; Martin et al., 

2015). The ability of a bone to resist structural failure (fracture) due to bending and 

torsion is referred to as strength, whereas its ability to resist deformation from the same 

forces is referred to as rigidity (Ruff, 2018). Cross-sectional properties known as second 

moments of area are proportional to bending and torsional rigidity, while bending and 

torsional strength are proportional to a property known as section moduli (Ruff, 1987; 

Ruff, 2018). These cross-sectional properties are used for the structural analysis of long 

bone cortices. 

Cross-sectional geometric studies have been successfully used to quantify diaphyseal 

structure of long bones allowing inferences to be made on activity patterns, such as 

mobility levels (Carlson and Judex, 2007; Carlson and Marchi, 2014; Davies and Stock, 

2014; Duncan et al., 2002; Griffin et al., 2008; Jashashvili et al., 2015; Laskey et al., 

2010; Marchi, 2005; Ruff, 1987; Ruff 2008a; Ruff and Larsen, 2014;  Shaw and Stock, 

2009; Shaw et al., 2014). Early techniques required manually measuring bone length and 

circumferences either directly from bones or from radiographic images limiting structural 

bone interpretations and resulting in imprecise indicators of biological adaptation 

(Lovejoy et al., 1976; Ruff, 1987). As a result, long bone cross-sectional geometry has 

become an important means to evaluate mechanical properties to reconstruct locomotor 

behaviour among fossil hominins (Ruff et al., 2020). On the contrary, Wescott (2014) 

advised against using bone geometry as a sole indicator for interpreting mobility, but to 

look at the data in a biological and archaeological context since there may be other non-

ambulatory habitual activities influencing bone diaphyseal shape. Mobility impairment 

due to neurological disease, secular changes such as an increase in stature and body mass, 

habitual activities such as hoeing, raking, and sitting postures are examples of non-

ambulatory habitual activities than can influence cross-sectional bone strength and shape 

(Wescott, 2014). However, since humans are habitually bipedal and rarely use their feet 

directly for non-ambulatory activities, metatarsal bone geometry will be minimally 

affected by these types of other habitual activities.  
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Modern human and hominin studies utilizing cross-sectional bone geometry have often 

been conducted on the femur and tibia (Carlson et al., 2007; Davies and Stock, 2014; 

Duncan et al., 2002; Högler et al., 2003; Kontulainen et al., 2008; Laskey et al., 2010; 

Manske et al., 2006; Ruff, 1987; Ruff, 2009; Ruff and Larsen, 2014; Shaw et al., 2014; 

Wescott, 2014; Woodhead et al., 2001), or on the humerus and ulna (Bass et al., 2002; 

Carlson et al., 2007; Ducher et al., 2005;  Ruff, 2009). Griffin and Richmond (2005) “were 

the first to examine cross-sectional geometric properties of human MTs and their 

relationship to external loads during walking and running”. While generally less attention 

has been devoted to investigating cross-sectional geometry of MTs than other long bones 

(Griffin et al., 2008), it is worth noting that Hagihara and Nara (2018) drew conclusions 

about forefoot loading patterns between Jomon hunter-gatherers and modern Japanese 

people using the cross-sectional geometry of their MTs. Other studies of MT diaphysis 

have examined cortical thickness and second moments of area along entire shafts and 

shown important distinctions between groups of human, hominin, chimpanzee and gorilla 

first metatarsals (Jashashvili et al., 2015) and fifth metatarsals (Dowdeswell et al., 2017). 

 

1.3 High gear and low gear push-off 

Stance phase has an initial peak in vertical forces at 15% and a second peak between 45-

50% of the human gait cycle (Fig. 1.3) (Hayafune et al., 1999). The beginning of the 

terminal stance phase is marked by heel rise, which typically coincides with the beginning 

of the second force peak during which the forefoot carries peak load (Hayafune et al., 

1999; Whittle, 2014). During this late phase of the gait cycle, a forefoot propulsive 

mechanism occurs along a transverse or oblique metatarsal axis, or successively low gear 

first followed by high gear (Kelikian and Sarrafian, 2011; Vogler and Bojsen-Møller, 

2000). 
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“The transverse axis or ‘high gear’ is formed by metatarsal heads one (MH1) and two 

(MH2), while the oblique axis or ‘low gear’ is formed by MH 2-5” (Bojsen-Møller, 1979). 

The term high gear push-off describes a weight transfer over the forefoot from the lateral 

to the medial side; low gear push-off describes lateral loading of the forefoot without the 

medialward weight transfer (Bojsen-Møller, 1979). Weight transfer over the forefoot 

from the lateral to the medial side for a high gear push-off is considered typical in humans 

although variation in this pattern may occur based on speed of gait (Aiello et al., 1990; 

Bojsen-Møller and Lamoreux, 1979; Haile-Selassie et al., 2012). 

Figure 1.3. A Force-Time graph of a modern human gait cycle demonstrating vertical ground 
reaction forces, in Newtons, and time in percentage of a single leg gait cycle. (Adapted from Hayafune, 
N., Hayafune, Y. and Jacob, H.A.C., 1999. Pressure and force distribution characteristics under the 
normal foot during the push-off phase in gait. The foot, 9(2), pp.90.) 
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Bojsen-Møller (1979) investigated high and low gear toe-off in an experiment as follows: 

A glass plate with an underlying mirror and camera were inserted into a walkway to 

capture foot contact area during propulsion. Video and still images were used to visually 

estimate foot function during the propulsion phase of gait. If the plantar aponeurosis was 

visibly taut and the foot appeared to have most of its pressure on the plantar medial aspect, 

it was deemed high gear propulsion (Fig. 4). If the plantar aponeurosis was not visible, 

and the foot appeared to have most of its weight laterally distributed, then it was deemed 

low gear push-off. The study concluded that high gear toe-off occurred when the windlass 

Figure 1.4. Illustrates the transverse metatarsal axis (solid line) formed by MH1 and MH2 and the 
oblique axis (dotted line) formed by MH2 to MH5. High gear push-off occurs when propulsion during 
terminal stance phase utilises the transverse axis resulting in the visible appearance of the plantar 
aponeurosis (pa) in the plantar view of the foot. Low gear push-off occurs when propulsion during 
terminal stance phase utilises the oblique axis and a taut plantar aponeurosis is not visible (Adapted from 
Bojsen-Møller, F.,1979. ‘Calcaneocuboid joint and stability of the longitudinal arch of the foot at high 
and low gear push off.’, Journal of Anatomy, 129(Pt 1), pp. 170.) 
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mechanism was activated, and forefoot weight transfer was from lateral to medial. Low 

gear push-off occurred when the windlass mechanism was only partially, or not at all 

activated, and forefoot weight was distributed laterally. This experiment was repeated by 

Aquino and Payne (2001), who reported that only 66.7% of their subjects (n=39) 

displayed a visibly taut plantar aponeurosis at push-off. If a taut plantar aponeurosis at 

push-off is a reliable indicator for windlass activation, and thus high gear push-off, then 

the other subjects were possibly pushing-off in low gear. 

In recent years, more modern techniques using peak plantar pressures have been used to 

investigate weight transfer during propulsion. Collectively, plantar pressure studies do 

not provide a consistent pattern in reporting forefoot loading at push-off. For example, in 

samples numbering less than 55 subjects, the highest pressures for the forefoot have been 

shown to occur under MH2 then MH3 followed by the hallux (Bryant et al., 2000; 

Maetzler et al., 2010; Putti et al., 2008). In contrast, Hayafune et al. (1999) evaluated 

pressure and force distribution under the foot, specifically at the push-off phase of stance, 

and found an incredibly wide range of plantar peak pressures among 84 subjects, 

including mean peak pressures that were highest under hallucal phalanges rather than 

MH2 or MH1. D’Aout and colleagues (2009) examined peak plantar pressures in a shod 

western population and shod and unshod Indian populations and found mean peak 

forefoot pressure to be under MH2 and MH3. Using a foot pressure-sensing treadmill, 

body surface markers and high-speed cameras, Bates et al. (2013) observed medial 

forefoot propulsion (high gear) when the arch was stiffened (taut plantar aponeurosis). 

Crompton and colleagues (2010) cited an example of a clinically normal individual 

displaying plantar peak pressures on the lateral mid-foot, and MH2-4 and hallux with no 

lateral-to-medial movement of the centre of pressure. This peak plantar pressure pattern 

suggests a flexible lateral column of the foot with no weight transfer to the hallux at push-

off. This is contrary to what was described by Bojsen-Møller (1979).  Interestingly, in 

evaluating the Laetoli footprints, Crompton and colleagues (2012) concluded that there 

was a lateral-to-medial force transfer resulting in a medial or high gear push-off. 

On the other hand, theoretical models of foot function appear to emphasize medial weight 

transfer mainly to the first metatarsal-phalangeal (MTP) joint and hallucal phalangeal 

joints to stabilize the foot through the windlass mechanism (Dananberg, 2000; Durrant 

and Chockalingam, 2009 Fuller, 2000; Harradine and Bevan, 2009; Hicks, 1954). The 
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windlass mechanism (Fig. 1.5) accounts for how the foot is converted from a flexible 

structure into a stiffened lever by predominantly loading the hallux (high gear) in the 

propulsive phase of gait as the heel rises and the plantar aponeurosis tenses (Bojsen-

Møller, 1979; Hicks, 1954; Bojsen-Møller and Flagstad, 1976; Vogler and Bojsen-

Møller, 2000). Deviating from lateral to medial weight transfer preceding push-off, to 

activate the windlass mechanism, is identified as a pathological state in modern humans 

caused by conditions such as functional hallux limitus and hallux rigidus (Clough, 2005; 

Dananberg, 2000; Van Gheluwe et al., 2006). Hallux limitus is described as a limitation 

of first metatarsophalangeal joint motion during closed-kinetic-chain exercises, but 

normal joint motion during open-kinetic-chain exercises, i.e., the condition is only 

detectable with videography and plantar pressure studies as a momentary blockade of 

sagittal plane motion of the first MTP joint (Clough, 2005; Dananberg, 2000; Fuller, 

2000; Payne et al., 2002).  Payne et al. (2002) found that a total of 53 of 86 normal feet 

tested positive for hallux limitus leading the authors to advise that clinicians make the test 

for functional hallux limitus a routine examination. While functional hallux limitus 

manifests no symptoms at the joint itself, it is recognised as a pathology that through 

compensatory mechanisms like excessive supination at push-off, causes achilles 

tendinopathy, knee pain and lower back pain (Clough, 2005; Dananberg, 2000; Fuller, 

2000; Payne et al., 2002). Given the insipid diagnostics and potentially high prevalence 

of hallux limitus, it is possible that what is perceived as a disorder of the first MTP is in 

fact variation attributable to a higher than appreciated occurrence of low gear push-off in 

the human population. 
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Song and Geyer (2011) indicate that feet utilising the windlass mechanism during walking 

save 15% more energy than feet without a windlass mechanism because the former 

stiffens the foot to allow for more energy efficient weight transfer (high gear) during 

propulsion. Griffin and colleagues (2015) then hypothesized that the windlass mechanism 

was selectively advantageous in our ancestors to increase speed while also promoting 

energy conservation during bipedal gait. It is, however, unknown as to when during 

hominin evolution this mechanism emerged since components that make up the windlass 

mechanism are poorly preserved in the fossil record (Griffin et al., 2015).  

Figure 1.5. Schematic windlass mechanism superimposed on a cadaveric specimen displaying the 
windlass phenomenon. This mechanism is initiated when the hallux is passively dorsiflexed causing the 
longitudinal arch to rise, the rearfoot to supinate, the leg to externally rotate, and the plantar aponeurosis 
(dashed line) to tense up resulting in a stiffened foot. This phenomenon is analogous to the winding of a 
cable (plantar aponeurosis) by pulling a handle (proximal phalanx of the hallux) around the drum of a 
windlass (first metatarsophalangeal joint). (Adapted from Kelikian, A.S. and Sarrafian, S.K. eds., 2011. 
Sarrafian’s anatomy of the foot and ankle: descriptive, topographic, functional. Lippincott Williams & 
Wilkins, pp 592.) 
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Furthermore, Fuller (2000) postulated that a malfunctioning windlass mechanism may 

lead to foot pathologies such as plantar fasciitis, hallux abducto-valgus and hallux limitus 

in humans. Hicks (1954) reported that the arch-raising action of the plantar aponeurosis 

almost disappeared when it was transected on a cadaveric specimen. Similarly in a 

literature review, Tweed and colleagues (2009) found that plantar fasciotomy may lead 

to a loss of stability in the medial longitudinal arch and gait abnormalities since the plantar 

fascia functions to passively resist flattening of the longitudinal arch during mid-stance. 

