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ABSTRACT 

Understanding the relationship between structure and function is crucial when 

trying to establish differences between closely related species; such as primates. 

Muscle architecture from the hindlimbs of great apes was compared, and indicated 

differences both within and across species. Asymmetry in the musculature of 

chimpanzees was found to be significant for certain muscle groups; indicating that 

leg preference for specific tasks may exist within this species. The comparison 

across the four species studied indicated subtle differences between the orangutan 

and the other great apes; with longer muscle fascicles, smaller physiological cross-

sectional area and angles of pennation. This suggests an adaptation to slow and 

controlled, wider positional movements, as part of a complex arboreal 

environment. Muscle architectural variables did not consistently scale 

allometrically, however, using analysis of covariance to normalise for body mass 

showed significant differences at the species level. In all great apes, the lower limb 

tendons varied in their mechanical properties; with a hallucal flexor yielding a 

higher Young’s modulus than tendons associated with muscles of power and 

balance, suggesting an adaptation to a specific functional role. The plantar 

aponeurosis was morphologically different across all species studied, with results 

indicating an adaptation to shear, multi-directional forces in the orangutan foot, 

possibly reflecting the use of hand assisted bipedalism in an arboreal context, and 

linear, anteroposterior forces in the gorilla. Overall, this thesis outlines the subtle 

differences present between closely related species of primates, indicating that 

morphological adaptations occur in response to external loading during locomotor 

behaviour.  
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Chapter 1  

GENERAL INTRODUCTION 

1.1 The field of anatomy 

Interest in the field of anatomy has varied throughout modern human history. 

Manuscripts from early anatomists lay the foundations of anatomy and 

morphology, with newer research using a combination of traditional investigatory 

methods; such as dissection, with new techniques; such as imaging and histology 

(Hutchinson et al., 2011; Schachner et al., 2013), to better understand the 

relationship between form and function. 

1.2 Anatomical terminology 

When describing the function of structures, specific anatomical terminology is used; 

especially when discussing movement. In the lower limb, terminology usually 

describes the effect that a given muscle has on the position of the foot; a brief 

overview of this terminology is given below: 

Pronation and eversion; both used interchangeably to describe the medial aspect of 

the foot rotating inwards, whilst the lateral foot edge rotates outwards. This 

movement is more related to balance and an example of a muscle which creates 

this movement is the peroneus brevis. 

Supination and inversion; both used interchangeably to describe the medial aspect 

of the foot rotating outwards whilst the lateral foot edge rotates inwards. This 
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movement is also related to balance and is the opposite of pronation/eversion, an 

example of a muscle which creates this movement is the tibialis anterior. 

Flexion; can be used to describe movement in the anteroposterior plane. It is 

generally used to describe both movements of the foot with prefixes; dorsiflexion 

describes the top or dorsal surface of the foot moving upwards towards the shin, 

and plantarflexion describes the bottom or plantar surface of the foot moving 

downwards. Both of these movements are associated with a locomotor function; 

preparing the foot for heel strike and pushing off during the gait cycle. Tibialis 

anterior is a dorsiflexor and gastrocnemius is a plantarflexor. 

Flexion and extension; can also be used to describe movement about the digits. 

When they flex they curl under in a gripping type of movement and extension 

straightens them out, releasing this theoretical grip. Examples of digital movers are 

extensor digitorum longus and flexor digitorum longus.  

A full outline of all the muscles studied in this thesis, including what actions they 

perform, can be found in the appendices (Appendix I). 

1.3 Components of the musculoskeletal system 

Before the anatomy and morphology of the lower limb is explored across different 

species, it would be advantageous to understand each anatomical structure; bone, 

muscle and tendon, and how structure is related to function.  

Bones are the fundamental structural supports of any vertebrate animal and vary in 

their microarchitecture depending upon their location and functional role (Schmidt-
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Nielsen, 1984). A typical bone can be described as a hollow, highly vascularised 

tube consisting of a hard and compact outer bone layer; the cortical bone, which 

covers a series of bony plates and struts; known as trabecular bone (Gray et al., 

2005). Together, these components allow a high strength to be achieved without 

generating excessive weight. The surface of the cortical bone can vary, with many 

notches, protuberances, crests, and general surface roughness, which all provide 

sites of attachment for skeletal muscles (Gray et al., 2005).  

Skeletal muscle is composed of actin and myosin, arranged in repeating units which 

give a distinctly striated pattern (Gray et al., 2005). Bundles of actin and myosin 

filaments form myofibrils, which in turn make up cylindrical muscle fibres, several 

of which form a larger muscle fascicle which can often be seen with the naked eye, 

see Figure 1.1.  

 

Figure 1.1. Structure of skeletal muscle, adapted from Principles of Anatomy and 
Physiology (Tortora and Derrickson, 2013).  
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Bundles of muscle fascicles, together with connective tissue (endomysium) and 

neurovasculature, make up the whole muscle. Within the muscle there are two 

types of fibres; fast fibres which are fast-contracting and often used for bursts of 

activity, and slow fibres which are used primarily for slower movements (Rome et 

al., 1988), with each muscle having a pattern of fibre composition based upon its 

functional role. The whole muscle unit is connected at two points; an origin and 

insertion, in order to produce an action. In most cases, muscle connects directly to 

bone via an aponeurosis or tendon, alternatively, the muscle fibres can connect to 

bone directly. 

Tendons are the main connectors of muscle to bone and they also provide a good 

degree of elasticity; which can help to harness energy savings during certain modes 

of locomotion (Alexander, 1984). Tendons are composed primarily of 

type I collagen and elastin, together with a small amount of proteoglycans and 

water; forming an extracellular matrix (Kannus, 2000). Collagen is one of the most 

prominent building blocks in mammals, being the primary protein in the 

composition of skin, bone, cartilage and tendon (Gray et al., 2005). The structure of 

collagen can be described as a coiled-coil, with three helical polypeptides, 

themselves coiled around a central axis (Wainwright, 1982). In tendons these form 

a linear arrangement with a staggered cross-over between sets of collagen bundles, 

which enables the tendon to manage a range of directional loads (Kannus, 2000). In 

a relaxed state, these collagen fibrils appear wavy, or crimped; the degree and 

angle of which affect the mechanical properties of the tendon (Kastelic et al., 1978).  
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The morphology of some structures within the body is capable of undergoing 

mechanical change, or adaptation, in response to external stimuli. This degree of 

plasticity has been previously recorded for bone (Turner, 1998), muscle (Holm et 

al., 2008) and tendon (Buchanan and Marsh, 2001). It is this plasticity which results 

in some homologous structures to be different across a range of species, as a 

reflection of diverse behaviour. For example, the functional role of the upper limb 

in humans; who are bipedal, would differ from that in any quadruped.  

The structures that are of interest for this thesis are within the lower limb; 

therefore the normal arrangement of its musculoskeletal structures will be outlined 

for both humans and great apes. 

1.3.1 The lower limb in humans 

The musculoskeletal anatomy of the human lower limb has been previously well 

documented. There are three bones which make up the leg; the femur, tibia and 

fibula, and a total of 26 bones which make up the foot (Gray et al., 2005). The 

arrangement of the more complicated foot structure is outlined in Figure 1.2, taken 

from Encyclopaedia Britannica (Cohen, 2007) in line with their terms of use. 
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Figure 1.2. Dorsal view of the bones of the foot (Cohen, 2007). 

The medial bones of the foot form a structure known as the medial longitudinal 

arch (MLA), which is further supported by muscles and tendinous structures; with 

the main support being a flat, tendon-like structure running under the foot from 

the heel to the toes; known as the plantar aponeurosis (PA) (Gray et al., 2005). This 

tendinous, elastic structure originates on the inferior calcaneus and inserts upon 

the bases of the proximal phalanges (Gray et al., 2005) and supports the bony 

arches of the foot; thereby forming the medial longitudinal arch (MLA) of the foot 

(Bojsen-Moller and Flagstad, 1976). The PA has longitudinally arranged fibres which 
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are capable of elastic energy storage and release during locomotion (Griffin et al., 

2010a; Jungers, 2010), which is often referred to as the ‘windlass mechanism’ 

(Hicks, 1954); describing the tension brought about in the PA by the dorsiflexion of 

the phalanges at the metatarsophalangeal joint.  

The muscles of the lower limb in humans are primarily responsible for locomotion, 

together with balance and posture. As such, the human foot in particular displays a 

unique anatomy; as much of the foot dexterity, which can be found in other 

non-human primates, has been lost in favour of adaptation towards an obligate 

bipedal function (Harcourt-Smith and Aiello, 2004). A recent publication 

investigating the joint forces and torque in simulated models of bipedal walking 

across both great apes and humans found the human foot to be optimally 

proportioned for an obligate bipedal lifestyle (Wang et al., 2014), with joint torques 

and total work being lower than that predicted for the great apes. The muscles and 

tendons of the lower limb may be similar in their position across different species; 

however, the development, size and properties may vary greatly due to differing 

functional roles.  

1.3.2 The lower limb in great apes 

The bony structure of the foot in great apes is similar to humans in that there are 

26 foot bones; however, the arrangement of these bones differs somewhat to 

reflect the retained dexterity of the primate foot. An outline of bone structure in 

three of the great ape genera is presented in Figure 1.3, adapted from published 

literature (Morton, 1924). It is worth noting that the bonobo would be very similar 
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to that of the chimpanzee foot. For the purpose of clarity, the groups encompassing 

species of orangutan, gorilla, chimpanzee and bonobo will be referred to as great 

apes, non-human primates will be used for all other primate species aside from 

humans; who will be addressed directly, with the general term of ‘primates’ 

reserved for all of the above. 
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Figure 1.3. Bone structure in the great apes in comparison to a human foot (Morton, 
1924). The middle three lines represent the position of specific joints, from top to 
bottom; metatarsophalangeal joint, tarsometatarsal joint and the talocrural joint. 