In contrast, Welte and co-workers (2018) point out that the windlass mechanism only 

occurs as described by Hicks (1954) in static positions and not during dynamic foot 

loading. Additionally, Kirby (2017) reported that due to the unique morphological 

configuration of the bone and soft tissue of the human foot, an increase in Achilles tendon 

tension due to dynamic foot loading automatically increases foot longitudinal arch 

stiffness before late midstance. According to Pataky et al. (2008) the prevention of arch 

collapse (or conversely increase in arch height), usually attributed as a function of the 

windlass mechanism at push-off, begins in early stance phase due to increased plantar 

aponeurosis tension caused by muscular activity.  

The role of intrinsic muscular contributions to arch stiffening was dismissed by Hicks 

(1954). However, Kelly et al. (2012), using ultrasound guided bi-polar fine-wire 

electromyography inserted into the abductor hallucis, flexor digitorum brevis and 

quadratus plantae muscles, demonstrated that the plantar intrinsic muscles are recruited 

to stiffen the longitudinal arch when it is loaded during single leg and double leg support. 

Ultimately, medial longitudinal arch stiffening that occurs during stance phase is not only 

reliant on the plantar fascia but instead depends on a load sharing system of the osseus 

elements of the arch, the Achilles tendon, and plantar ligaments in addition to the plantar 

fascia and intrinsic foot muscles (Fauth et al., 2004; Kelly et al., 2014; Kelly et al., 2012; 

Kirby, 2017). Consequently, any theoretical model of foot function that only emphasizes 

medial longitudinal arch stiffening through the windlass mechanism activated upon high 

gear push-off requires closer review.  

In contrast to many theoretical models, numerous studies of hominin postcranial fossils 

indicate that there were a variety of terrestrial bipedal gait kinematics exhibited by 

hominins (DeSilva et al., 2013; DeSilva et al., 2019; Dowdeswell et al., 2017; Haile-

Selassie et al., 2012; Harcourt-Smith et al., 2015; Su and Carlson, 2017; Zipfel et al., 
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2011). Increased mid-tarsal mobility and the absence of a longitudinal arch in 

Australopithicus sediba suggests that the development of bipedal adaptations in the 

hominin lineage evolved in a non-linear pattern and that there may have been various 

kinematic solutions for being a bipedal hominin (DeSilva et al., 2013; Prang, 2015; Zipfel 

et al. 2011). Variation is further illustrated when comparing the distal hallucal phalanx of 

hominins. According to Trinkaus and colleagues (2021), the known Late and Middle 

Pleistocene Atapuerca-SH exhibit a hallucal distal phalanx resembling recent humans – 

laterally deviated due to the toeing-out pedal position during striding bipedal gait. 

Whereas “the known distal phalanges of australopiths, Early Pleistocene Homo and the 

Middle Pleistocene Dinaledi sample exhibit minimal lateral deviation of the hallucal 

distal phalanx” (Trinkaus et al., 2021). It is plausible that high and low gear push-off 

could be responsible for the variation seen in hallucal distal phalanges. In comparing MT5 

fossil hominin second moments of area, Dowdeswell and co-workers (2017) observed 

that A. africanus (StW114/115), H. habilis (OH8) and P. robustus (SKX33380) had 

human-like dorsoplantar rigidity whereas H. erectus (D4058) and H. naledi (UW.101-

1439, UW.101-518) exhibited a more African ape-like uniform rigidity along the 

diaphysis. This led the authors to conclude that evolution of human bipedalism, at least 

from the perspective of the foot, was a process that involved a number of experiments in 

hominin foot loading patterns along the way (Dowdeswell et al., 2017). 

Evidence for kinematic variation in the bipedal gait of hominins is present in the varied 

pedal fossils represented in the fossil record. Haile-Selassie and colleagues (2012) 

suggested that there was “more than one hominin locomotor adaption at the beginning of 

the Late Pliocene” since BRT-VP-w/73 was a facultative biped with an abducted hallux 

while contemporaneous A. afarensis was a striding terrestrial biped with an adducted 

hallux. The Dmanisi hominin foot was described as having an arch and a human-like talus 

for improved locomotor economy (Pontzer et al., 2010), but interestingly, it has ape-like, 

MT internal structure (Dowdeswell et. al., 2017). Australopithecus sediba was a biped, 

yet it exhibited evidence of a mid-tarsal break (e.g., presumably high peak lateral loading) 

and a foot that hyper-pronated lowering the arch as the foot prepared for propulsion 

(DeSilva et al., 2013). An unstable lateral column suggests that A. sediba may have had 

a low gear toe-off. Bates and colleagues (2013) also found lateral mid-foot compliance to 

be inversely proportional to the pressure exerted by the MT1 and the hallucal phalanges, 
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but the authors attributed this to a ubiquitous soft tissue coupling mechanism rather than 

an osseous locking mechanism. Another example of varied push-off is Ardipithecus 

ramidus, which is believed to have performed fulcrimation (push-off) on the lateral 

metatarsal heads in the presence of an abducted first ray (Lovejoy et al., 2009). 

Accordingly, if the bipedal hominin foot evolved in such a mosaic fashion, then it is likely 

that it did not exhibit one consistent pattern of forefoot loading during propulsion. Low 

gear push-off may not be a pathological state but rather a variable locomotor adaptation 

observable in non-trivial frequencies in modern humans. 

 

1.4 Objectives 

The aim of this study is to investigate whether lateral forefoot loading, inferred from 

higher strength and rigidity of MT2-5 (low gear MTs) in relation to MT1-2 (high gear 

MTs), may have occurred at push-off in selected human populations. The objective being 

to assess whether forefoot loading may be variable or whether high gear loading occurs 

in high frequencies, as depicted in theoretical foot function models. 

 

1.5 Hypothesis 

High gear push-off, indicated by relative strength and rigidity of MT1-2, occurs in higher 

frequency than low gear push-off, indicated by relative strength and rigidity of MT2-5 in 

humans. 

 

  



 

15 
 

CHAPTER 2 – MATERIALS AND METHODS 

The purpose of this chapter is to introduce the research materials used and the 

methodology employed for this quantitative study regarding the intraspecific differences 

in metatarsal (MT) bone cross-sectional geometry related to high gear and low gear push 

off. Workflow is summarised in Fig. 2.1. 

 

 

 

 

2.1 Materials 

The materials used in this study include a metatarsal sample, computed tomography 

scanning equipment, bone 3D rendering and alignment software and bone cross section 

analyses software. 

 

2.1.1 The metatarsal sample 

The metatarsals used in the current study were obtained from three sources. Ethical 

approval was obtained for each of the three populations. The Raymond A. Dart Collection 

of Human Skeletons (Human Research Ethics Committee (Medical) Clearance 

Certificate: W-CBP-220504-01), the National Museum Bloemfontein Archaeological 

Human Skeletal Collection and the University Museum (Approval Reference Number: 

Figure 2.1. Materials and methods workflow summary. 
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NMB ECC 2015/05), The University Tokyo (UMUT), Jomon Collection (Approved by 

Dr. G. Suwa from the Department of Anthropology and Prehistory at UMUT).  

The entire sample is comprised of three broad groups: Later Stone Age southern Africans 

(i.e., Khoesan), post-industrial individuals from South Africa, and the Jomon of Japan. 

The sample incorporates a variety of lifestyles, including partially shod and unshod, 

highly mobile and sedentary individuals who lived on diverse terrain.  

All five MTs from each individual’s left foot were utilised. Where the left MTs were 

incomplete, missing, or damaged, right MTs were substituted. However, MTs from 

different sides were not mixed. All sets of left and right MTs were maintained as such 

and were not substituted for each other. MTs with an external surface that appeared 

pathological were excluded. Only MTs with fused epiphyses were included. Sex and age 

of individuals were obtained from collection records and only adults were included. 

Individuals with MTs that showed evidence of healed traumatic pathologies, such as bone 

callus or deformity, as a result of a fracture, were excluded. MTs that exhibited minor, 

partial post-depositional destruction of one of the articular surfaces, but an intact 

diaphysis, were included to ensure sufficient sample size. However, MTs with either 

distal or proximal articular surface post-depositional destruction were excluded since the 

alignment process in step 2 (Fig 2.1) depended on the articular surfaces. 

 

2.1.1.1  Post-industrial individuals from South Africa  

The post-industrial individuals in this sample are from rural and urban ethnic populations. 

They consist of various black South African linguistic groups (i.e., Xhosa, Zula, and 

Sotho) that are considered to be one homogenous group (Dayal et al., 2008). Males and 

females are equally represented and have an age range of 25-30 years old. They were 

migrant laborers (e.g., miners) (Dayal et al., 2009) who are presumed to have been shod. 

However, living urban adult females in South Africa reported being unshod or partially 

shod as children and continued to engage in unshod leisure behaviour (Thompson and 

Zipfel, 2005). Since these individuals grew up in rural areas but moved to Johannesburg 

to find work as adults (Carlson et al., 2007), it is likely that they were partially shod as 
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children and shod as adults. Table 2.1 summarizes the details of the modern post-

industrial sample. 

 

 

The sample is curated in The Raymond A. Dart Collection of Human Skeletons. The 

human specimens in this collection were prepared from unclaimed bodies from Transvaal 

hospital sources, archaeological excavations, mine disasters and accidents (Dayal et al., 

2009; Tal and Tau, 1983). The sex and tribe/race recorded by hospital administrative staff 

is believed to be accurate but the age less reliable with 25% of specimens differing by 

more than 10 years from the estimated age (Dayal et al., 2009; Tal and Tau, 1983). In 

1959, a flood submerged the collection, and many bones were mixed with each other and 

never rectified (Tobias, 2005). The sample selected does not form part of the mixed bones 

since they are from less than four decades ago. The individual, population group, 

collection accession number, age and sex are summarized in Table 2.2. 

 

 

 

 

 

 

 

 

 

        
 
 
Lifestyle 

 
Terrain 

 
Climate    

 
Shod/Unshod  

 
Specimen  

 
n 
 

 
Sedentary 

 
Modern flat, hard 
surfaces 

 
Warm 

 
Partially shod 

 
Complete MT 1-5 

 
14 

Table 2.1: Description of the post-industrial individuals from South Africa. 
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Collection Accession Number 

 
Population group 

 
Age 

 
Sex 
  

A8 Sotho 30 M 
A9 Venda 20 M 
A13 Pondo 30 M 
A14 Zulu 25 M 
A17 Sotho 26 M 
A163 Sotho 25 M 
A170 Sotho 29 M 
A22 Xhosa 30 F 
A209 Sotho 25 F 
A218 Sotho 25 F 
A458 Sotho 24 F 
A883 Sotho 27 F 
A1285 Sotho 29 F 
A3060 Sotho 29 F 

 

2.1.1.2  Later Stone Age southern Africans 

Later Stone Age (LSA) southern Africans, referred to collectively as the Khoesan, are the 

indigenous hunter-gatherer peoples of Southern Africa (Schuster et al., 2010). 

Nevertheless, the term Khoesan does not signify one unified identity since peoples 

speaking Khoesan languages are linguistically and culturally dissimilar and each has their 

own history (Pakendorf and Stoneking, 2021). The LSA southern African sample in this 

study inhabited or utilised the Matjes River Rock Shelter from almost 8,000 B.P. to 2,000 

B.P. (L’Abbé et al., 2008; Sealy and Pfeiffer, 2000; Stock and Pfeiffer, 2001). Although 

individuals in this sample are believed to have been active until death (Stock and Pfeiffer, 

2001), they were not necessarily walking long distances all the time. There is evidence of 

a diverse dietary (marine and terrestrial protein) history suggesting that journeys were 

made to visit other groups, with a different diet, further away on occasion (Sealy and 

Pfeiffer, 2000). However, given that their marine and terrestrial food supply was near to 

their coastal settlements, their daily activity may have been relatively low ranging (Sealy 

and Pfeiffer, 2000).  

Table 2.2: Post-industrial humans from South Africa curated in The Raymond A. Dart Collection of 
Human Skeletons 
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The Khoesan individuals in this group were discovered in the Eastern Cape, Matjes River 

Rock Shelter (L’Abbé et al., 2008; Morris, 1992), except for one individual who is from 

the Aughrabies site. They lived in a warm climate wearing minimal clothing and are 

presumed to have been habitually unshod (Stock and Pfeiffer, 2001). They negotiated 

rugged terrain while foraging for terrestrial and marine resources (Stock and Pfeiffer, 

2001). The Matjes River Rock Shelter site was excavated in the 1920’s and 1950’s. 

Excavations have been criticized for having commingled skeletal remains and using poor 

excavation techniques making it difficult to associate individuals with specific layers or 

cultures. (L’Abbé et al., 2008; Morris, 1992; Rightmire, 1978; Sealy et al., 2006). 

Fortunately, the collection has been improved by many authors sorting through the data 

found in the ‘Catalogue of Holocene Skeletons in South Africa’ by Morris (1992) and 

various field notes by Hoffman (Jenkins et al., 2007; L’Abbé et al., 2008; Sealy et al., 

2006; Sealy and Pfeiffer, 2000; Stock and Pfeiffer, 2001). The individuals from Matjes 

River Rock Shelter form part of the Archaeological Human Skeletal Collection at the 

National Museum of Bloemfontein (Morris, 1992). The individual accession number, sex 

and site of discovery are summarized in Table 2.3. 

 

 
Collection Accession Number 

 
Site 

 
Sex 
 

MRN4Wilton Undetermined F 
NMB not acc MSk2 Matjies River Rock Shelter F 
NMB not acc SS2 Matjies River Rock Shelter F 
NMB not acc SS1 Matjies River Rock Shelter M 
NMB not acc SS3 Matjies River Rock Shelter M 
NMB MSk5 Matjies River Rock Shelter Undetermined 
NMB 1231 - 1 Matjies River Rock Shelter Undetermined 
NMB 1231 - 2 Matjies River Rock Shelter Undetermined 
NMB 1231 - 4 Matjies River Rock Shelter Undetermined 
NMB 1231 - 5 Matjies River Rock Shelter Undetermined 
NMB 1231 - 9 Matjies River Rock Shelter Undetermined 
NMB 1231 - 11 Matjies River Rock Shelter Undetermined 
NMB 1231 - 12 Matjies River Rock Shelter Undetermined 
NMB 1231 - 14 Matjies River Rock Shelter Undetermined 
NMB 1420  Aughrabies Undetermined 

 

Table 2.3: LSA foragers from South Africa curated in the Archaeological Human Skeletal Collection at 
the National Museum of Bloemfontein 
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LSA southern Africans are well-suited for investigating relationships between habitual 

behaviour (high gear or low gear push off) and bone structure (cross-sectional geometry) 

because variables affecting bone geometry are already known; it is assumed that all 

individuals were active life-long and had high lower limb loading, there was gender-based 

division of labour, less task specialisation, they were long time inhabitants of their 

respective environments, they were genetically homogenous, lived in a warm climate and 

presumably had no age-related bone changes given their short life expectancy relative to 

modern standards. (Sealy and Pfeiffer, 2000; Stock and Pfeiffer, 2001; Wollmann and 

Cameron, 2022). Table 2.4 summarizes details of the LSA southern Africans. 

 

 
Lifestyle 

 
Terrain 

 
Climate 
   

 
Shod/Unshod  

 
Specimen  

 
n 
 

 
Presumed sedentary 
coupled with seasonal 
extensive travelling  

 
Coastal rugged 
and inland 

 
Warm 

 
Presumed 
unshod 

 
Complete sets of 
MT 1-5 

 
15 

 

2.1.1.3  The Jomon of Japan 

Jomon is the name given to the prehistoric period (ca. 13,000 – 2,000 BP) in Japan which 

starts after the Palaeolithic period and precedes the Yayoi Period (Habu, 1996). The 

Jomon of Japan population were a homogenous group whose subsistence depended on 

hunting, fishing, collecting and possibly the use of cultivated plants (Akazawa, 1999; 

Habu and Junko, 2004). This active lifestyle made them physically agile with relatively 

high muscle mass (Yamaguchi, 1982). The Jomon of Japan people were highly mobile, 

as evidenced by their metatarsals being more robust than those of modern-day Japanese 

people (Hagihara and Nara, 2018). They are presumed to have engaged in long distance 

trade requiring traveling to inland, mountainous regions of Japan in the late to final Jomon 

phase (Hagihara and Nara, 2018; Underhill and Habu, 2006). Most of the large Jomon 

settlements were located on the Pacific Coast Honshu where coastal and forest resources 

were in close proximity (Perri, 2016). The selected sample represents the prefectures of 

Aichi, Chiba, Fukushima, and Osaka located along the Pacific Coast of Honshu. The 

Jomon of Japan population was relatively sedentary with likely seasonal occupation of 

Table 2.4: Description of the LSA southern Africans 
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residential bases during the early, middle, and late Jomon periods (Habu, 1996; Underhill 

and Habu, 2006).  

Japanese islands have a largely mountainous terrain and an extreme north-south 

orientation that results in a variation of climatic conditions from subarctic to subtropical 

(Perri, 2016). As a result, different subsistence hunter-gatherer systems existed in 

different regions (Underhill and Habu, 2006). “Hokkaido and the northern border of 

Honshu were primarily exploiting marine mammals and fish; south-western Honshu and 

the southern islands were primarily exploiting plant and marine foods; and north-central 

Honshu was exploiting a mixture of terrestrial animals, plants, and marine foods” (Perri, 

2016). Table 2.5 summarizes details of The Jomon of Japan. 

 

 
Lifestyle 

 
Terrain 

 
Climate    

 
Shod/Unshod  

 
Specimen  

 
n 
 

 
Relatively sedentary 

 
Uneven 

 
Variable 

 
Partially shod 

 
Complete sets of MT 1-5 

 
24 

 

The Department of Anthropology and Prehistory at The University Museum, The 

Museum of Tokyo (UMUT), houses the skeletal material belonging to the prehistoric 

(6000-2300BP) populations of Japan. Micro-CT scans of MTs 1-5 of the left or right foot 

of 14 individuals were made available on approval by Dr. G. Suwa from the Department 

of Anthropology and Prehistory at UMUT. Each individual’s collection accession number 

is listed in Table 2.6.  

 

 

 

 

 

 

Table 2.5: Description of the Jomon of Japan 
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Collection Accession Number 

 
Site, Prefecture 

 
Sex 

 
Jomon subphase* 
  

UMUT130166 Hobi, Aichi Undetermined  Final 

UMUT130242 Hobi, Aichi M Final 
UMUT130145 Hobi, Aichi F Final 
UMUT130152 Hobi, Aichi M Final 
UMUT130195 Hobi, Aichi F Final 

UMUT130849 Ikawazu, Aichi M Late/Final 

UMUT130850 Ikawazu, Aichi M Late/Final 

UMUT130857-2 Ikawazu, Aichi F Late/Final 

UMUT130860 Ikawazu, Aichi M Late/Final 

UMUT130861 Ikawazu, Aichi M Late/Final 

UMUT130867 Ikawazu, Aichi F Late/Final 

UMUT130868 Ikawazu, Aichi F Late/Final 
UMUT131086-1 Ko, Osaka Undetermined  Early to Final indet 

UMUT131085-1 Ko, Osaka M Early to Final indet 

UMUT131096 Ko, Osaka Undetermined Early to Final indet 
UMUT131098 Ko, Osaka M Early to Final indet 
UMUT131086-2 Ko, Osaka Undetermined Early to Final indet 
UMUT131719 Ubayama, Chiba F Late middle-middle late 

UMUT131061 Ubayama, Chiba Undetermined Late 
UMUT131067 Ubayama, Chiba M Late 
UMUT131377 Sanganji, Fukushima M Late/Final 
UMUT131380-G1 Sanganji, Fukushima Undetermined  Late/Final 
UMUT131380-G2 Sanganji, Fukushima F Late/Final 
UMUT131376 Sanganji, Fukushima F Late/Final 
*Early 6,000-5,000 cal BP 
Middle 5,000-4,000 cal BP 
Late 4,000-3,000 cal BP 
Final 3,000-2,300 cal BP 

Table 2.6: The Jomon of Japan derived geographically from the Pacific Coast of Honshu. Curated in The 

Department of Anthropology and Prehistory at The University Museum, The Museum Tokyo (UMUT) 
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2.1.2 Computed Tomography (CT) scanning equipment 

The Philips Brilliance 16P medical CT scanner at the Charlotte Maxeke Johannesburg 

Academic Hospital (South Africa) was used to CT scan MTs of the post-industrial 

individuals from South Africa. The SkyScan 1173 high energy micro-CT scanner at The 

University Museum, The Museum Tokyo (UMUT) was used to scan MTs of the Jomon 

of Japan. A Nikon Metrology XTH 225/320 LC dual source industrial CT system housed 

in the Microfocus X-ray Computed Tomography Facility in the Evolutionary Studies 

Institute of the University of the Witwatersrand was used to scan metatarsals of the Later 

Stone Age southern Africans. 

 

2.1.3 Bone 3D rendering and alignment software 

Thermo ScientificTM AvizoTM software (Waltham, Massachusetts, USA) is a 3D data 

visualization and analysis software application for analyzing material structure, 

properties, and performances. The program enables users to interact with data sets 

displayed in a 3D viewer and a tree view. The 3D viewer displays the data set as an 

interactive 3D image with a variety of angle views. The tree view is a graphical control 

element that represents a hierarchical view of the data and module components (Fig. 2.2). 

Avizo has been used in many fields ranging from life sciences to material sciences and 

has been used extensively in paleontology and archeological published research. 

 

Figure 2. 2. MT1 diaphyseal cross section displayed in the Avizo software 3D viewer (left) with the 
completed module components displayed in a hierarchical tree view in the project view panel (right). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/tomography
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2.1.4 Bone cross section analyses software 

FIJI (ImageJ) is an open-source biological-image processing and analysis software 

(Schindelin et al., 2012; Schindelin et al., 2015). Bone J is an open-source bone image 

analysis plugin for FIJI (Doube et al., 2010). FIJI was used to binarise and convert each 

cross-sectional image to 8-bit, analyse image quality, exclude bone deformity, fill 

intracortical porosity and remove trabecular struts. The Bone J plugin was used to 

orientate cross sections within images and to calculate standard cross-sectional properties 

from these cross sections (Doube et al., 2010). 

 

2.2 Methods 

The data collection process consisted of acquiring metatarsal CT-scans that were then 

rendered into three-dimensional images and positioned following a standardized protocol. 

This allowed for the extraction of specific diaphyseal slices (e.g., 50% length) for 

calculating cross-sectional geometric properties.  

 

2.2.1 Computed tomography (CT) scanning 

The post-industrial South African metatarsals were CT scanned using the open SKULL 

U.H.R. 0.5 protocol (Philips Healthcare, Andover, MA, USA). The scanning was 

performed at 140 kVp with a tube current of 253 mAs, a slice thickness of 0.67 mm, and 

a reconstruction increment of 0.3 mm. After the acquisition of all raw data, image data 

for a specimen were reconstructed as 16-bit DICOM images using a bone re-construction 

algorithm (i.e., a “sharp” kernel). 

The Later Stone Age forager’s MTs were micro-CT scanned at 90 kV and 220 μA energy 

settings using 1000 projections and a 0.5 mm copper filter. All raw data were 

reconstructed in Inspect-X software, which is Nikon Metrology proprietary software 

associated with the micro-CT scanner. A beam hardening correction factor preset 2 was 

applied to optimize image quality. Image volumes were registered as 16-bit pixel .TIF 

image stacks, with spatial resolutions ranging between 26 and 49 μm. 
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The MTs of the Jomon of Japan were micro-CT scanned at 130Kv and 40 μA energy 

settings using a 0.25mm brass filter. A beam hardening correction of 30% was applied. 