The first and most pronounced difference between the human and great ape feet is 

that of the hallucal (big toe) bones; which are abducted from the main body of the 

foot in great apes, reflecting the retained grasping ability which has long been lost 

in humans. The hallux of the orangutan appears reduced in length; however, this is 

actually a reflection of lengthening of the lateral digits, suggested to be an 

adaptation towards a predominantly arboreal lifestyle (Gebo, 1992). The bones of 

the great ape foot are not rigidly fixed; rendering the midfoot quite flexible which 

results in a flattened MLA, in direct contrast to the raised arch of the rigid human 

foot (Morton, 1924). Peak plantar pressure analysis of great apes walking bipedally 

found that all had a single or double pressure peak under the lateral midfoot 

(Crompton et al., 2012); denoting a mid-tarsal break and plantar collapse; 

suggesting the absence of a functional MLA.  
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The internal structure of bones can be used to determine habitual loading patterns; 

as bone adapts in response to external stresses with the trabeculae aligning 

themselves with the direction of force. A recent paper found the trabecular 

architecture of the metacarpal bone to be reflective of the predicted loading 

patterns in primate hands (Tsegai et al., 2013); reporting high bone volume and 

stiffness in the palmar surface for those with primarily suspensory behaviour, 

versus more dorsal regions for habitual knuckle-walkers. The same study reported 

the human metacarpal to have lower bone volume and stiffness, which reflects the 

lesser demands of dexterity tasks compared to a role in locomotor behaviour. 

Studies on foot bones have given similar results; human metatarsal heads have 

been shown to have trabecular adaptations towards an obligate bipedal gait (Griffin 

et al., 2010b), with differences also reported for the calcaneus between humans 

and great apes (Maga et al., 2006); however, the small sample size did not allow for 

statistical analyses. 

The muscle architecture of the non-human primate lower limb has been 

investigated to some degree. Several studies have compared muscles across the 

lower limb and foot between the great ape species; (Thorpe et al., 1999; Vereecke 

et al., 2005; Payne et al., 2006; Myatt et al., 2011a). These studies are very 

important and useful contributions to the field of primatology, although robust 

analysis can be difficult due to the scarcity of non-human primate specimens. The 

findings of these studies report some morphological differences between species, 

however, these were small and not significant, despite the different lifestyles and 

locomotor behaviour of the non-human primates investigated. Differences have 
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been reported at the microarchitecture level for the triceps surae muscles of the 

orangutan and chimpanzee (Myatt et al., 2011b). This small study found a greater 

proportion of slow-twitch Type I fibres in the orangutan, suggesting a tendency 

towards slower, controlled movements; which are reported for this group in an 

arboreal locomotor setting (Thorpe and Crompton, 2006).  

Further research exploring morphological and biomechanical diversity between the 

great apes could be used to determine how form relates to function in these 

groups; specifically whether morphology and material properties are determined by 

sex, body mass, locomotor behaviour, or a combination of these factors. 

1.4 Primate locomotion 

The morphology and material properties of structures within an individual can be 

linked to locomotor behaviour; how these structures are loaded and regularly used 

affects their anatomical and morphological characteristics. To be able to 

understand any differences observed between different individuals and species, it is 

important to fully understand the pattern of normal behaviour. Humans can be 

described as obligate bipeds; with walking being the main activity involving the 

lower limb. There are of course exceptions, such as specialised frequent behaviour 

and loading seen in elite athletes. For great apes, the pattern of locomotor 

behaviour is more complex and diverse across the genera; therefore research 

outlining the behaviour of each is presented below.  
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1.4.1 Locomotion in humans  

Humans are obligate bipeds; meaning they walk on two legs as a matter of normal 

course. This committed bipedal lifestyle is associated with the presence of a well-

developed medial longitudinal arch (MLA), Achilles tendon and plantar aponeurosis 

(PA); structures which contribute to the storage and release of energy during 

locomotion (Ker et al., 1987). 

The biomechanical effectiveness of the human foot in terms of energy storage and 

release in the tendons, ligaments and the PA during locomotion was first 

documented in the literature by Hicks (1954); describing the stretch and release of 

the plantar aponeurosis during the gait cycle as the ‘windlass mechanism’ (Hicks, 

1954). The human bipedal gait is often modelled for walking as an ‘inverted 

pendulum’ with an upright body posture and straight legs (Bramble and Lieberman, 

2004), whereas running is biomechanically different; with an inclined body posture 

and hip, knee and ankle joints flexed. Running has been reported to be more 

efficient than walking; due to significant energy savings achieved through tendinous 

structures within the human foot (Ker et al., 1987); specifically the PA together with 

plantar ligaments.  

The presence of a MLA in humans prevents the foot from being flexible (Elftman 

and Manter, 1935); unlike that of non-human primates. This arched, rigid foot 

flattens during the gait cycle, enabling the PA to stretch (Bennett et al., 1989), 

whereas the non-human primate foot is thought to move from a flattened to 

inverted position; due to midfoot flexibility. The peak plantar pressures of the 
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human foot with its rigid structure and well-developed MLA are different to those 

seen in great apes; humans having a lateral to medial transfer of pressure during 

the stance phase of gait (Crompton et al., 2012), ending with a peak pressure under 

the hallux just prior to toe-off. In contrast, the great apes have a peak pressure 

under the lateral midfoot (Crompton et al., 2012); representing the point of initial 

contact with the ground (Vereecke et al., 2003). Although most human feet have a 

rigid structure, a small proportion have been shown to have a flexible midfoot 

similar to that seen in non-human primates (Desilva and Gill, 2013; DeSilva et al., 

2015), resulting in a more medial transfer of weight under the foot during the gait 

cycle (Desilva and Gill, 2013). 

Despite some degree of overlap in the kinematics of bipedal walking between 

humans and non-human primates, the human foot is clearly designed for bipedal 

function. The presence of a MLA, adducted hallux and well-developed PA all reflect 

a loss of arboreal tendencies and foot dexterity, features which are unique to the 

human foot when compared to that of non-human primates. 

1.4.2 Locomotion in the orangutan 

Orangutans (Pongo pygmaeus) in the wild are reported to spend as much as 60% of 

their time feeding, and up to 20% in locomotor bouts (Galdikas and Kanada, 1979), 

both of which primarily take place in an arboreal setting. The degree of arboreality 

appears to be related to individual groups, their environmental niche and the 

effects of indigenous species; it has been argued that Sumatran orangutans (Pongo 

pygmaeus abelii) are more arboreal than their Bornean counterparts (Pongo 
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pygmaeus) due to the presence of Sumatran tigers (Galdikas and Kanada, 1979; 

Sugardjito et al., 1987); predators which are not present in the Bornean habitat. 

One study of female orangutans (Pongo pygmaeus) observed the majority of 

locomotor behaviour to involve forelimb suspension with the body in an orthograde 

(vertical) posture (Cant, 1987), often together with the hindlimb in compression for 

support. The same study reported the individuals to be almost exclusively arboreal, 

however, it must be noted that this was a small, exclusively female study (n = 2) 

during an unusual drought which may have affected the behaviour of the 

individuals. A more recent study of orangutan (Pongo pygmaeus abelii) behaviour 

found that no age-sex differences existed in the locomotor repertoires (Thorpe and 

Crompton, 2005); although the authors attributed this to the possibility of pre-

existing ‘arboreal pathways’ used regularly for travel. The selection of arboreal 

support has been reported to vary amongst age-sex classes (Thorpe et al., 2009); 

with adult females tending to use the most solid and secure supports. Similarly, 

adult females (Pongo pygmaeus) are reported to forage in arboreal areas which 

carry a low risk of injury (Galdikas et al., 1981), with females being significantly 

more arboreal than males. 

Orangutans show some behaviours which are unique to their species; firstly, the 

use of suspensory locomotion with the body in a pronograde (horizontal) position 

has been reported for orangutans (Thorpe and Crompton, 2005), with all involved 

limbs being under suspensory tension. The second behaviour is that of arboreal 

bipedalism with extended hindlimbs (Thorpe et al., 2007b); similar to that seen in 

human bipedalism. The incidence of bipedalism in orangutans has been reported to 



15 

 

be approximately 2% for postural behaviour (Cant, 1987), and up to 7% for 

locomotor behaviour (Thorpe and Crompton, 2005). Many forms of orangutan 

locomotion are forelimb driven; vertical climbing, tree swaying, and brachiation are 

good examples, however, many forms of locomotion in the orangutan involve all 

four limbs; many with the hindlimb in compression (Thorpe and Crompton, 2005). 

Some authors have reported orangutans to have a lower apparent density in the 

calcaneo-cuboid joint compared to quadrupedal counterparts (Nowak et al., 2010), 

which could be attributed to lower compressive forces on the orangutan hindlimb. 

However, it is clear that orangutan hindlimbs undergo compressive loading in many 

behaviours; suggesting that the way in which the limb is loaded may differ to that 

of other great apes, which is reflected in the orangutan morphology. 