Image volumes were registered as 16-bit pixel .TIF image stacks, with spatial resolutions 

ranging between 69.9 and 90 um. 

The above image stacks were stored in separate folders according to individual collection 

accession numbers in preparation for the three-dimensional rendering process.  

 

2.2.2 Metatarsal three-dimensional rendering and alignment 

Avizo software was used for 3D rendering of the micro-CT scans followed by 

extraction of cross sections from the diaphysis based on the digital protocol published 

by Jashashvili and colleagues (2015). The workflow can be described as follows: 

Landmarks were positioned in the center of the proximal and distal articular surfaces of 

a given metatarsal. A line linking the two landmarks defined the longitudinal axis of its 

diaphysis. The longitudinal axis was then aligned parallel to the z-axis and orthogonal to 

the x-axis of the metatarsal rendering (Fig. 2.3). 

 

Figure 2.3. Human right hallucal MT displaying landmark positioning and standardized spatial 

alignment. Dorsal view: distal and proximal articular surfaces of a metatarsal with landmarks positioned 

in the centers of their respective articular surfaces. The dotted line joining the two landmarks indicates the 

longitudinal axis of the diaphysis that was aligned parallel to the z-axis and orthogonal to the x-axis in the 

alignment protocol. The mediolateral axis of the diaphysis is aligned parallel to the x-axis, while the 

dorsoplantar axis of the diaphysis is aligned parallel to the y-axis.  
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Each rendering was subsequently rotated about its longitudinal axis until the proximal 

articular surface of the MT was aligned in the chosen natural anatomical alignment, i.e., 

with respect to the transverse arch (Fig. 2.4A). Anatomical positions of the MT proximal 

articular surfaces were based on the description and illustration by Kelikian and Sarrafian 

(2011) (Fig. 2.4B). This is in contrast with published techniques which align the proximal 

articular surface parallel to the Y-axis (Dowdeswell et al., 2017) or align the dorsal aspect 

of the MT base parallel to the x-axis (White et al., 2011). Positioning in anatomical 

alignment was selected because a goal of the study was to investigate the effect of loading 

during low and high gear push-off on all the MTs with the entire metatarsus in anatomical 

position (e.g., with the MT heads plantigrade and the proximal articular surfaces aligned 

to adjacent MT articular surfaces (Fig. 2.4C).  

                                     

 

Figure 2.4. A. Screen captures from the Avizo software displaying the final alignment of the MT 1-

5 proximal articular surface renderings. B. Proximal MT 1-5 bases illustrated in anatomical alignment and 

forming a transverse arch that is higher medially and lower laterally (Adapted from Kelikian, A.S. and 

Sarrafian, S.K. eds., 2011. Sarrafian’s anatomy of the foot and ankle: descriptive, topographic, 

functional. Lippincott Williams & Wilkins, pp 101.).  C. A composite of the screen captures of the final 

MT 1-5 alignment (modelled after illustration B) from the Avizo software (A) to illustrate the proximal 

articular surface alignment to the adjacent MT articulating surfaces creating a transverse arch.  
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This orientation protocol ensured that reference axes were defined and standardized 

across bones as accurately as possible because the determination of cross-sectional 

properties can be sensitive to bone positioning (Carlson, 2005). The result was that each 

metatarsal rendering (e.g., each MT4) and its cross-sectional slices were comparably 

oriented in space (i.e., in similar orientations with respect to the x-, y-, and z-axes). Once 

the orientation protocol was applied, original volume data were resliced in the new 

alignment to match the new spatial coordinate system. Regions of interest (ROIs) from 

the diaphysis (i.e., 25%, 35%, 50% and 65% lengths) were selected as the basis of 

structural comparisons. Each MT was divided into 100 slices along its biomechanical 

length in an AVIZO protocol (fig. 2.5). In this procedure, slices are spaced at 1% length 

increments along the longitudinal axis of the metatarsal. All 100 slices were saved in .TIF 

format and the targeted ROIs (i.e., slices at 25%, 35%, 50% and 65% lengths; (Fig. 2.6) 

were subjected to further analyses in FIJI (ImageJ) with the Bone J plugin. When 

modelling long bones as beams, biomechanical length is more appropriate to use as a 

measure of length than maximum length since the former more accurately reflects the 

lever arm dimension of a long bone shaft (Carlson, 2005). Biomechanical length of an 

MT was measured as the distance between the landmarks that were placed on proximal 

and distal articular surfaces (Fig. 2.5). For MTs compared to other long bones such as the 

femur, biomechanical length differs little from the maximum length dimension. This 

mirrors physical measurement of biomechanical length on metatarsals (Marchi, 2005; 

Marchi, 2010, White et al., 2011). 
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2.2.3 Metatarsal cross section analyses 
Extracted metatarsal cross-sectional slices from 25%, 35%, 50% and 65% ROIs saved as 

.TIFF formatted files were exported into FIJI software for quantifying structural 

properties (Fig. 2.5). 

 

 

 

Figure 2.5. Biomechanical length and cross-sectional slices along the diaphysis of a metatarsal. 
White lines illustrate approximate diaphyseal locations of the 100 slices at regular intervals that were 
extracted as part of the orientation process (not to scale). Distance between consecutive slices is 
equivalent to 1% of biomechanical length thereby standardizing locations of ROIs across all metatarsals 
analyzed. 

Figure 2.6. Lateral view of an idealized metatarsal illustrating representative cross sections and 
their locations for 25%, 35%, 50% and 65% regions of interest. The proximal end is towards the right of 
the image and corresponds to 0% length of the metatarsal while the distal end is towards the left and 
corresponds to 100% length of the metatarsal. 
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Once a cross section image was exported to FIJI, it followed a series of standardized steps 

that enabled calculation of cross-sectional geometric properties. First, the image was 

converted to an 8-bit image and binarized by setting the threshold to half the maximum 

grey value exhibited by bone pixels i.e.: 127 (Xing et al., 2018). The paintbrush tool in 

FIJI was used to remove any obvious trabecular struts from the endosteal border (Fig. 

2.7) and to fill any intracortical porosities, e.g., those caused by a nutrient foramen 

(Carlson, 2005). Trabecular struts do not contribute to diaphyseal bending rigidity but 

could contribute to bone area. An increase in bone area without an increase in diaphyseal 

rigidity could create an error in data analyses. While this process of removing struts can 

be subjective, care was taken to be internally consistent in decision-making throughout 

the process of digitally removing struts at the endosteal border.  

 

 

A.    B. 

 

It is possible to confuse multiple intracortical porosities adjacent to each other at the 

endosteal border for separate trabeculae. To distinguish between trabeculae versus 

multiple intracortical porosities, the slice of interest was displayed in 3D on one screen, 

Figure 2.7. Left hallucal metatarsal cross sections at the 65% region of interest (ROI) from an 

individual in the post-industrial South African sample (A) Cross section displaying portions of trabecular 

struts on the endosteal border. (B) The same cross section as illustrated in (A), but with the ‘cleaned’ 

endosteal border displayed after digitally removing trabecular struts using the paintbrush tool in FIJI 

software. 

Trabecular struts Trabecular struts removed 
rereremoved 
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as a guide on how much bone to remove from the 2D image on another screen (see Fig. 

2.8). 

         

 

 

Next, the Bone J plugin was used to define anatomical planes in the cross-sectional image. 

Specifically, the dorsal, plantar, medial and lateral surfaces of the cross section were 

assigned (Fig. 2.9).  

 

 

 

Figure 2.8. Workflow for identifying trabeculae and intracortical porosities. Screen 1 displays the 

MT rendering (using Avizo software) allowing for the adjacent slices to be viewed in 3D which helps to 

distinguish between trabecula versus bone partitions separating multiple intracortical porosities. Screen 2 

displays an example of a binarized 8-bit 2D image from which trabecular struts are removed along the 

endosteal border and also an example of an intracortical porosity filled using the paintbrush tool in FIJI 

software. 

Figure 2.9. Left hallucal metatarsal cross section at the 65% ROI from an individual in the post-
industrial South African sample. Image displays locations of dorsal, plantar, medial, and lateral surfaces. 
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After anatomical planes were defined for a cross section in the Bone J plugin, standard 

CSGP’s were calculated (Doube et al., 2010). These are summarized in Table 2.7. Second 

moments of area, Ix and Iy, describe the resistance of long bone diaphysis to bending about 

mediolateral and dorsoplantar planes, respectively (Griffin and Richmond, 2005; Wei et 

al., 2017). Principle moments of area are calculated about the principal axes of a cross 

section and denote maximum (Imax) and minimum (Imin) bending rigidity. “A bone’s 

ability to resist deformation, prior to failure is referred to as rigidity” (Ruff, 2018).  

Principle moments of area and second moments of area help to describe the directionality 

of resistance to bending loads within the MT diaphysis (Shaw and Stock, 2009).  

The ratio of principle moments of area (Imax/Imin) provides a measure of cross-sectional 

shape or shape index (i.e., degree of circularity) of the diaphysis (Carlson, 2005; Saers et 

al., 2021). Section moduli, Zx and Zy describe bending strength of the diaphysis about 

mediolateral and dorsoplantar planes, respectively. “The strength of a bone is it’s ability 

to resist failure or breaking” (Ruff, 2018). 

 

Cross section property Mechanical relevance 
Cross sectional area (CSA) Correlate of compressive rigidity 

Second moments of area about the x-axis (Ix) Correlate of bending rigidity about the 
mediolateral axis 

Second moments of area about the y-axis (Iy) 
 

Correlate of bending rigidity about the 
dorsoplantar axis 

Maximum second moments of area (Imax) Correlate of maximum bending rigidity 

Minimum second moments of area (Imin) Correlate of minimum bending rigidity 

Shape Ratio (Imax/Imin) Correlate of cross-sectional shape 

Section modulus about the x-axis (Zx) Correlate of bending strength about the 
mediolateral axis in the elastic range 

Section modulus about the y-axis (Zy) Correlate of bending strength about the 
dorsoplantar axis in the elastic range 

Polar section modulus (Zp) Correlated of torsional and twice average 
bending strength 

Table 2.7: Description of cross-sectional geometric properties. 
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2.3 Analyses 

Metatarsal CSGPs were standardised before conducting statistical analyses. The 

standardisation procedure employed and the statistical analyses process is discussed 

below. 

 

2.3.1 Standardisation procedures 

The preferable way to scale CSGPs is to standardize second moments of area (SMAs) for 

long bones to the product of body mass (kg) and bone length2 (mm2) and section moduli 

to the product of body mass (kg) and bone length (mm) (Ruff, 2018; Ruff, 2000; Ruff and 

Larsen, 2014). This is important since larger individuals would have larger bones that 

would be absolutely stronger or more rigid relative to smaller individuals. Scaling, 

therefore, allows one to calculate the strength and rigidity of a bone relative to a unit of 

standardisation. Unfortunately, estimated body masses of all three populations were not 

readily available or measurable for standardisation purposes. As a result, the historical 

scaling procedure of standardizing CSGPs to bone length to create dimensionless 

variables was utilized (Ruff, 1984). Thus, CSA was standardised to bone length2; Imax, 

Imin, Ix, and Iy were standardised to bone length4; and Zmax, Zmin, Zp, Zx, and Zy were 

standardised to bone length3 (Ruff, 1984). Values were then scaled for readability by 

multiplying them by either 106 (i.e.: CSA, Zmax, Zmin, Zp, Zx, Zy x 106) or 109 (i.e., Imax, 

Imin, Ix, and Iy).  