1.4.3 Locomotion in the chimpanzee 

Chimpanzees (Pan troglodytes) are habitual knuckle-walkers; engaging in arboreal 

knuckle-walking along branches and terrestrial knuckle-walking on the ground 

(Hunt, 1992; Doran, 1993). Of these, it is terrestrial quadrupedalism which has been 

reported as the most frequent locomotor behaviour (Fleagle et al., 1999), making 

up to 98% of observed terrestrial locomotor frequency in a group of chimpanzee 

adults from the Mahale mountains, Tanzania (Hunt, 1992). Chimpanzees are both 

arboreal and terrestrial, with 60 - 70% of all feeding taking place arboreally 

(Galdikas et al., 1981; Hunt, 1992).  

Specific arboreal behaviours included vertical climbing with the body in an 

orthograde posture, and forelimb suspension with minimal involvement of the 
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hindlimb (Hunt, 1992). Therefore, hindlimb compression in chimpanzees seems to 

be restricted to predominantly quadrupedalism, with some vertical climbing mainly 

related to feeding activity (Hunt, 1992). Bipedalism also contributes to hindlimb 

compression, with chimpanzees being observed to engage in bipedalism for 

approximately 1 – 6% of arboreal locomotor behaviour (Doran, 1993), and 

considerably more for feeding and postural behaviour (Teleki, 1977; Hunt, 1992; 

Stanford, 2002). Another behaviour specific to chimpanzees is that of regular and 

successful hunting of vertebrate prey for meat (Galdikas et al., 1981; Mitani and 

Watts, 1999). This type of behaviour would involve propulsive bursts of activity and 

prolonged fast pursuit, behaviours which are usually observed when fleeing danger. 

Given that the behaviour is so regular, adaptations in muscles which produce 

propulsive force; such as the triceps surae, may be observed in chimpanzees. 

It is postulated that regular use of any locomotor behaviour could result in adaptive 

changes to chimpanzee morphology as dynamic postural loading leads to adaptive 

changes (Carlson et al., 2006), however, it must be noted that morphology is likely 

to also reflect behaviours which are less frequent but result in higher stresses 

(Hunt, 1992). The patterns of locomotor behaviour seem to be strongly linked to 

the environment which an individual inhabits; for example, foraging behaviour in 

chimpanzees differed depending upon the site to which they belonged (Stanford, 

2006), and both feeding and travelling behaviour differed between two groups 

inhabiting mainly closed forest versus more open woodland (Hunt, 1992). At this 

stage, it is not understood whether slight differences in behaviour affect individual 

morphology across different groups of the same species. 
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In summary, the locomotor behaviour observed in chimpanzees is primarily 

hindlimb driven quadrupedalism, with secondary arboreal behaviour involving both 

the forelimb and hindlimb; but which differs to that observed in the orangutan 

(Thorpe and Crompton, 2005). 

1.4.4 Locomotion in the bonobo 

Bonobos (Pan paniscus) and chimpanzees are closely related (Crompton et al., 

2008); both being part of the Panini tribe within the subfamily of Hominini, 

however, bonobos tend to be smaller in body size (Fleagle et al., 1999). Bonobos 

have a diverse range of locomotor behaviour similar to that observed in 

chimpanzees; brachiation (forelimb suspension), climbing, arboreal and terrestrial 

quadrupedalism, as well as bipedal and tripedal walking (Doran, 1993). However, 

there are notable differences in these behaviours between the two species; with 

bonobos engaging in arboreal locomotor travel more than chimpanzees (Doran, 

1993), as well as using a palmigrade (with the hand flat against the substrate), 

rather than knuckle-walking (with the latter two sections of the digits contacting 

the substrate) approach to arboreal quadrupedalism. A reduction in terrestrial 

quadrupedalism over arborealism, together with a smaller body size, could result in 

lower compressive loads on the hindlimb; but whether these variables result in 

different morphological features between the species is not yet fully understood. 

Observations of bipedal behaviour have been reported to make up approximately 

2% of arboreal locomotor behaviour (Doran, 1993), less than that observed for 

chimpanzees or orangutans (Thorpe and Crompton, 2005). A study on the 
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kinematics of quadrupedal and bipedal locomotion in bonobos reported bipedalism 

to be more variable between steps (Vereecke et al., 2004; Crompton et al., 2012), 

with a longer ground contact time (duty factor) (Vereecke et al., 2004); suggesting 

this locomotor behaviour to be more unstable, perhaps due to rarity of use. In 

contrast, a similar study found no differences in duty factors between the two types 

of locomotion (Aerts et al., 2000), however, both studies had only small numbers of 

subjects engaging in voluntary, terrestrial bipedal behaviour; n = 2 (Vereecke et al., 

2004) and n = 5 (Aerts et al., 2000), again, supporting the suggestion that 

bipedalism is not common in the bonobo behavioural repertoire. Additionally, 

bonobos undertake bipedal bouts with a bent-hip, bent-knee (BHBK) gait 

(Crompton et al., 2012), which is somewhat different to that of the extended 

hindlimb approach reported for the orangutan (Thorpe et al., 2007b). 

In summary, behaviour in the bonobo is characterised by a high degree of 

arboreality, without being committed to an arboreal lifestyle, together with some 

bipedalism; although less than that reported for other great ape species. This 

pattern is likely to result in lower hindlimb compressive forces than those 

experienced by other African apes (chimpanzee and gorilla), and lower but 

significantly different hindlimb compressive forces than those experienced by 

orangutans. 

1.4.5 Locomotion in the gorilla 

Gorillas have been reported to be the most terrestrial of the great apes (Remis, 

1995), however, they do engage in some arboreal activity. Distinct subspecies of 
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gorilla exist which inhabit different geographical locations (Fleagle et al., 1999); the 

Western lowland gorilla (Gorilla gorilla gorilla) and the Eastern lowland gorilla 

(Gorilla gorilla graueri); both of which inhabit a wide range of forests, and the 

mountain gorilla (Gorilla gorilla beringei); which inhabits mainly secondary forests.  

Arboreal behaviour is much less frequent than that reported for other great apes 

and is primarily used during food foraging; with estimates of 3% of time spent in 

arboreal feeding activities for mountain gorillas (Tuttle and Watts, 1985) and even 

less for locomotor travel. Arboreal behaviour is inversely proportional to body size, 

and as gorillas are extremely sexually dimorphic (Fleagle et al., 1999), it is the 

females and juveniles which use arboreal substrates more (Tuttle and Watts, 1985; 

Remis, 1995). However, this climbing using an orthograde body posture usually 

occurs close to the centre of the tree; thus avoiding the use terminal tree branches.  

Gorillas amongst different groups have been reported to engage in scrambling 

behaviour; both arboreally in the Western lowland and mountain gorillas (Tuttle 

and Watts, 1985; Remis, 1995) and terrestrially over deep ravines in the mountain 

gorillas (Tuttle and Watts, 1985). These scrambling behaviours are characterised by 

the forelimb under tension or suspension, with considerable support and propulsive 

force from the hindlimb. Gorillas have also been reported to engage in bipedal 

activities; with Western lowland gorillas spending up to 9% of arboreal locomotor 

behaviour in bipedal bouts (Remis, 1995), with females engaging more than males. 

Similar results are reported for mountain gorillas, with the addition of males 
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engaging in more bipedalism terrestrially (Tuttle and Watts, 1985); related to chest-

beating and general display. 

Gorilla behaviour has been reported to differ depending upon both their location 

and also the season (Remis, 1995; Masi et al., 2009), for example, Western lowland 

gorillas are reported to have a more frugivorous and high energy diet than 

mountain gorillas (Masi et al., 2009), which could be related to the increased 

activity levels observed in the former group. Behavioural repertoires vary from one 

gorilla group to another; however, all are reported to engage in some degree of 

arboreal activity using the hindlimb in a propulsive manner. All gorilla groups are 

more terrestrial than other great apes and therefore would be subject to increased 

compressive hindlimb forces for quadrupedal locomotion. Overall, the gorilla 

hindlimb may be expected to have some adaptations in morphology towards a well-

developed plantar flexor group; the triceps surae, similar to that predicted for the 

chimpanzees. 

1.4.6 Problems with observing behaviour 

Observational research of any kind is often subject to some sort of bias, not only in 

the way in which an animal would behave in the presence of a researcher, but also 

the way in which a researcher interprets what they see. One of the main challenges 

has been the comparison of data from different studies due to the incompatibility 

of the categories of behaviour used by different researchers; however, 

standardised descriptions for locomotor behaviour have recently been published 

(Hunt et al., 1996), allowing comparisons between different behavioural studies to 
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be made. In addition, behaviour has been reported to differ both between varying 

habitats in the wild (Masi et al., 2009), and would be expected to differ between 

wild and captive populations. Most behavioural observational data is from 

individuals in the wild; however, most anatomical studies using fresh tissue are 

from individuals in captivity. This must be taken into consideration when comparing 

results across the great apes species. 

1.5 Methods of investigation  

As previously mentioned, most data outlining non-human primate locomotion is 

conducted on wild populations, usually recorded as observational data by a single 

researcher. This data is useful in establishing ranges of behaviour and patterns seen 

in different species, and has in more recent years been supported by further studies 

on the mechanics underlying these behaviours. 

1.5.1 Gait analysis; measured and modelled data 

Gait analysis research often involves the observation of animals in a controlled 

environment, and in the case of great apes this is often an animal park or zoo. Gait 

analysis covers a wide range of areas: including the way in which the segments of a 

limb move relative to each other and to the ground or substrate, the way in which a 

limb contacts the ground and the pressures exerted underfoot, and simulations of 

theoretical types of gait and their biomechanical implications through computer 

modelling. All of these methodologies aid the deeper understanding of how 

different types of locomotion are achieved.  
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A plantar pressure study on bonobos recorded that in both quadrupedal and 

bipedal bouts they simultaneously contact the ground with the heel and the lateral 

midfoot, which is significantly different to the heel-strike contact seen in humans 

(Vereecke et al., 2003). Stride frequency can also be a useful variable to consider. In 

a study of Japanese macaques (Macaca fuscata) trained to walk bipedally, both the 

stride lengths and frequency were different to untrained macaques; and resembled 

similar patterns to those seen in humans (Hirasaki et al., 2004).  

In addition to recording locomotor behaviour in a controlled environment, studies 

of the anatomy and morphology of non-human primate limbs have provided 

further understanding of locomotor mechanics by documenting the biomechanics 

and architecture of muscles and tendons from cadaveric dissections (Ker et al., 

1988; Bennett et al., 1989; Vereecke et al., 2005; Myatt et al., 2011a). The data 

from studies such as these has allowed researchers to investigate gait behaviour 

through computer modelling. Simple segmented models have been used to show 

that ground reaction forces for chimpanzees may be predicted with reasonable 

accuracy by computer modelling, instead of being measured directly by force plates 

(Crompton et al., 1996). More complicated models have been used to explore 

human bipedality using individual muscle-tendon unit data (Sellers et al., 2010). 

Furthermore, results from studies of extant species can be used in an evolutionary 

context; to infer the locomotor behaviour of ancestral hominin species. For 

example, modelling of Australopithecus afarensis using only segment proportions 

from fossil remains has yielded suggestions of behaviour similar to either a human-

like erect, bipedal gait or a bent-hip, bent-knee gait (Crompton et al., 1998). This 
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study also found the predicted locomotor behaviour of A. afarensis to be 

incompatible with that of a chimpanzee bipedal gait pattern. Such studies provide 

examples of how morphology is linked to locomotor behaviour and how this can be 

applied in both current and evolutionary contexts. 

1.6 Thesis outline 

In summary, the aim of this research is to better understand the way in which great 

apes are adapted to their respective environments in terms of anatomy, 

morphology and biomechanics, and whether these variables can be linked to 

locomotor behaviour and environmental requirements. By comparing estimates of 

empirical measurements with actual data values the validity of inferring function 

from morphology can be explored. The benefit of this research is not only relevant 

to understanding extant species, but can potentially be useful in assessing the 

locomotor capabilities and morphology from ancestral remains.  

1.6.1 Chapter 2 

In Chapter 2 the muscle architecture of the hindlimb across the four species of 

great ape is investigated. Muscle architecture is investigated by taking a series of 

measurements, often during dissection, which can then be used to further calculate 

morphological properties in order to infer function. This methodology has been 

established in many non-human primate studies (Thorpe et al., 1999; Vereecke et 

al., 2005; Payne et al., 2006; Myatt et al., 2011a). The basic measurements recorded 

include muscle and tendon masses and lengths, muscle pennation angle and 

fascicle lengths. Further calculations include muscle physiological cross-sectional 
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area (PCSA), architectural index (AI); a ratio of muscle fascicle length to muscle belly 

length, estimates of tendon stress and strain, and many others.  

An example can be illustrative in explaining how muscle architecture can infer 

function.  Choosing an arbitrary muscle whose function is unknown, but has a large 

mass, short fascicles and a large pennation angle, and therefore a large PCSA and a 

low AI, it can be suggested that the muscle is capable of producing large forces of 

contraction over a short range of motion (Gans and Bock, 1965; Payne et al., 2006; 

Myatt et al., 2011a). Regardless of what muscle is chosen or where it is situated, it 

is possible to relate the muscle morphology to its function. 

In the context of the non-human primate lower limb, one aspect of interest is to 

distinguish postural from power muscles; those used in dexterity tasks and balance 

from those used in locomotion, and whether any have a dual role. Previous 

research has suggested that the muscles in the lower limbs of four species of 

gibbon (Hylobates lar, H. moloch, H. pileatus and Symphalangus syndactylus) have 

muscles which are adapted to different functional roles (Channon et al., 2009), 

which is reflected in their different architectural properties. It has been suggested 

that great ape hindlimb muscles are adapted in order to navigate a complex 

arboreal environment (Payne et al., 2006); reflected specifically in muscles with 

long fascicles arranged in parallel and with little amount of tendon for many MTUs. 

A second area of study is to investigate whether differences exist between great 

ape groups at the morphological level, which could reflect variations in 

environmental niches and behaviour. Previous research aimed to address this using 
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analysis which takes into account the differences in size and shape between the 

species (Myatt et al., 2011a); however, overall no significant differences were 

reported, possibly due to the small sample size. This type of analysis will be 

revisited in this thesis, with a larger number of individual great apes. Plotting 

morphological profiles are extremely useful in further understanding muscle and 

tendon plasticity and can also be used as points of reference when trying to 

understand behaviour from ancestral fossil remains. 

This dataset consists of a large great ape cohort; eleven individuals in total. Other 

research groups have published on the morphology of the great ape lower limb 

using fresh-frozen cadavers (Thorpe et al., 1999; Vereecke et al., 2005; Payne et al., 

2006; Myatt et al., 2011a), with specimen numbers ranging from two to eight 

individuals. This published data included some of the muscles that were of interest 

for this Ph.D, and so the data could be combined to further assess the validity of 

scaling across the species of great apes. The n for some muscles reached 21, 

allowing for a more robust statistical analysis. Researchers have previously 

investigated whether morphological parameters can be scaled across species in 

order to compare homologous muscles, regardless of species size. Scaling 

exponents for muscle variables have previously been calculated using a large cohort 

of mammalian species and are given as follows; muscle mass scales with (body 

mass)1, fascicle length scales with (body mass)1/3, and PCSA scales with (body 

mass)2/3 (Alexander et al., 1981). More recently, a form of general linear model has 

been applied to compare across species (Myatt et al., 2011a), accounting for the 
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differences in size and shape. Although significant results were not reported for the 

cohort, the results of further analyses may differ as sample sizes increase. 

The overall aim is to provide a better understanding of similarities and differences 

in great ape morphology, taking into account differences in size, gender and age, 

both within and between species. 

1.6.2 Chapter 3 

Chapter 3 expands on the data gathered in Chapter 2 and uses it to explore the 

extent of asymmetry in one species; the chimpanzee. The decision to conduct this 

study was based upon a number of variables. The dataset used in Chapter 2 was 

moderately large, especially given that great ape specimens are scarce, it contained 

both the right and left limbs for a number of individuals, and for all five of the 

chimpanzees. It became clear that very few researchers had discussed asymmetry 

in great apes at the morphological level. One publication which looked at 

asymmetry in a single chimpanzee individual suggested bilateral asymmetry in both 

the fore- and hind-limbs could exist, whilst highlighting that further investigation 

into morphological asymmetry would contribute towards a better understanding of 

this area (Carlson, 2006). If morphological asymmetry within the lower limbs were 

significant within chimpanzees, it could then be postulated whether this could be 

linked to behavioural lateralisation in either the upper or lower limbs. Historically, 

this is of interest as the human population is predominantly right-handed, but how, 

when and why this lateralisation occurred is still not fully understood.  
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1.6.3 Chapter 4 

In Chapter 4, the muscle architecture data were used to estimate the material 

properties of the tendons using a published value of Young’s modulus of 1.5 GPa 

(Bennett et al., 1986). Young’s modulus is the ratio of tendon stress over tendon 

strain and is a measure of the stiffness of a tendon. The published value is an 

average of the measured Young’s modulus of tendon across ten different 

mammalian species. Although the published value was consistent across the 

species, it may not be representative of tendons from an individual with a diverse 

and varied lifestyle; such as a great ape. Great apes use both terrestrial and 

arboreal substrates and have increased dexterity of both the hands and feet, 

therefore a trade-off may exist between energy-saving, stiff tendons and compliant, 

stretchy tendons. The decision was taken to test four hindlimb tendons which are 

used in a variety of behaviours. This would allow further investigation of the above 

theory and also provide a comparison to those estimated values obtained from the 

muscle architecture data in Chapter 2. Many researchers do not have the facilities 

to test material properties and so rely on published average values to provide 

estimates. In the case of animals with specialised behaviour, such as great apes, 

these estimates may not be as accurate as they would be for a typical, terrestrial 

quadruped.  

The aim is to investigate the relationship between lower limb morphology and 

material properties; whether estimates agree with measured data, and if different 

roles for different tendons exist. 



28 

 

1.6.4 Chapter 5 

The great apes have an interesting and diverse repertoire of behaviour which varies 

across the species. In summary, the orangutan represents the most arboreal of the 

genera and moves in ways that are different to other great apes; primarily engaging 

in orthograde suspension using both hands and feet simultaneously in a pattern of 

tension and compression (Thorpe and Crompton, 2005). The bonobo and the 

chimpanzee are both adapted to terrestrial and arboreal lifestyles, with the bonobo 

being slightly more arboreal (Hunt, 1992; Doran, 1993). They differ in their arboreal 

quadrupedalism however; with bonobos using a palmigrade approach and 

chimpanzees using a knuckle-walking approach. The gorilla is different again, being 

reported as the most terrestrial of the great ape species (Remis, 1995) and the most 

bipedal terrestrially (Tuttle and Watts, 1985). The differences in behaviour of the 

four species could be reflected in the morphology of the plantar aponeurosis (PA), 

with each species showing adaptations to a different environment.  