 

2.3.2 Statistical analyses 

The forefoot was divided according to the high and low gear axis described by Bojsen-

Møller (1979), i.e., high gear consists of MTs 1 and 2 while low gear consists of MTs 2, 

3, 4 and 5. ROI’s 25%, 35%, 50% and 65% diaphyseal length were selected. The mean 

of the aggregate of each ROI’s CSGP was calculated to create a “whole shaft” CSGP 

value. For example, the mean of Ix for locations 25%, 35%, 50%, 65% diaphyseal length 

of MT1 per population was calculated to create a “whole shaft” Ix mean for MT1.  This 

resembles the “whole shaft” approach used by Dowdeswell et al., (2017). 
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Box plots displaying medians, quartiles, and ranges were used to graphically compare 

CSGPs of high gear and low gear MTs between populations. Boxplot outliers were based 

on a default interquartile range value of 1.5. Line plots of the mean CSGPs for MTs 1-5 

of each population were plotted for comparative purposes. Males and females were not 

separated in comparisons because of concerns over small sample sizes. Mann-Whitney U 

tests (two-sided alternative) were used to evaluate whether there were significant 

differences between high gear and low gear CSGPs across the three groups. Statistical 

significance was established with an alpha = 0.05, i.e., p-value < 0.05.  

Python 3.10 (Python Software Foundation, USA), a general-purpose programming 

language with multiple statistics modules, was used for statistical analysis. Graphical 

plots were generated using the seaborn library (v.0.11.1) in Python. Seaborn is a library 

package installed in Python for making statistical graphics (Waskom, 2021). Python 

Scipy (v.1.6.3), an open-sourced software built on the NumPy extension of Python, was 

used for statistical tests and analyses.  
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CHAPTER 3 – RESULTS 

High gear is formed by metatarsal (MT) heads one and two, while low gear is formed by 

MT heads two, three, four and five (Bojsen-Møller, 1979) as detailed in chapter 1 and 2. 

Instead of dividing the forefoot into the anatomical medial (MTs 1, 2 and 3) and lateral 

column (MTs 3 and 4), for the purpose of this study, the forefoot was divided according 

to the high and low gear axis, i.e., high gear consists of MTs 1 and 2 while low gear 

consists of MTs 2, 3, 4 and 5.  

The combined population sample results are presented first, followed by the high gear 

and low gear and finally the individual MT diaphyseal CSGPs. 

 

3.1 Combined population metatarsal diaphyseal CSGPs 

When combining all three populations, CSGPs of the high gear MTs were significantly 

higher than the low gear MTs. This is primarily due to the larger combined population of 

post-industrial individuals of South Africa and the LSA southern Africans, compared to 

the Jomon of Japan population, driving the overall pattern (Fig. 3.1)  
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Figure 3.1.  Boxplots (median, quartile, and range) of high gear (MT1 and 2) and low gear (MT2, 3, 4 
and 5) mean MT CSGPs for the combined post-industrial individuals of South Africa, LSA southern Africans 
and the Jomon of Japan. Values displayed on the y-axis are dimensionless after standardisation by bone length 
i.e.: CSA is standardised to bone length2; Imax, Imin, Ix, Iy are standardised to bone length4; and Zmax, Zmin, Zp, 
Zx, and Zy are standardised to bone length3. Boxplot whiskers are based on an interquantile range value set to 
the default of 1.5. Diamond shaped plots outside of the boxplot whiskers represent the outliers. Stars are linked 
to the p-value obtained by performing a Mann-Whitney U test two-sided and represent the following: 

p-value >= 0.05: ‘ns’ (not significant), p-value < 0.05: ‘*’, p-value < 0.01: ‘**’, p-value < 0.001: ‘***’, p-
value < 0.0001: ‘****’CSA, cross sectional area; Ix ,Second moments of area about the x-axis; Iy , Second 
moments of area about the y-axis; Imax ,Maximum second moments of area; Imin, Minimum second moments 
of area; Imax/Imin, Shape Ratio; Zx , Section modulus about the x-axis. 
 

 

 
 

 

 



 

36 
 

3.2 High gear and low gear metatarsal diaphyseal CSGPs  

The standardised CSGPs for the high gear and low gear MTs of the post-industrial 

individuals of South Africa, Later Stone Age (LSA) South Africans and the Jomon of 

Japan are presented in Fig. 3.2. The CSGPs of the high gear MTs (MTs 1 and 2) were 

significantly higher than those of the low gear MTs (MTs 2, 3, 4 and 5) in the post-

industrial individuals of South Africa and the LSA foragers of South Africa.  

Except for CSA, Imax and Zmax, there were no significant differences in CSGPs between 

high gear and low gear MTs in the Jomon of Japan. The low gear MTs had significantly 

higher CSA but significantly lower Imax and Zmax  than the high gear MTs in the Jomon of 

Japan. The CSGPs of the post-industrial individuals and the LSA southern Africans were 

similar with regards to the significance in differences between the high and low gear MTs. 

The Jomon of Japan, therefore, displayed a different pattern in diaphyseal structure 

between high and low gear MTs when compared to the post-industrial individuals and the 

LSA foragers of South Africa.  
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Figure 3.2. Boxplots (median, quartile, and range) of high gear (MT1 and 2) and low gear (MT2, 3, 4 and 5) 
mean MT CSGPs for the post-industrial individuals of South Africa, LSA foragers of South Africa and the Jomon of 
Japan. Variables displayed on the y-axis are dimensionless since they are standardised by bone length. Boxplot 
whiskers are based on an interquantile range value set to the default of 1.5. Diamond shaped points outside of 
boxplot whiskers represent outliers. Stars above brackets in the plots refer to statistically significant p-values 
associated with Mann-Whitney U test (two-sided) results. The number of stars corresponds to the following: 

p-value >= 0.05: ‘ns’ (not significant), p-value < 0.05: ‘*’, p-value < 0.01: ‘**’, p-value < 0.001: ‘***’, p-value < 
0.0001: ‘****’CSA, cross sectional area; Ix ,Second moments of area about the x-axis; Iy , Second moments of area 
about the y-axis; Imax ,Maximum second moments of area; Imin, Minimum second moments of area; Imax/Imin, Shape 
Ratio; Zx , Section modulus about the x-axis. 
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3.3 Individual metatarsal diaphyseal CSGPs 

The mean CSGPs for MTs 1-5 of post-industrial individuals of South Africa, LSA 

Southern Africans and the Jomon of Japan are shown in Fig. 3.3. The CSGPs of MT5 

differ far less from MT1 in the Jomon from Japan compared to the LSA Southern Africans 

and post-industrial individuals of South Africa who differ significantly, with the highest 

CSGPs for MT1. The difference in the CSGPs between MT1 and 2 is subtle in the Jomon 

of Japan yet very distinct in the LSA southern Africans and post-industrial individuals of 

South Africa.  

 

3.3.1 Metatarsal diaphyseal rigidity  

Dorso-plantar (D-P) rigidity (Ix) of Jomon of Japan MTs 1-5 were similar. By comparison, 

D-P rigidity of MT1 was higher than that of the other MTs in the Later Stone Age southern 

Africans and post-industrial individuals of South Africa. Specifically, D-P rigidity (Ix) of 

the LSA southern Africans and post-industrial individuals of South Africa displayed a 

similar pattern to one another in that their MT1 exhibited the highest D-P rigidity, MT5 

the lowest, and MT 2, 3 and 4 were similar. 

Jomon of Japan MT1 and 5 exhibited higher mediolateral rigidity (Iy) than MTs 2-4 with 

MT4 being the third highest. M-L rigidity of the LSA southern Africans and post-

industrial individuals of South Africa displayed a similar pattern in that MT1 exhibited 

the highest M-L rigidity followed by MT5 and then MT4.  

 

3.3.2 Metatarsal diaphyseal strength 

D-P strength (Zx) of Jomon of Japan MT1 and 4 were similar to each other, yet less than 

MT 2, 3 and 5, while MT 3 is the highest. D-P strength of MT1 is the highest, while MT5 

is the lowest in the LSA southern Africans and post-industrial individuals of South Africa.  

M-L strength (Zy) of MT5 is the highest amongst the Jomon of Japan MTs, while MT1 

of the LSA southern Africans and post-industrial individuals of South Africa displayed 

the highest M-L strength. 
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The torsional and average bending strength (Zp) of MT1 in the LSA southern Africans 

and post-industrial individuals of South Africa is significantly higher than those of the 

other MTs. However, in the Jomon of Japan, MT5 is the highest, followed by MT1 with 

MT 2-4 having similar strength values. 

 

3.3.3 Metatarsal diaphyseal shape ratio 

There is a general pattern of decrease in MT diaphyseal circularity from medial to lateral 

among the LSA southern Africans, post-industrial individuals of South Africa and Jomon 

of Japan. High gear MT1 and 2 are the most circular (closer to 1) while MT’s 3-5 are 

more asymmetrical. 
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p-value >= 0.05: ‘ns’ (not significant), p-value < 0.05: ‘*’, p-value < 0.01: ‘**’, p-value < 0.001: ‘***’, p-
value < 0.0001: ‘****’CSA, cross sectional area; Ix ,Second moments of area about the x-axis; Iy , Second 
moments of area about the y-axis; Imax ,Maximum second moments of area; Imin, Minimum second moments 
of area; Imax/Imin, Shape Ratio; Zx , Section modulus about the x-axis. 

 

Figure 3.3.     Line plots of the mean CSGPs for MTs 1-5 of the post-industrial individuals of South 
Africa, Later Stone Age southern Africans and the Jomon of Japan. Values displayed on the y-axis are 
after standardisation by bone length i.e.: CSA is standardised to bone length2; Imax, Imin, Ix, Iy are 
standardised to bone length4; and Zmax, Zmin, Zp, Zx, and Zy are standardised to bone length3. The shaded 
region surrounding each line represents a 95% confidence interval. 



 

42 
 

CHAPTER 4 – DISCUSSION AND CONCLUSION 

4.1 Discussion 

The aim of the current study was to investigate whether lateral forefoot loading, depicted 

by higher strength and rigidity of MT 2-5 (low gear MTs) in relation to MT 1-2 (high 

gear MTs), occurred at push-off in the selected human populations. The objective being 

to assess whether forefoot loading varies between individuals and population groups, or 

whether it consistently favours high gear as depicted in theoretical foot function models 

(Dananberg, 2000; Durrant and Chockalingam, 2009; Fuller, 2000; Harradine and Bevan, 

2009; Hicks, 1954). As predicted, forefoot loading during the propulsion phase of gait is 

variable when considering the three samples investigated in the present study. The results 

indicate that the Jomon lateral forefoot is relatively more strongly reinforced against 

loading compared to their medial forefoot when assessing this pattern against those 

exhibited by the post-industrial individuals of South Africa and the LSA southern 

Africans. These latter groups appear to have loaded their medial forefoot relatively more 

frequently than their lateral forefoot given greater disparities in reinforcement observed 

between their sets of MTs.  

The results obtained for the Jomon population agree with a recent study conducted by 

Hagihara and Nara (2018) who found the lateral forefoot of a prehistoric Jomon 

population to have high loading. The results obtained for the post-industrial individuals 

of South Africa and the LSA Southern Africans is in accordance with theoretical models 

of foot function that emphasise medial weight transfer mostly to the first metatarsal-

phalangeal joint and hallucal phalangeal joints to stabilize the foot through the windlass 

mechanism. This variation supports  studies that conclude that medial longitudinal arch 

stiffening that occurs during stance phase is not only reliant on the plantar fascia (through 

high gear push-off activating the windlass mechanism) but instead on a load sharing 

system comprised of the osseus elements of the arch, the achilles tendon, the plantar 

ligaments, and the intrinsic foot muscles (Kelly et al., 2014; Kelly et al., 2012; Kirby, 

2017; Pataky et al., 2008). If the windlass mechanism is not required to stiffen the medial 

longitudinal arch, then forefoot lateral to medial weight transfer is not required either, 

since theoretical models state that one leads to the other (Hicks, 1953). The Jomon of 

Japan may have relied less on the windlass mechanism to stiffen the medial longitudinal 
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arch and more on the load sharing system of the foot for an energy efficient push-off. The 

Jomon of Japan’s mobility may have required more direct central nervous system control 

of the plantar intrinsic and extrinsic muscles rather than the passive tension (non-central 

nervous system control) created by the plantar fascia and plantar ligaments (windlass 

mechanism), to stiffen the foot. This may have been a selective advantage to the Jomon 

of Japan as they navigated their uneven mountainous and coastal terrain. 