Humans have a highly specialised PA with longitudinally oriented fibres (Gray et al., 

2005), which are capable of elastic energy storage and release during locomotion 

(Griffin et al., 2010a; Jungers, 2010). Given that humans have this distinct 

morphology as a reflection of adaptation to an obligate bipedal lifestyle, it would be 

interesting to assess the structure and properties of the PA in great apes. In theory, 

terrestrial behaviour would benefit from longitudinally arranged fibres in a single 

plane, whereas arboreal behaviour; which would load the foot in many planes, 

would benefit from a mesh of fibres oriented in many directions.  
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The aim is to describe the anatomy of the PA across the great apes, and to further 

investigate its material properties in order to assess whether an energy saving 

mechanism is present, as it is in humans. 
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Chapter 2  

HINDLIMB DESCRIPTIVE ANATOMY AND MUSCLE ARCHITECTURE IN 

GREAT APES; COMPARING INTER- AND INTRA-SPECIES VARIATION 

2.1 Introduction 

Animals inhabit a wide range of niches, and thus display a complex repertoire of 

locomotor behaviour. Comparison of muscle architecture data across species can 

further our understanding of how different locomotor behaviours are 

demonstrated at the morphological level, for example forearm muscles of the 

upper limb in the orangutan have longer fascicles resulting in greater joint mobility 

when compared to a chimpanzee (Oishi et al., 2008). These differences are thought 

to reflect specialisations for a greater emphasis on an arboreal environment in the 

orangutan. More recently, morphological analysis of the musculature of the head, 

neck and upper limb have been applied to investigate primate relationships through 

phylogenetic analysis (Diogo and Wood, 2011), generating phylogenetic trees which 

were very similar to those obtained through traditional gene and mitochondrial 

analysis. Additionally, the analysis showed humans to have developed adaptations 

in the muscles of the face, larynx and thumb, whilst the non-human primates 

showed evolutionary adaptations to the muscles of the upper limb.  

Differences in locomotor behaviour exist between the great apes; with only 

orangutans engaging in suspensory and compressive orthogrady involving forelimbs 

and hindlimbs (Thorpe and Crompton, 2006). In addition, orangutans undertake 
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more frequent bouts of arboreal bipedalism (Thorpe and Crompton, 2006) than has 

been observed in lowland gorillas (Remis, 1995), bonobos and chimpanzees (Doran, 

1993). Although there are observed differences in behaviour between the great 

apes, there is also considerable overlap in arboreal behaviours, such as vertical 

climbing, descent and arboreal quadrupedalism (Cant, 1987; Hunt, 1992; Doran, 

1993; Thorpe and Crompton, 2006). Recently, researchers have proposed a new 

theory relating to hand and wrist features seen in the great apes (Kivell and 

Schmitt, 2009). These features, previously assumed to reflect knuckle-walking 

behaviour, are now proposed to be functional adaptations to an extended wrist 

posture in general; within both terrestrial and arboreal environments. 

Regular loading behaviour is reflected in musculoskeletal morphology, with recent 

publications investigating muscle architectural differences across non-human 

primates (Thorpe et al., 1999; Vereecke et al., 2005; Payne et al., 2006; Channon et 

al., 2009; Myatt et al., 2011a). The importance of a flexible and powerful upper 

body in chimpanzees is reflected in the large physiological cross-section areas of the 

upper limb muscles together with a greater range of joint motion compared to 

those seen in humans (Thorpe et al., 1999). The great ape lower limb is adapted to 

a complex locomotor environment compared to that of humans; with longer 

fascicles in the lower limb muscles which are better able to function over large joint 

angles (Payne et al., 2006), and foot and ankle morphology which is flexible and 

designed for multiple modes of locomotion (Vereecke et al., 2005). In contrast, the 

muscle architecture of the gibbon (Hylobates lar) overlaps with that of humans, 

with some hindlimb muscles having shorter fascicles thought to be a functional 
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adaptation to leaping behaviour observed in this group (Payne et al., 2006; 

Channon et al., 2009). The most comprehensive review and analysis of great ape 

muscle architecture to date investigated the hindlimb in twelve individuals across 

four species (Myatt et al., 2011a). Using scaling techniques to eliminate differences 

in body mass, the authors compared groups of lower limb muscles; however, there 

were no overall significant differences between the species; this could be a 

reflection of the overlapping behaviours between these individuals or the 

constraints of a small sample size. 

The continued research into non-human primate soft tissue anatomy is crucial to 

understanding the relationship between structure and function. By increasing the 

sample size across each great ape group a more robust analysis can be conducted 

which would further address whether significant differences in muscle architecture 

exist and how these differences relate to functional role. This thesis aims to address 

these factors and further our understanding of adaptation through the relationship 

between form and function.  

2.1.1 Descriptive anatomy; qualitative research 

The link between functional anatomy and behaviour of an animal has long been an 

area of study. Many early publications described the functional anatomy of the 

great apes, including the gorilla (Chapman, 1878; Straus, 1930; Miller, 1932), 

chimpanzee (Beddard, 1893; Miller, 1932), and orangutan (Beddard, 1893; Sonntag, 

1924; Miller, 1932). The bonobo; also known as the pygmy chimpanzee, was not 

classified in the literature as an entirely separate species until the early 1930s 
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(Coolidge, 1933), therefore some earlier descriptions of chimpanzees may actually 

be that of the bonobo. These publications demonstrate an interest in the 

relationship between form and function of musculoskeletal structures both 

between the great ape groups and also compared to humans, however, suitable 

conclusions could not be drawn at the time due to sample size constraints amongst 

other factors.  

2.1.2 Muscle architecture data 

Muscle architecture analysis involves a series of measurements; such as muscle and 

tendon masses and lengths, muscle fascicle lengths and angles of pennation. The 

pennation is measured between the orientation of the muscle fascicles and the line 

of action of the muscle (Azizi et al., 2008), often denoted by an internal and / or 

external tendon. A muscle can be described as unipennate; having one direction of 

fibres, bipennate; having two directions which often resemble the pattern of barbs 

on a feather, and multipennate; where the muscle has more than one internal 

tendon with fascicles lying between them at multiple angles.  

Physiological cross-sectional area (PCSA) is the measure of the cross-sectional area 

(CSA) of a muscle perpendicular to the orientation of the muscle fibres and can be 

calculated in either a basic format; without taking into account the pennation angle 

of the muscle fascicles (Thorpe et al., 1999; Payne et al., 2006; Myatt et al., 2011a), 

or by including the angle in the calculation (Channon et al., 2009). The latter 

involves multiplying by the cosine (COS) of the pennation angle.  The choice to 

include pennation angle often depends on the angle sizes. If the angle is small 
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(< 20°) the COS of a this is near to 1, so in these cases it is usually omitted from 

PCSA calculations. Many authors find the basic calculation acceptable with 

pennation angles < 30° (Thorpe et al., 1999; Payne et al., 2006; Myatt et al., 2011a). 

However, some authors feel a pennation angle of > 20° warrants inclusion into the 

PCSA calculation (Zajac, 1992). A recent paper investigating gibbon hindlimb 

morphology used the full PCSA calculation, with the maximum recorded pennation 

angle in this study being 39° (Channon et al., 2009). The PCSA value can be further 

used to estimate the maximum isometric force of contraction of a muscle (FMAX), by 

multiplying PCSA by the maximum isometric stress of vertebrate skeletal muscle; 

usually given as 0.3 MPa (Wells, 1965). Thus, muscles with larger PCSAs tend to 

have a greater estimated capacity for force production.  

The range of motion and control of a muscle is correlated with muscle fascicle 

length (FL); where a fascicle is composed of muscle sarcomeres in series. Muscles 

with longer fascicles tend to have a greater shortening velocity (Wickiewicz et al., 

1984; Thorpe et al., 1999), but lack the power of highly pennate muscles with 

shorter fascicles and large PCSAs. The length of fascicles within a given muscle 

varies depending upon the functions which they must perform. 

Tendons have been studied in relation to their capacity for elastic energy storage 

and release (Bennett et al., 1986; Ker et al., 1988; Shadwick, 1990; Lieber et al., 

1991). Physically testing tendons in a rig in yields a measure of their stiffness, or 

Young’s modulus (E); which is a ratio of tendon stress over tendon strain (see 

Chapter 4, 4.1.4). A suitable approximation of E was estimated from a study of 
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tendon material properties across a wide range of species and is given as 1.5 GPa 

(Bennett et al., 1986). A tendon can be described as stiff, yielding both a high E and 

elastic energy return; often described as biological springs (Ker et al., 1988; 

Vereecke and Channon, 2013), whereas compliant tendons are stretchy, yield a 

lower E and are associated with dexterity and fine motor control (Ker et al., 1988; 

Alexander, 2002).  

The muscle architecture data can be further processed to estimate muscle and 

tendon properties, which can be used to imply muscle function. 

2.1.3 Primate morphology and behaviour 

Many theories exist as to the locomotor behaviour of the common ancestor of both 

humans and great apes, and how this behaviour evolved into what is seen in extant 

species today (Gebo, 1996; Crompton et al., 2008). The origin and development of 

bipedal locomotion in humans can be better understood by investigating 

adaptation within the wider primate field. Recent studies, including humans 

(Wickiewicz et al., 1983; Kura et al., 1997; Ward et al., 2009), gibbons (Vereecke et 

al., 2005; Channon et al., 2009), chimpanzees (Thorpe et al., 1999; Carlson, 2006), 

bonobos (Vereecke et al., 2005), gorilla (Oishi et al., 2009b), and all genera of great 

apes (Payne et al., 2006; Myatt et al., 2011a), have contributed to our 

understanding of primate evolutionary history and the origins of bipedalism. 