Considering high gear push-off as typical and contemporary human-like (Aiello et al., 

1990; Bojsen-Møller and Lamoreux, 1979; Haile-Selassie et al., 2012) is a conjecture that 

allows for a convenient interpretation of foot kinematics and evolution. For example, the 

“high gear paradigm” makes it convenient to explain why a non-divergent first ray is 

preferred for striding bipedalism. High gear push-off (only possible with an aligned first 

ray) activates the windlass mechanism, stiffening the foot resulting in energy efficient 

propulsion (Bojsen-Møller, 1979; Bojsen-Møller and Flagstad, 1976; Fauth et al., 2004; 

Hicks, 1954; Vogler and Bojsen-Møller, 2000). Using this reasoning, the presence of a 

divergent first ray suggests a non-striding bipedal gait when interpreting the fossil 

hominin foot record. The rationale being that a non-divergent first ray is required to 

activate the windlass mechanism to stiffen the foot for propulsion. However, BRT-VP-

w/73 was a facultative biped yet had an abducted hallux (Haile-Selassie et al., 2012). 

Ardipithecus ramidus was a striding biped with an abducted first ray (Lovejoy et al., 

2009). The “high gear paradigm” fails to explain how a foot becomes sufficiently 

stiffened for striding bipedalism in the presence of an abducted first ray. 

Furthermore, the “high gear paradigm” makes it convenient to explain why MT1 in 

contemporary humans is relatively robust when compared to other apes. The reasoning 

being that higher strain magnitudes (caused by high gear push-off) stimulate deposition 

of new bone increasing its robusticity (Lieberman and Crompton, 1998; Lieberman et al., 

2003, Ruff, 2018). However, forefoot loading at push-off in this study appeared to be 

lateral in the Jomon of Japan because MT5 had higher CSGP values relative to MT2-4 of 

the same population. Although this was the case, the Jomon of Japan’s MT1 was still 

heavily built and reinforced analogous to that of the LSA Southern Africans who appeared 

to have medial forefoot loading at push-off.  A robust MT1 can therefore be present in 

high gear or low gear push-off. Strength and rigidity of MT1 may not be due to high gear 

push-off and the windlass mechanism. This suggests that conclusions regarding push-off 
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patterns cannot be drawn from isolated fossil MTs. All five MTs are required to make 

accurate inferences on push-off patterns since MT robusticity is relative to other MTs of 

the same foot. Relative strengths and rigidities across all 5 MTs would be the minimum 

amount of information to determine the push-off pattern of a pedal fossil. Since hominin 

foot fossils are often fragmentary it is unlikely that all 5 MTs of the same foot will always 

be available. It would therefore be helpful, in a future study, to calculate the mean MT1, 

MT2, MT3, MT4, and MT5 strength and rigidities and then to add a standard deviation 

to create a threshold value for each MT. This threshold value could then be used to analyse 

isolated MTs to help interpret forefoot loading patterns at push-off. 

Additionally, the “high gear paradigm” is used to describe why the contemporary human 

hallucal distal phalanx is robust compared to African apes, displays axial torsion in the 

coronal plane and is laterally angled proximo-distally (DeSilva et al., 2019). The author 

of the present study through personal observation as a clinical podiatrist has observed that 

the hallux, given its overall dimensions, invariably would be loaded to varying degrees, 

in both high and low gear push-off (Fig. 4.1). Similarly, Crompton and colleagues (2010) 

cited an example of a clinically normal individual displaying peak plantar pressures under 

the lateral mid-foot, and metatarsal head (MH) 2-4 and the hallux, with no lateral-to-

medial movement of the centre of pressure. These pedography results suggest low gear 

push-off with the hallux loaded. High gear push-off may therefore not explain why the 

distal phalanx is robust since the distal phalanx is loaded during high or low gear. It also 

does not provide an explanation for the distal hallucal phalanx being laterally deviated 

since known bipedal distal phalanges of australopiths, Early Pleistocene Homo and the 

Middle Pleistocene Dinaledi sample exhibit minimal lateral deviation of the hallucal 

distal phalanx when compared to recent humans (Pastoors and Lenssen-Erz, 2021). 

Furthermore, the MT5 of H. erectus (D4058) and H. naledi (UW.101-1439, UW.101-

518) exhibited a more African ape-like uniform rigidity along the diaphysis (Dowdeswell 

et al., 2017), suggesting the absence or less reliance on a windlass mechanism in these 

individuals due to analogy with African apes that do not have a lateral to medial forefoot 

weight transfer initiating the windlass mechanism during high gear push-off. 

In conclusion, the “high gear paradigm” of which the windlass mechanism is a key 

component, fails as a model to explain why hominins have a non-divergent first ray, why 

MT1 in contemporary humans is relatively robust when compared to other apes, why 
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contemporary human hallucal distal phalanx is robust compared to African apes, displays 

axial torsion in the coronal plane and is laterally angled proximo-distally. Compounding 

its failure further, it is not even known as to when during hominin evolution the windlass 

mechanism emerged since “components that make up the windlass mechanism are poorly 

preserved in the fossil record” (Griffin et al.,2015). In essence, the windlass mechanism 

activated by high gear push-off, as described by Hicks (1954), is too narrowly attributed.  

Forefoot loading during push-off is variable. Sufficient stiffening of the foot for push-off 

does not only rely on the windlass mechanism. Striding bipedalism does not necessarily 

require lateral to medial forefoot loading in preparation for push-off. 
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This study has limitations. While “CSGP’s are strongly related to relative rigidity and 

strength in vivo” (Ruff et al., 2006), there are many other factors that can affect bone form 

(Bae et al., 2012; Carlson and Marchi, 2014; Duncan et al., 2002; Ferretti et al., 1996; 

Groll et al., 1999; Högler et al., 2003; Laskey et al., 2010; Martin et al., 1998; Pathria et 

al., 2016; van Rietbergen et al., 2002; Wehrli et al., 2006;). One of these factors are non-

Figure 4.1. Pedography using the Novel-emed ® system and kinematic video gait analyses of a 
contemporary human’s unshod feet displaying low gear push-off. The Novel-emed scanner is a common 
way to measure plantar pressures and is repeatable (Bryant et al., 2000; Hayafune et al., 1999; Putti et al., 
2008; Maetzler et al.,2010; Jacob, 2001) The individual was asymptomatic and attended the Family 
Podiatry Centre in Singapore for a general check-up. The image is an average of three scans per foot 
taken using the repeatable two-step technique (McPoil et al., 1999). Plantar peak pressures of 220 kPa 
(red) to 300 kPa (pink) during push-off occurred on MH 2, 3, 4 and 5 indicating low gear push-off. At the 
same time, the halluces also display a plantar peak pressure of 300 kPa (pink) whereas the first metatarso-
phalangeal joint do not. 
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mobility habitual activities (Carlson and Marchi, 2014).  Modern Japanese people 

frequently sit on the floor in a position known as Seiza or Japanese style kneel sitting 

(Fukuichi and Sugamura, 2022; Moon et al., 2018). Both legs are flexed at the knee at a 

180-degree angle so that both femurs lay on both lower legs and is frequently used in 

daily Japanese life (Demura and Uchiyama, 2005).  This habitual activity is presumed to 

cause internal tibial torsion (Mullaji et al., 2008) which leads to an intoe’d gait. Internal 

tibial torsion with the resultant intoe’d gait loads the lateral column of the foot more 

relative to a normal out-toe’d gait and sitting on the feet loads the lateral forefoot directly. 

This could be another reason why this study and that of Hagihara and Nara (2018) found 

the Jomon of Japan to have higher robustness of the lateral forefoot. Further investigation, 

incorporating larger contemporaneous population groups from different geographical 

locations, with known cultural non-mobility activities affecting the lower limb, is needed 

to confirm this.  

 

 

 

Figure 4.2. Seiza or Japanese style kneel sitting (Fukuichi and Sugamura, 2022; Moon et al., 2018). 

A habitual non-mobility activity that plantarflexes and forcefully adducts the foot under the individual’s 

body weight causing internal tibial torsion. 
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Furthermore, CSGP were standardized to bone length to various powers (Ruff, 2018). It 

is preferable to control for differences in body size since it affects mechanical loads and 

influences factors like muscle size that in turn create mechanical loads (Ruff, 2018). This 

study did not account for sexual dimorphism as did Hagihara and Nara (2018), who found 

Jomon women to have higher lateral forefoot loading than men. Whole shaft means for 

CSGPs were used as the basis of interindividual comparisons instead of comparing each 

slice across MTs. The latter may be useful to explore in future studies since it addresses 

different questions. Whole shaft means were chosen in this study so that comparisons 

could be made between entire MT diaphysis. Comparing each slice across MTs was 

beyond the scope of this study’s objectives. The sample size only included 3 populations. 

It would be beneficial for future studies to include additional population groups to 

investigate whether they possibly display evidence for low gear push-off similar to the 

Jomon from Japan. The LSA population was from one rock shelter site and may not be 

representative of the whole LSA population of southern Africa. 

 

4.2 Conclusions 

Push-off is variable and can occur in either high or low gear. In this study, high gear push-

off occurred more frequently (both LSA southern Africans and Post-industrial individuals 

from South African) than low gear push-off (Jomon of Japan). Nonetheless, low gear 

push-off, indicated by relative strength and rigidity of MT2-5, still occurred in one 

population. The theoretical model of foot function is not in agreement with this study, 

with the current pedal fossil record or with anecdotal clinical pedography scans.  It is 

probable that the foot is a highly adaptable structure that responds to different substrates 

and conditions to maintain a level of mobility that is energy efficient and minimises tissue 

stress.
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APPENDIX A – METATARSAL SAMPLE BIOMECHANICAL LENGTHS 
 

Table A.1: Metatarsal biomechanical lengths of the post-industrial individuals of South Africa, the 
Later Stone Age (LSA) Foragers of South Africa and the Jomon. 
Population Sample Collection Accession Number MT Sample MT Length (mm) 
Post-Industrial 
Individuals from 
South Africa 

 

 A8 MT1 64.04 
  MT2 78.74 
  MT3 79.98 
  MT4 75.94 
  MT5 68.47 
 A9 MT1 64.04 
  MT2 78.74 
  MT3 79.98 
  MT4 75.94 
  MT5 68.47 
 A13 MT1 57.66 
  MT2 72.24 
  MT3 69.86 
  MT4 70.6 
  MT5 66.39 
 A14 MT1 61.33 
  MT2 74.56 
  MT3 71.05 
  MT4 67.62 
  MT5 65.17 
 A17 MT1 64.65 
  MT2 77.51 
  MT3 75.01 
  MT4 73.77 
  MT5 65.84 
 A163 MT1 65.52 
  MT2 76.74 
  MT3 73.25 
  MT4 72.09 
  MT5 66.78 
 A170 MT1 64.43 
  MT2 76.28 
  MT3 76.29 
  MT4 74.31 
  MT5 66.14 
 A22 MT1 60.72 
  MT2 70.97 
  MT3 70.41 
  MT4 67.44 
  MT5 65.11 
 A209 MT1 70.25 
  MT2 80.52 
  MT3 78.16 
  MT4 76.08 
  MT5 71.88 
 A218 MT1 61.13 
  MT2 70.27 
  MT3 68.12 
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  MT4 66.52 
  MT5 61.15 
 A458 MT1 59.99 
  MT2 69.07 
  MT3 66.05 
  MT4 62.55 
  MT5 57.28 
 A883 MT1 61.95 
  MT2 75.48 
  MT3 71.85 
  MT4 70.17 
  MT5 61.95 
 A1285 MT1 54.86 
  MT2 67.93 
  MT3 64.57 
  MT4 60.34 
  MT5 55.17 
 A3060 MT1 54.86 
  MT2 75.53 
  MT3 73.33 
  MT4 72.26 
  MT5 64.28 
LSA Foragers of 
South Africa 

 

 MRN4Wilton MT1 54.63 
  MT2 66.36 
  MT3 61.53 
  MT4 60.29 
  MT5 56.56 
 NMB not acc MSk2 MT1 47.59 
  MT2 61.88 
  MT3 59.18 
  MT4 55.82 
  MT5 52.2 
 NMB not acc SS2 MT1 48.58 
  MT2 53.3 
  MT3 55.71 
  MT4 52.97 
  MT5 50.95 
 NMB not acc SS1 MT1 52.99 
  MT2 57.47 
  MT3 61.51 
  MT4 59.97 
  MT5 54.96 
 NMB not acc SS3 MT1 56.41 
  MT2 66.66 
  MT3 62.17 
  MT4 60.08 
  MT5 55.83 
 NMB MSk5 MT1 52.53 
  MT2 62.22 
  MT3 60.3 
  MT4 59.95 
  MT5 55.03 
 NMB 1231 - 1 MT1 55.27 
  MT2 65.37 
  MT3 62.79 
  MT4 60.68 
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  MT5 52.71 
 NMB 1231 - 2 MT1 57.71 
  MT2 66.12 
  MT3 66.89 
  MT4 63.9 
  MT5 58.96 
 NMB 1231 - 4 MT1 61.01 
  MT2 64.14 
  MT3 65.72 
  MT4 66.84 
  MT5 58.42 
 NMB 1231 - 5 MT1 58.39 
  MT2 67.6 
  MT3 62.63 
  MT4 65.6 
  MT5 59.88 
 NMB 1231 - 9 MT1 59.57 
  MT2 67.93 
  MT3 67.73 
  MT4 62.58 
  MT5 59.23 
 NMB 1231 - 11 MT1 56.02 
  MT2 63.7 
  MT3 60 
  MT4 60.04 
  MT5 58.66 
 NMB 1231 - 12 MT1 55.36 
  MT2 63.92 
  MT3 65.83 
  MT4 61.26 
  MT5 54.97 
 NMB 1231 - 14 MT1 58.43 
  MT2 69.1 
  MT3 63.09 
  MT4 63.17 
  MT5 55.96 
 NMB 1420 MT1 56.13 
  MT2 66.3 
  MT3 64.59 
  MT4 61.49 
  MT5 57.04 

 
The Jomon  
 UMUT130145 MT1 56.32 
  MT2 71.46 
  MT3 75.33 
  MT4 65.34 
  MT5 70.2 
 UMUT130152 MT1 56.29 
  MT2 78.48 
  MT3 75.33 
  MT4 72.54 
  MT5 69.12 
 UMUT130195 MT1 55.22 
  MT2 76.77 
  MT3 71.64 
  MT4 69.57 
  MT5 69.93 
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 UMUT131086-1 MT1 58.4 
  MT2 77 
  MT3 74.34 
  MT4 72 
  MT5 72.63 
 UMUT131086-2 MT1 52.67 
  MT2 72.63 
  MT3 71.1 
  MT4 67.32 
  MT5 70.56 
 UMUT13138-G1 MT1 55.53 
  MT2 76.23 
  MT3 72.72 
  MT4 69.84 
  MT5 72 
 UMUT131380-G2 MT1 58.33 
  MT2 76.32 
  MT3 75.06 
  MT4 70.2 
  MT5 69.93 
 UMUT131376 MT1 52.93 
  MT2 74.25 
  MT3 70.02 
  MT4 67.86 
  MT5 66.33 
 UMUT131067 MT1 57.73 
  MT2 80.6 
  MT3 75.51 
  MT4 74.97 
  MT5 73.08 
 UMUT130166 MT1 55.88 
  MT2 66.33 
  MT3 68.4 
  MT4 67.59 
  MT5 68.85 
 UMUT130242 MT1 56.05 
  MT2 69.9 
  MT3 73.08 
  MT4 70.56 
  MT5 71.91 
 UMUT130849 MT1 52.12 
  MT2 61.23 
  MT3 65.16 
  MT4 69.57 
  MT5 74.52 
 UMUT130850 MT1 59.32 
  MT2 72.76 
  MT3 76.95 
  MT4 74.88 
  MT5 76.14 
 UMUT130857-2 MT1 52.86 
  MT2 70 
  MT3 75.69 
  MT4 71.82 
  MT5 74.79 
 UMUT130860 MT1 56.23 
  MT2 72 
  MT3 70.11 
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  MT4 66.78 
  MT5 63.54 
 UMUT130861 MT1 54.58 
  MT2 61.2 
  MT3 73.62 
  MT4 76.14 
  MT5 71.28 
 UMUT130867 MT1 53.38 
  MT2 72.3 
  MT3 65.97 
  MT4 66.06 
  MT5 67.41 
 UMUT130868 MT1 53.92 
  MT2 66.6 
  MT3 67.05 
  MT4 66.15 
  MT5 67.77 
 UMUT131061 MT1 59.01 
  MT2 79.56 
  MT3 78.3 
  MT4 75.51 
  MT5 76.05 
 UMUT131085-1 MT1 53.67 
  MT2 70.47 
  MT3 68.13 
  MT4 66.96 
  MT5 65.07 
 UMUT131096 MT1 58.12 
  MT2 76.9 
  MT3 75.69 
  MT4 66.96 
  MT5 70.02 
 UMUT131098 

 
MT1 

64.68 
  MT2 84.15 
  MT3 77.13 
  MT4 77.04 
  MT5 81 
 UMUT131377 MT1 58.66 
  MT2 79.83 
  MT3 72.99 
  MT4 70.29 
  MT5 71.19 
 UMUT131719 MT1 55.24 
  MT2 74.07 
  MT3 70.92 
  MT4 68.85 
  MT5 68.85 
 UMUT131729 MT1 59.84 
  MT2 80.55 
  MT3 75.6 
  MT4 74.97 
  MT5 78.12 
 UMUT131737 MT1 61.64 
  MT2 79.74 
  MT3 76.77 
  MT4 74.25 
  MT5 78.3 
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APPENDIX B – METATARSAL CROSS-SECTIONAL GEOMETRIC PROPERTY SOURCE DATA  

 
Table B.1: FIJI/Bone J results. Non-standardised metatarsal diaphyseal CSGPs followed by standardised metatarsal diaphyseal CSGPs.  

 

group LSA SA LSA SA LSA SA LSA SA LSA SA PI SA PI SA PI SA PI SA PI SA Jomon Jomon Jomon Jomon Jomon
slice MT1 MT2 MT3 MT4 MT5 MT1 MT2 MT3 MT4 MT5 MT1 MT2 MT3 MT4 MT5
metric prc
CSA 0.25 157768.6524 171617.7189 145663.219 160649.5231 154574.483 233586.6338 289170.2139 254825.0832 276009.1837 241164.8 147823.8 274853.6 296784.7 294544 291175.6
CSA 0.3 160567.1784 161720.8901 142516.217 145002.3827 145103.362 243153.9909 268905.5368 242427.5361 253124.7757 223768.3 150168.2 235273.1 232640.5 223848 249637
CSA 0.5 166760.0218 129950.2141 112926.325 113692.5695 111972.525 249860.3904 227183.0349 198653.1555 201035.0311 177060 173646.2 186592.5 177184.3 167729.9 185228.5
CSA 0.65 171204.7361 100723.3241 86113.5631 86034.04327 81716.4831 235960.2177 179239.7363 152981.2504 150916.5058 133234.5 207659.8 147989.5 133351 124800.1 127653.3
Imax 0.25 8887568544 4110393340 3620750352 4608915000 3350157414 21723444357 13753658027 12211899849 13969455898 8.8E+09 9.13E+09 1.15E+10 1.17E+10 1.16E+10 1.18E+10
Imax 0.3 7915811111 3125186584 2351838780 2480716463 2210565154 20154953011 9963585610 7841748233 8448774807 6.43E+09 8.37E+09 7.49E+09 5.69E+09 5.28E+09 6.81E+09
Imax 0.5 6953940318 2213130611 1496703116 1582550199 1611135241 18550307367 6857734176 5093068987 5464241297 4.46E+09 8.03E+09 4.91E+09 3.71E+09 3.61E+09 4.77E+09
Imax 0.65 6935286658 1729987235 1066478034 1114441172 1276285295 17461730264 4913681918 3393859340 3632080318 3.36E+09 8.31E+09 3.39E+09 2.72E+09 2.9E+09 3.76E+09
Imin 0.25 15532483335 6929956309 7328896398 9114942399 9738547332 36841561665 23735175265 23413222952 28513998589 2.17E+10 1.81E+10 2.2E+10 2.52E+10 2.7E+10 2.87E+10
Imin 0.3 10858631468 4628011621 4658692493 5528727934 5983024701 27186707635 15440575764 15078560232 18494806541 1.46E+10 1.16E+10 1.19E+10 1.37E+10 1.3E+10 1.64E+10
Imin 0.5 8650090179 2946311600 2830507502 3197112585 3526606087 22603582913 10240445607 8951671585 10739774030 9.03E+09 9.58E+09 7.47E+09 7.7E+09 7.05E+09 9.35E+09
Imin 0.65 10766418602 2141441925 1910066332 2007616158 2478160310 26056610248 7276849597 6032044967 6698692983 6.02E+09 1.42E+10 5.44E+09 4.91E+09 4.41E+09 6.12E+09
Ix 0.25 13776738291 6523771607 6035302224 6328425926 3742112320 33943750015 21265655317 16497854828 16868515580 1E+10 1.65E+10 2.06E+10 2.16E+10 2.29E+10 1.84E+10
Ix 0.3 9991993499 4273581079 3426640367 3298002969 2446852723 25355610177 13516510861 10008696690 11598288812 7.3E+09 1.12E+10 1.09E+10 1.09E+10 9.9E+09 1.11E+10
Ix 0.5 7234425883 2797873795 2319722211 2061672735 1739533281 19040682794 9405383854 6565007072 6754674338 5.02E+09 8.22E+09 7.01E+09 6.58E+09 5.5E+09 6.84E+09
Ix 0.65 7118431157 2061380063 1620143377 1473671405 1471852956 17707046503 6717765117 4613171120 4985749009 3.82E+09 8.43E+09 5.11E+09 4.56E+09 4.07E+09 4.76E+09
Iy 0.25 10643315997 4516582148 4914345786 7395431137 9346593953 24621253125 16223176455 19127270249 22042972112 2.05E+10 1.03E+10 1.28E+10 1.53E+10 1.58E+10 2.21E+10
Iy 0.3 8782449202 3479615998 3249324959 4711444815 5746738390 21986048389 11887658868 12911610707 15345294880 1.38E+10 8.81E+09 8.47E+09 8.5E+09 8.4E+09 1.21E+10
Iy 0.5 8369603302 2361563226 2007489978 2717988842 3398208901 22113205069 7692793821 7479728407 8979762242 8.47E+09 9.38E+09 5.37E+09 4.84E+09 5.16E+09 7.28E+09
Iy 0.65 10583275444 1810045865 1356401805 1648388116 2282590707 25811290323 5472764232 4812724904 5345030445 5.55E+09 1.41E+10 3.73E+09 3.07E+09 3.24E+09 4.82E+09
Zmax 0.25 20455338.54 14454671.06 12712559.2 14179908.01 11600153 39728384.84 34692196.6 30825577.37 33538530.75 25392562 19607134 30587689 30897703 29683555 30286213
Zmax 0.3 19738865.87 11964488.7 10049545.4 10288501.63 9572038.75 39249946.42 28419628.15 24582161.03 26075178.1 20931893 19322584 21959475 18981827 17697648 21951893
Zmax 0.5 19814407.05 9229717.985 7245682.67 7401792.974 7420613.05 40905505.23 21610870.46 18044404.83 18789824.83 16256565 21039813 15805468 13376895 12327071 16731021
Zmax 0.65 20675846.19 7332650.984 5489297.76 5543839.525 5998083.48 39913391.85 16569247.81 12945778.17 13420259.47 12369121 24041384 12356296 10539768 10387375 12479418
Zmin 0.25 29901285.95 18736010.35 19308533.4 22127076.14 22943887.8 54231985.38 46013483.55 46138621.88 52537908.78 43701009 31044373 43098523 49105145 50795056 52529288
Zmin 0.3 24152690.99 14657635.48 14240994 15980880.19 16721593.2 47510835.92 34962720.4 34147235.78 39452076.86 32354138 23523595 28122095 31198113 30132359 36395242
Zmin 0.5 22225608.12 10530490.41 9881876.59 10668475.65 11604417.2 44809263.77 25751946.16 23210152.93 26126062.43 23098086 23710381 19461308 19645573 19133668 24141095
Zmin 0.65 25470912.71 8238791.673 7267914.38 7344847.342 8443257.68 47089579.59 19592226.96 17034544.93 17787738.93 16823385 32034697 15209341 14217820 13326730 16762764
Zp 0.25 46250858.37 29479689.22 28768506.6 32835639.34 30600041.9 85479833.39 72078592.69 69781981.51 77414284.44 60562986 45410242 65066577 71180203 71874819 73763550
Zp 0.3 40879289.63 24251453.06 21398753.5 22975456.39 22612503.5 80838839.79 57294573 51486687.33 57289934.7 46313463 39693976 44439864 44123724 42229720 51490184
Zp 0.5 38945009.13 18226201.57 15100202.5 15832955.53 16826513.2 78849540.88 42651350.12 36420631.24 38610991.2 34305739 41539493 31337561 29060872 28825189 36214118
Zp 0.65 40651555.75 14600046.57 11289232.3 11382884.22 12563323.8 76454817.94 32209486.87 26454008.8 27722022.17 25950747 49728969 24208223 21774208 20830129 26650632
Zx 0.25 28338419.9 18042305.99 17425661.3 18145310.62 13259491.9 55230749.84 43333739.13 36943623.76 38584811.52 27956379 28967733 41525343 44976806 44634730 40306163
Zx 0.3 24338734.34 14172847.07 11865087.2 11832350.57 10126534.6 48229942.37 32593751.02 26858053.43 29752939.86 22183410 24328560 27027298 27658502 25848937 29094797
Zx 0.5 20810133.63 10420519.34 8868957.86 8059496.542 7789871.25 42100460.42 25261977.71 19473166.55 20350178.4 16893452 22045851 19197843 18538932 16585989 19526654
Zx 0.65 20872955.83 8164190.394 6568266.1 6093299.739 6473683.86 39907795.34 19325541.23 14485506.43 14875246.8 13162513 24182520 15205546 13821939 12241515 14024738
Zy 0.25 23664889.72 15407918.97 15604932.9 20758484.23 22425035.5 44235632.75 39144927.11 42013210.08 45899500.11 42063305 20738389 32698239 37716568 39579177 44502544
Zy 0.3 21777814.8 12789914.2 11705198.2 14956711.63 16713280 42537116.19 31615888.25 32140553.45 36442285.34 32130060 19973561 23886947 24093457 24426087 31408026
Zy 0.5 22559600.8 9808667.334 8445069.83 10013508.03 11515186.7 45187592.32 23319013.95 21624594.65 24063515.96 22768741 23482562 16896117 15943958 16607561 21068150
Zy 0.65 25309197.82 7947255.941 6296848.57 6888965.224 8448344.82 47199619.28 18262594.46 15482291.31 16182609.16 16576639 32034814 13079751 11604226 11989080 14563761
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CSA, cross-sectional area; Ix, Second moments of area about the x-axis; Iy Second moments of area about the y-axis; Imax Maximum second moments of area; Imin Minimum second moments of 
area; Imax/Imin, Shape Ratio; Zx , Section modulus about the x-axis. 