Although these studies provide valuable insights, there are difficulties associated 

with the study of non-human primates; primarily the scarcity of fresh cadaveric 

material leading to small sample sizes, which makes it difficult to control for 
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variables such as age, sex and body mass, harder to control for. Myatt et al., used 

experimental and published data to compare across the four genera of great apes 

whilst investigating the validity of normalising data; a method used here to remove 

differences in great ape body size (Myatt et al., 2011a). This study aims to build 

upon this dataset to further investigate great ape morphology. 

2.1.4 Normalising data 

Studies of the similarity between objects were conducted by the Greek 

mathematician Euclid, who developed the concept of geometric; also known as 

isometric, similarity (Schmidt-Nielsen, 1984). From these early studies, the 

geometric similarity between two objects states that linear measurements, such as 

length, change proportionally with the object angles remaining unchanged. Further 

variables; such as volume, also change proportionally. Geometric scaling is rarely 

seen in biological living organisms (Schmidt-Nielsen, 1984), however, a different 

type of scaling does usually apply; allometric scaling. This scaling describes a 

relationship between a physiological or morphological variable y to body mass x by 

the equation: 

 baxy   (2.1) 

where a is a constant and b is the scaling exponent.  

Many variables have been found to scale through this relationship, including limb 

bone length (Alexander et al., 1979), metabolic rate (Kleiber, 1947), and skeletal 

mass (Prange et al., 1979). Properties of vertebrate skeletal muscle can also scale in 
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an allometric way, partly due to the conserved microstructure of muscle tissue 

across species; with filament diameter and length, as well as filament overlap, being 

constant in all mammalian skeletal muscles, independent of the animal (Schmidt-

Nielsen, 1984). A study which investigated muscle mass, fascicle length (FL) and 

physiological cross-sectional area (PCSA) across a wide range of mammalian species 

found that geometrically similar individuals have muscle properties which scale to 

body mass as follows; muscle mass scales with (body mass)1, FL scales with (body 

mass)1/3, and PCSA scales with (body mass)2/3 (Alexander et al., 1981).  

In addition another factor can be used to normalise data from different specimens. 

A recent paper was able to assess the contribution of an MTU to an individual by 

presenting muscle mass as a percentage of total limb or body mass; allowing the 

researchers to compare homologous muscles between human, bonobo and gibbon 

(Hylobates lar and Nomascus leucogenys) (Vereecke et al., 2005).  

2.1.4.a Geometry vs. allometry in non-human primates 

The methodology for analysing non-human primate muscle architecture data 

depends on whether the specimens are deemed to be geometrically similar. Where 

geometric similarity is assumed, the following scaling exponents are used; muscle 

mass to (body mass)1, FL to (body mass)1/3, and PCSA to (body mass)2/3 (Alexander 

et al., 1981). Geometric similarity has been used when assessing individuals from 

the same species; such as chimpanzees (Carlson, 2006), or across different species; 

chimpanzee vs. human (Thorpe et al., 1999), greater vs. lesser apes (Payne et al., 

2006), and various lesser apes (Channon et al., 2009). A recent review of great ape 
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anatomy investigated the validity of previously published scaling exponents for 

individuals with geometric similarity, and compared these to newly calculated 

scaling exponents via logarithmic regression analysis (Myatt et al., 2011a), finding 

little difference between the two. The authors reported little significant difference 

in muscle architectural variables between great ape species, concluding that gross 

anatomy may be evolutionarily conserved, despite differences in locomotor habitat 

and behaviour across the great apes. This study represents the largest dataset to 

date of great ape hindlimb morphology; however, further research would enable a 

more robust analysis. 

2.1.4.b Regression analysis 

In order to estimate the general scaling exponent b, consider a log transform of 

equation (2.1), 

 )(log)(log)(log 101010 axby   (2.2) 

which shows a linear relationship between the log of the dependent variable y of 

interest (e.g. muscle mass, FL or PCSA) and the log of the body mass x. The slope of 

the resultant line from a linear fit performed on a plot of the appropriate log-

transformed data will then provide an estimate of the scaling exponent b. 

Further calculations can be used to establish standard deviations (SDs); 

representing the spread of the data, and confidence intervals (CIs); representing a 

range for which we are 95% sure a previously unknown sample would fall within. 

Statistical analysis can be used to assess whether there is a relationship between 
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the two variables studied and whether this relationship is significantly different to 

what is expected (Ennos, 2007). For clarification, a worked example is now 

presented:  

A total of 15 individuals were investigated, and a regression analysis of log-

transformed muscle mass against log-transformed body mass data yielded a scaling 

exponent of 1.32 with a standard error (SE) of 0.066. Statistical analysis suggested 

that there was a significant relationship between the two variables. The estimated 

scaling exponent was compared to the published scaling exponent expected for 

these variables; e.g. muscle mass to (body mass)1 (Alexander et al., 1981). In order 

to assess whether the newly estimated scaling exponent was significantly different 

from the expected one, a t test was carried out using the following equation: 

 

S

E

SE

SS
t


  (2.3) 

Where S is the new scaling exponent, SE is the expected scaling exponent, and SES is 

the standard error of the new scaling exponent.  

Thus, continuing with the worked example: 

066.0

132.1 
t  

The resultant t value (t = 4.85) for n – 1 degrees of freedom is significant at the 

99.9% level (p ≤ 0.001). Therefore, the new scaling exponent is significantly greater 

than the expected scaling exponent of 1. If two variables scaled geometrically their 

scaling exponent would be equal to 1, as one increases directly proportionally to 
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the other. In this worked example muscle mass scales to body mass allometrically, 

with the slope being greater than 1; referred to as positive allometry. Theoretically, 

this means that larger individuals have relatively heavier muscles.  

Increasing study sample sizes would provide further insight into how 

morphologically similar or different great apes are, given that they are each 

adapted to different, and sometimes unique, ways of life. The methods of 

normalising data assume geometric similarity, however, great apes may not be 

geometrically similar due to their diverse behaviour, morphology and sexual 

dimorphism (Fleagle et al., 1999). Further research would develop our 

understanding of how anatomy and morphology relates to habitat, behaviour, and 

locomotor repertoire.  

2.2 Aims  

The lower limbs from the four genera of great apes were compared to determine 

the nature and extent of the morphological and anatomical differences, and what 

the functional significance of these might be. The great apes are varied in their 

body mass and shape, and therefore it could be expected that their muscle 

variables deviate from the predicted scaling exponents. Great apes use both similar 

and unique locomotor and postural behaviours across both arboreal and terrestrial 

substrates, therefore differences at the morphological level may reflect the 

functions performed by each species group. The overall aim of this study was to 

better understand the relationship between locomotor behaviour and lower limb 

morphology in four species of great apes. 
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2.3 Objectives 

In order to investigate the anatomy and morphology of the lower limb, detailed 

descriptions of the positional anatomy of muscles relating to the calf and foot will 

be carried out. Muscle architecture data will be recorded and biomechanical 

properties will be estimated. Methods of normalisation will be used to compare 

between species and sexes, using both experimental and published data. This will 

include comparisons of muscle mass, FL and PCSA. 

2.4 Methods 

The cadavers for this study were acquired with the help of Dr Andrew Kitchener, 

with further support from Dr Susannah Thorpe, Mr Russell Savage and Professor 

Robin Crompton. Preparation and dissection of the lower limbs from whole great 

ape cadavers was conducted with the help of Dr Mary Blanchard, Dr Julia Myatt, Dr 

Anthony Channon and Dr Sam Coward.  

2.4.1 Specimens and preparation 

The great apes received for this study were kindly donated by zoos from across 

Europe. This acquisition process was enabled with the expert help of Dr Andrew 

Kitchener of National Museums Scotland. All individual great apes died of natural 

causes or accidental death, with none suffering from diabetes mellitus or any 

reported conditions which adversely affected the lower limbs, with the exception of 

one gorilla specimen, G1, for which there was no information available. One 

chimpanzee specimen; C1, had the two hallucal bones on the left foot amputated. 
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Although this did not appear to negatively affect him during his life, the intrinsic 

foot muscles which would directly attach to the hallux were omitted from analysis.  

All specimens underwent a post-mortem examination before being frozen and 

stored at -20°C and they were transported and received in this condition. Each 

individual was defrosted and the lower limb carefully removed at the knee joint for 

dissection, with the exception of some individuals; as the legs had already been 

detached at the knee. The limbs were either dissected immediately or re-frozen and 

stored at -20°C to be dissected at a later date. Detailed specimen information is 

presented in Table 2.1.  
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Species Age 

(years) 

Sex Mass (kg) Code Leg(s) 

Pongo pygmaeus 45 Female 54 O1 Right 

Pan paniscus 17 Female 37.73 B1 Both 

Pan troglodytes 33 Male 80 C1 Both 

Pan troglodytes 34 Female 50 C2 Both 

Pan troglodytes 23 Female 73.5 C3 Both 

Pan troglodytes 22 Male 69.5 C4 Both 

Pan troglodytes 41 Male 62 C5 Both 

Gorilla gorilla - - 101* G1 Left 

Gorilla gorilla 18 Male 152 G2 Left 

Gorilla gorilla 21 Male 170 G3 Both 

Gorilla gorilla 47 Female 72 G4 Both 

Table 2.1. Specimen information for all great apes acquired for this thesis. *This mass has 

been estimated; see Appendix II for further details. 