group LSA SA LSA SA LSA SA LSA SA LSA SA PI SA PI SA PI SA PI SA PI SA Jomon Jomon Jomon Jomon Jomon
slice MT1 MT2 MT3 MT4 MT5 MT1 MT2 MT3 MT4 MT5 MT1 MT2 MT3 MT4 MT5
metric prc
CSA 0.25 0.157769 0.171618 0.145663 0.16065 0.154574 0.233587 0.28917 0.254825 0.276009 0.241165 0.147824 0.274854 0.296785 0.294544 0.291176
CSA 0.3 0.160567 0.161721 0.142516 0.145002 0.145103 0.243154 0.268906 0.242428 0.253125 0.223768 0.150168 0.235273 0.23264 0.223848 0.249637
CSA 0.5 0.16676 0.12995 0.112926 0.113693 0.111973 0.24986 0.227183 0.198653 0.201035 0.17706 0.173646 0.186592 0.177184 0.16773 0.185228
CSA 0.65 0.171205 0.100723 0.086114 0.086034 0.081716 0.23596 0.17924 0.152981 0.150917 0.133234 0.20766 0.14799 0.133351 0.1248 0.127653
Imax 0.25 8.887569 4.110393 3.62075 4.608915 3.350157 21.72344 13.75366 12.2119 13.96946 8.796855 9.129976 11.46247 11.6836 11.63597 11.83371
Imax 0.3 7.915811 3.125187 2.351839 2.480716 2.210565 20.15495 9.963586 7.841748 8.448775 6.429869 8.369313 7.486157 5.687805 5.283667 6.807237
Imax 0.5 6.95394 2.213131 1.496703 1.58255 1.611135 18.55031 6.857734 5.093069 5.464241 4.459527 8.025494 4.906501 3.709141 3.605231 4.773746
Imax 0.65 6.935287 1.729987 1.066478 1.114441 1.276285 17.46173 4.913682 3.393859 3.63208 3.356501 8.311619 3.391006 2.719524 2.899807 3.759309
Imin 0.25 15.53248 6.929956 7.328896 9.114942 9.738547 36.84156 23.73518 23.41322 28.514 21.70411 18.05171 21.95824 25.17788 27.04769 28.71328
Imin 0.3 10.85863 4.628012 4.658692 5.528728 5.983025 27.18671 15.44058 15.07856 18.49481 14.63057 11.58909 11.9044 13.73351 13.02055 16.39986
Imin 0.5 8.65009 2.946312 2.830508 3.197113 3.526606 22.60358 10.24045 8.951672 10.73977 9.031538 9.575574 7.469763 7.70485 7.047153 9.352911
Imin 0.65 10.76642 2.141442 1.910066 2.007616 2.47816 26.05661 7.27685 6.032045 6.698693 6.016679 14.20551 5.439965 4.912153 4.409861 6.12246
Ix 0.25 13.77674 6.523772 6.035302 6.328426 3.742112 33.94375 21.26566 16.49785 16.86852 10.02249 16.45177 20.59283 21.59812 22.89142 18.42705
Ix 0.3 9.991993 4.273581 3.42664 3.298003 2.446853 25.35561 13.51651 10.0087 11.59829 7.299233 11.15202 10.92051 10.9262 9.90352 11.08303
Ix 0.5 7.234426 2.797874 2.319722 2.061673 1.739533 19.04068 9.405384 6.565007 6.754674 5.024414 8.221688 7.005084 6.575092 5.495049 6.844892
Ix 0.65 7.118431 2.06138 1.620143 1.473671 1.471853 17.70705 6.717765 4.613171 4.985749 3.82058 8.427985 5.105286 4.561847 4.068639 4.758568
Iy 0.25 10.64332 4.516582 4.914346 7.395431 9.346594 24.62125 16.22318 19.12727 22.04297 20.47848 10.30182 12.82789 15.26336 15.79224 22.11995
Iy 0.3 8.782449 3.479616 3.249325 4.711445 5.746738 21.98605 11.88766 12.91161 15.34529 13.76121 8.806377 8.470045 8.495116 8.400699 12.12407
Iy 0.5 8.369603 2.361563 2.00749 2.717989 3.398209 22.11321 7.692794 7.479728 8.979762 8.466655 9.379382 5.371171 4.838901 5.157335 7.281766
Iy 0.65 10.58328 1.810046 1.356402 1.648388 2.282591 25.81129 5.472764 4.812725 5.34503 5.552604 14.08914 3.725687 3.069831 3.241029 4.824964
Zmax 0.25 20.45534 14.45467 12.71256 14.17991 11.60015 39.72838 34.6922 30.82558 33.53853 25.39256 19.60713 30.58769 30.8977 29.68355 30.28621
Zmax 0.3 19.73887 11.96449 10.04955 10.2885 9.572039 39.24995 28.41963 24.58216 26.07518 20.93189 19.32258 21.95947 18.98183 17.69765 21.95189
Zmax 0.5 19.81441 9.229718 7.245683 7.401793 7.420613 40.90551 21.61087 18.0444 18.78982 16.25657 21.03981 15.80547 13.3769 12.32707 16.73102
Zmax 0.65 20.67585 7.332651 5.489298 5.54384 5.998083 39.91339 16.56925 12.94578 13.42026 12.36912 24.04138 12.3563 10.53977 10.38738 12.47942
Zmin 0.25 29.90129 18.73601 19.30853 22.12708 22.94389 54.23199 46.01348 46.13862 52.53791 43.70101 31.04437 43.09852 49.10515 50.79506 52.52929
Zmin 0.3 24.15269 14.65764 14.24099 15.98088 16.72159 47.51084 34.96272 34.14724 39.45208 32.35414 23.5236 28.12209 31.19811 30.13236 36.39524
Zmin 0.5 22.22561 10.53049 9.881877 10.66848 11.60442 44.80926 25.75195 23.21015 26.12606 23.09809 23.71038 19.46131 19.64557 19.13367 24.14109
Zmin 0.65 25.47091 8.238792 7.267914 7.344847 8.443258 47.08958 19.59223 17.03454 17.78774 16.82338 32.0347 15.20934 14.21782 13.32673 16.76276
Zp 0.25 46.25086 29.47969 28.76851 32.83564 30.60004 85.47983 72.07859 69.78198 77.41428 60.56299 45.41024 65.06658 71.1802 71.87482 73.76355
Zp 0.3 40.87929 24.25145 21.39875 22.97546 22.6125 80.83884 57.29457 51.48669 57.28993 46.31346 39.69398 44.43986 44.12372 42.22972 51.49018
Zp 0.5 38.94501 18.2262 15.1002 15.83296 16.82651 78.84954 42.65135 36.42063 38.61099 34.30574 41.53949 31.33756 29.06087 28.82519 36.21412
Zp 0.65 40.65156 14.60005 11.28923 11.38288 12.56332 76.45482 32.20949 26.45401 27.72202 25.95075 49.72897 24.20822 21.77421 20.83013 26.65063
Zx 0.25 28.33842 18.04231 17.42566 18.14531 13.25949 55.23075 43.33374 36.94362 38.58481 27.95638 28.96773 41.52534 44.97681 44.63473 40.30616
Zx 0.3 24.33873 14.17285 11.86509 11.83235 10.12653 48.22994 32.59375 26.85805 29.75294 22.18341 24.32856 27.0273 27.6585 25.84894 29.0948
Zx 0.5 20.81013 10.42052 8.868958 8.059497 7.789871 42.10046 25.26198 19.47317 20.35018 16.89345 22.04585 19.19784 18.53893 16.58599 19.52665
Zx 0.65 20.87296 8.16419 6.568266 6.0933 6.473684 39.9078 19.32554 14.48551 14.87525 13.16251 24.18252 15.20555 13.82194 12.24152 14.02474
Zy 0.25 23.66489 15.40792 15.60493 20.75848 22.42504 44.23563 39.14493 42.01321 45.8995 42.0633 20.73839 32.69824 37.71657 39.57918 44.50254
Zy 0.3 21.77781 12.78991 11.7052 14.95671 16.71328 42.53712 31.61589 32.14055 36.44229 32.13006 19.97356 23.88695 24.09346 24.42609 31.40803
Zy 0.5 22.5596 9.808667 8.44507 10.01351 11.51519 45.18759 23.31901 21.62459 24.06352 22.76874 23.48256 16.89612 15.94396 16.60756 21.06815
Zy 0.65 25.3092 7.947256 6.296849 6.888965 8.448345 47.19962 18.26259 15.48229 16.18261 16.57664 32.03481 13.07975 11.60423 11.98908 14.56376
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APPENDIX C – METATARSAL SAMPLE CROSS-SECTIONAL OUTLINES 
 
 
 
 

Table C.1: Metatarsal (MT) cross-sectional outlines at location 25%, 35%, 50% and 65% of MT shaft 
biomechanical length for the Jomon, the post-industrial individuals of South Africa and the Later Stone 
Age individuals from South Africa. Diaphyseal slices were derived from CT scans and followed the 
process described in the methodology. Cross-sectional outlines are orientated with dorsal above, plantar 
below, medial to the right for left sided MT’s and medial to the left for right sided MT’s. Images are 
approximately to the same scale. 
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