 

2.4.2 Dissection and descriptive anatomy 

The lower limb of each great ape was prepared for dissection. If frozen, the 

detached limb was stored in a fridge at 4°C until fully defrosted. Photographs and 

external limb measurements were taken; including both the outside and inside foot 

lengths, together with any notes on the outward appearance of the leg. The skin 

was then carefully removed to expose the muscles underneath. Each muscle was 

separated from surrounding muscles by removing layers of fascia and fat, which 

allowed easier tracing of the muscle from origin to insertion. The muscles were 

photographed in situ and descriptive anatomy of each was recorded. A table of 

muscle descriptive anatomy, including origin, insertion and action, is presented in 

the appendices (Appendix I). 
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2.4.3 Recording muscle architecture data 

Each muscle, or muscle-tendon unit (MTU), was dissected and measurements were 

taken to determine architectural properties. The raw data included MTU mass and 

length, muscle belly mass and length, and tendon mass, length and width 

(see Figure 2.1). The main portion of the muscle belly was then dissected to expose 

the underlying fascicle bundles. Several measurements were taken of fascicle 

lengths (FL) along the muscle belly and the angle of pennation was also recorded 

(see Figure 2.2). 

 

Figure 2.1. A whole muscle-tendon unit (MTU). 

 

Figure 2.2. Internal structure of a muscle; showing the internal tendon and muscle 
fascicles. 
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The raw data were then used to calculate further architectural properties. Muscle 

volume was calculated by dividing muscle mass by muscle density; given as 

1.06 g cm-3 (Mendez and Keys, 1960). The angle of pennation of muscle fascicles 

was measured in degrees, and then converted into radians; (θ), as follows:  

 



 P

180


  (2.4) 

where P° is the average angle of pennation of muscle fascicles measured in degrees. 

Muscle physiological cross-sectional area (PCSA) (AP) was then determined as 

follows: 

 
COS

L

V
A

F
p   (2.5) 

where V is muscle volume, LF is fascicle length, and θ is the angle of pennation (in 

radians). The cosine of an angle less than 20° is close to 1, and is therefore usually 

omitted from the PCSA calculation. However, it was included in this study as many 

muscles had an angle of pennation > 20°; above which it has been reported to have 

a reasonable effect on the calculation of muscle PCSA (Zajac, 1992).  

Maximum isometric force of contraction, FMAX, of each muscle was estimated by 

multiplying PCSA by the maximum isometric stress of vertebrate skeletal muscle; 

given as 0.3 MPa (Wells, 1965). 

Tendon volume was calculated by dividing tendon mass by tendon density; given as 

1.12 g cm-3 (Ker et al., 1988). Tendon cross-sectional area (CSA) was then calculated 
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by dividing tendon volume by tendon length. Tendon stress was estimated using 

equation (4.1) by dividing FMAX by tendon CSA, and tendon strain was estimated by 

dividing tendon stress by the Young’s modulus of tendon; given as 1.5 GPa (Bennett 

et al., 1986). 

An architectural index (AI) was calculated in order to provide better insight into the 

functional capabilities of each MTU. The AI is a ratio of muscle FL to total muscle 

belly length, which normalises for muscle length allowing direct comparisons of 

relative fascicle lengths between different sized muscles.  

2.4.4 Data analysis 

Relative contributions of individual muscles to the total lower limb mass were 

assessed both within and across species, with individual muscle data presented as a 

percentage of the total lower limb muscle mass. Muscles were further categorised 

into functional groups; flexors, extensors, intrinsic foot muscles and 

inverters/everters. Previous studies of non-human primate lower limb anatomy 

used similar functional groups for muscles within the proximal and distal lower limb 

(Payne et al., 2006; Channon et al., 2009; Myatt et al., 2011a). The current study 

investigated the distal lower limb and foot; therefore the functional groups 

previously suggested do not complement the muscles in this study. Different 

functional groups were determined and are outlined in Table 2.2. The intrinsic foot 

muscles facilitate a range of actions, but all originate and insert within the foot 

itself. The flexors represent plantar, digital and hallucal flexor muscles situated 

outside of the foot, and the extensors include hallucal and digital extensor muscles 
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also situated outside of the foot. The tibialis anterior and abductor hallucis longus 

muscles act as inverters but are also accessory flexors. These muscles were placed 

in the inverter group as their contribution to foot dexterity is an important factor 

for arboreal locomotion where there is uneven terrain. 

Muscle group Muscles 

Intrinsic foot muscles Adductor hallucis (transverse & oblique), Interossei dorsales 1, Flexor 

hallucis brevis (medial & lateral), Abductor hallucis, Abductor hallucis 

brevis, Extensor hallucis brevis, Abductor digiti quinti, Lumbricales (2-5). 

Plantar flexors Gastrocnemius (medial & lateral), Soleus, Flexor digitorum brevis, 

Flexor digitorum longus, Flexor hallucis longus, Tibialis posterior. 

Plantar extensors Extensor hallucis longus, Extensor digitorum brevis, Extensor digitorum 

longus. 

Everters* & invertersϮ Peroneus longus*, Peroneus brevis*, Tibialis anteriorϮ, Abductor 

hallucis longusϮ. 

Table 2.2. Muscle groups according to function and location. 

2.4.4.a Normalising data: current study 

Normalisation of data was explored using different methods of scaling. To include 

the full number of specimens from this study, a body mass for the individual known 

as G1 had to be estimated. Log-transformed data from gorilla specimens were used 

to estimate a scaling exponent, and the full calculation for G1 body mass is 

presented in Appendix II. 

Logarithmic linear regression analysis was used to determine the relationship 

between great ape body mass, and the following dependent variables; muscle belly 
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mass, fascicle length (FL), and physiological cross-sectional area (PCSA). If a 

significant relationship was present, the data were further analysed to see if the 

relationship was geometric or allometric using equation (2.3). This section of the 

analysis uses published scaling exponents as the expected slopes between body 

mass and the variables studied. The predicted scaling exponents for the 

relationships of interest are as follows; muscle mass is expected to scale to 

(body mass)1, fascicle length to (body mass)1/3, and PCSA to (body mass)2/3 

(Alexander et al., 1981). 

2.4.4.b Normalising data: including published studies 

The dataset from this study was combined with comparable published data for 

great apes for a more robust analysis. The included data was taken only from 

studies that investigated anatomy in fresh great ape cadavers that were reported as 

presumably healthy at the time of death. A table of relevant information relating to 

the individual great apes from published data is presented in Table 2.3. The data 

includes two chimpanzees (Ptsm) (Myatt et al., 2011a); (95) (Thorpe et al., 1999), 

two bonobos (De and Dz) (Vereecke et al., 2005), and one bonobo (Pp), three 

gorillas (Gm, Gj and Gp), and two orangutans (Ojm and Ojf) (Payne et al., 2006). 

Additionally, missing muscle data for two specimens in this study; O1 and G2, 

published as Oaf and Gsm respectively, was used (Myatt et al., 2011a). These 

individuals were shared between researchers and data was collated in this study in 

order to complete the muscle data sets used in scaling. The tibialis anterior and 

abductor hallucis longus muscle masses were taken for G2, and gastrocnemius and 
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soleus muscle masses were taken for O1, all with permission from the author; 

Dr Julia Myatt. The data from these muscles will be used throughout the study.  

The published data increased the number of individuals of great apes available for 

comparison. The combined published and current study data were all 

log-transformed, with body mass plotted against limb mass, individual muscle 

masses, FL and PCSA. 

All log-transformed data were plotted and linear fits were performed. Further 

statistical analysis of plots was performed using the LINEST function in Microsoft 

Excel. The recorded data included the scaling exponent ± standard error (SE), the 

intercept value ± SE, the confidence intervals (CIs) of both the scaling exponent and 

intercept values, and the R2 value. The data were further analysed using IBM SPSS 

Statistics 22 in order to assess the statistical significance of any relationships 

between the variables of interest.  
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Species Age (years) Sex Mass (kg) Referred to as 

Pan paniscus 29 Male 64 Pp 

Gorilla gorilla 35 Male 130 Gm 

Gorilla gorilla 30 Male 120* Gj 

Gorilla gorilla 33 Male 120* Gp 

Pongo pygmaeus 6 Male 18.7* Ojm 

Pongo pygmaeus 5 Female 12.5 Ojf 

Pan troglodytes 6 Male 37 95 

Pan troglodytes 11 Male 50.2 Ptsm 

Pan paniscus 29 Male 60 De 

Pan paniscus 31 Female 36.5 Dz 

Table 2.3. Specimen information for great apes taken from published data. *Estimated 
body mass. Pp, Gm, Gj, Gp, Ojm & Ojf taken from (Payne et al., 2006), 95 taken from (Thorpe et al., 

1999), Ptsm taken from (Myatt et al., 2011a), De & Dz taken from (Vereecke et al., 2005). 

2.4.4.c Interspecies effects 

Differences between species for specific muscle groups were tested for by using the 

general linear model (GLM) analysis of covariance (ANCOVA) in IBM SPSS Statistics 

22. The variables of interest, or fixed factors, were species and sex, both assessed 

with body mass as the covariate. 

The raw data were first divided into functional muscle groups; the intrinsic foot 

muscles included adductor hallucis, flexor hallucis brevis, abductor hallucis, 

extensor hallucis brevis and abductor digiti quinti, which were assessed for n = 13 

individual specimens. The flexor group included gastrocnemius, soleus and tibialis 

posterior; the extensor group included extensor hallucis longus and extensor 

digitorum longus; the inverter and everter group included the tibialis anterior group 

and peroneus longus, with all groups assessed for n = 21 individual specimens. A 
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small number of muscles were omitted from the groupings as the data for these 

were missing in some individuals. The methodology for ANCOVA of great ape 

muscles has been previously established (Myatt et al., 2011a), and following this 

both the muscle masses and PCSAs were summed for each muscle group, with the 

fascicle length (FL) calculated for each group as a weighted harmonic mean using 

the following equation: 

 𝐿 =
∑𝑚j

∑(
𝑚j

𝑙j
)
 (2.6) 

Where L is the group fascicle length, and each individual; the jth member, has a 

fascicle length of lj and a muscle mass of mj (Alexander et al., 1981).  

The homogeneity of regression was first calculated for each grouping by assessing 

the interaction between the variable of interest and the covariate. An ANCOVA was 

only conducted where the homogeneity of regression was not significant (Engqvist, 

2005). In cases where the variable of interest had a significant effect, 

Tukey’s post-hoc tests were performed to further determine where significant 

differences existed (p ≤ 0.05). A further ANCOVA was conducted to assess the 

species relationship between the chimpanzee, gorilla and bonobo, after first 

removing the orangutan species group. 
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2.5 Results 

2.5.1 Descriptive anatomy 

The origin and insertion of the lower limb muscles was for the most part as 

expected when compared to published, descriptive non-human primate anatomy 

(Swindler and Wood, 1973; Diogo, 2011), with little variation in position across the 

different species. These typical muscle arrangements are presented in the 

appendices (Appendix I). There were, however, a few notable differences. Inside 

and outside foot lengths were recorded for all specimens, and with the exception of 

the orangutan, the difference in length between the two sides was never more than 

2 cm. In anatomical terms, this means that the distal ends of the hallux and of the 

fifth digit were at approximately the same level. In the orangutan, however, a large 

difference was recorded between the inside and outside foot lengths, with the 

distal hallux ending 9 cm behind the fifth digit. The foot, therefore, resembles a 

hand with an elongated plantar surface and long, slender digits. 

2.5.1.a Absent and extra muscles 

The presence of the plantaris muscle was quite variable; it was bilaterally present in 

the bonobo, three chimpanzees, one gorilla, and unilaterally present in one 

chimpanzee. When present, it was diminished in structure and difficult to assign to 

any functional group, therefore, it was omitted from any further analysis. The flexor 

digiti quinti muscle was absent in almost all of the specimens, except in one 

chimpanzee and one gorilla. This muscle was very small and also omitted from 

further analysis in this study.  
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There are five divisions of the intrinsic foot muscles known as lumbricales (LUM). In 

this study, only one gorilla and two chimpanzees presented with the first lumbrical; 

LUM1, therefore, this muscle was omitted from the analysis. The presence of the 

other lumbricales; (2 - 5), was consistent throughout and these were included in the 

analysis.  

Two extra muscles were found during dissections. A small muscle was present 

bilaterally in one chimpanzee, originating with extensor digitorum longus on the 

interosseous membrane and inserting via a tendon onto the navicular bone, with a 

possible function as an accessory dorsiflexor. An extra muscle was also noted in two 

gorillas. This originated on the medial of the calcaneus bone and inserted onto the 

base of the proximal phalanx of the hallux via a tendon. The action of the muscle 

appeared to be an accessory hallucal flexor. Given the scarcity of these extra 

muscles in the study cohort, they were omitted from the analysis. 

2.5.1.b Variations in the normal muscle arrangement 

The tibialis anterior muscle has two heads with each tendon inserting onto a 

different area. In some non-human primates these heads may be so distinct that 

the muscle can be split into two; tibialis anterior and abductor hallucis longus 

(Swindler and Wood, 1973; Diogo, 2011). These two muscles were very distinct and 

separate in all individuals dissected, and so were treated as two separate muscles. 

The peroneus brevis muscle occasionally presented with an extra tendon slip to the 

proximal phalanx of digit five, which has been noted to be present in chimpanzees 

(Swindler and Wood, 1973). The anatomical arrangement between flexor hallucis 
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longus and flexor digitorum longus was often complicated. In many specimens the 

tendons of these muscles overlapped and each gave tendon fibre bundles to the 

other; in some cases the fusion was so complex it was difficult to separate them. 

Given that they both function as digital flexors, perhaps this level of tendon 

integration could be expected. The interossei muscles of the foot were extremely 

difficult to separate as the muscle borders were hard to define; therefore they were 

weighed as a collective with only interossei dorsales 1 being categorised as an 

individual muscle; as it was able to be divided from the group. The normal 

arrangement of the gastrocnemius muscle is that of two heads which arise from the 

medial and lateral condyles of the femur, before uniting in the distal leg to insert via 

the Achilles tendon onto the calcaneus. It is the medial head of the gastrocnemius 

which is the largest in terms of size and mass, and this head usually gives rise to the 

Achilles tendon. The lateral head terminates its muscle fibres onto the medial head 

slightly above the Achilles tendon. This arrangement was reversed in one leg of a 

chimpanzee (C5R), making the lateral head the larger one. Although the functional 

implications of this are unclear, it is worth noting that anatomy varies greatly 

between and within individuals. 

2.5.2 Dissection data 

2.5.2.a Muscle architecture data 

The raw data collected from this study were further analysed, with the exception of 

some intrinsic foot muscles from one of the chimpanzee specimens; C1. This 

specimen was missing a hallux from his left foot for most of his adult life, therefore 
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the muscles directly associated with the hallux were not included as part of the 

analysis. The muscles omitted were ADHT, ADHO, FHBM, FHBL, ABDH and ABDHB. 

The data were averaged for each species with standard deviations (SD) presented 

where appropriate. There were incomplete datasets for the orangutan and one 

gorilla; G2, due to muscle damage or removal. The contralateral limbs of these 

individuals were used by a colleague, Dr Julia Myatt, who kindly provided the data 

for the missing muscles from her publication (Myatt et al., 2011a). The muscle data 

taken was that of the TA and ABDHL muscles for G2L, and the GAST and SOL 

muscles for O1R, referred to as Gsm and Oaf, respectively, in the published article. 

The data will be used throughout the results section. 

To assess differences in proportions of muscle groups across different species, the 

muscle mass data were normalised as a percentage of total lower limb muscle 

mass. The data for muscle groups are presented in Figure 2.3, together with data 

for individual muscles presented in Table 2.4. 
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Figure 2.3. Muscle mass as a percentage of leg mass for functional muscle groups. 

 

 



57 

 

Muscle 
Chimpanzee  

n = 5 

 

 

Gorilla 
 n =4 

Bonobo 
n = 1 

 

Orangutan 
n = 1 

 Mean SD Mean SD Mean Mean 

Intrinsic foot 

ADH 3.2 0.7 2.9 0.2 3.5 4.4 

FHB 1.1 0.7 1.2 0.2 1.0 1.6 

ABDH 2.0 0.5 2.5 0.4 2.2 - 

ABDHB 0.6 0.2 0.7 0.2 0.8 2.4 

EHB 0.5 0.1 0.6 0.1 0.6 0.3 

ABDDQ 1.1 0.3 1.3 0.4 1.0 0.3 

LUM2 0.2 0.04 0.1 0.03 0.2 0.2 

LUM3 0.2 0.08 0.2 0.05 0.2 0.4 

LUM4 0.2 0.1 0.2 0.06 0.2 0.3 

LUM5 0.1 0.1 0.04 0.04 0.1 0.1 

Totals: 9.2 9.7 9.8 10.0 

Plantar flexors 

GAST 20.5 3.1 17.3 1.4 17.9 15.6 

SOL 20.0 2.0 19.2 2.5 15.2 12.7 

FDB 1.4 0.2 1.8 0.1 1.3 2.2 

FDL 3.9 0.4 5.3 1.2 5.3 8.5 

FHL 8.8 2.0 10.7 2.0 11.1 12.6 

TP 8.3 1.3 7.2 1.5 9.5 4.1 

Totals: 62.9 61.5 60.3 55.7 

Plantar extensors 

EHL 1.7 0.2 1.7 0.4 1.5 1.7 

EDB 1.2 0.2 1.3 0.2 1.2 2.8 

EDL 4.6 1.0 5.2 0.5 4.4 6.3 

Totals: 7.5 8.2 7.1 10.8 

Everters & inverters 

PLONG 6.8 1.0 6.0 0.9 8.7 6.1 

PBREV 3.0 0.5 3.0 0.6 3.1 4.3 

TA 7.0 0.6 8.3 0.9 7.3 7.3 

ABDHL 2.7 0.3 2.9 0.8 3.0 3.5 

Totals: 19.5 20.2 22.1 21.2 

Table 2.4. Muscle mass as a percentage of total leg mass for individual muscles. Legend: 

ADH = adductor hallucis, FHB = flexor hallucis brevis, ABDH = abductor hallucis, ABDHB = abductor 
hallucis brevis, EHB = extensor hallucis brevis, ABDDQ = abductor digiti quinti, LUM = lumbricales, 
GAST = gastrocnemius, SOL = soleus, FDB = flexor digitorum brevis, FDL = flexor digitorum longus, 
FHL – flexor hallucis longus, TP = tibialis posterior, EHL = extensor hallucis longus, EDB = extensor 
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digitorum brevis, EDL = extensor digitorum longus, PLONG = peroneus longus, PBREV = peroneus 
brevis, TA = tibialis anterior, ABDHL = abductor hallucis longus. 

The orangutan had a greater contribution of extensor and intrinsic foot muscle 

masses to the lower limb, when compared to the other great apes. Further analysis 

on individual muscles within these groups showed that the adductors and 

abductors of the hallux were primarily responsible; being greater in size relative to 

other species. The digital extensors and flexors of the orangutan were again 

relatively larger, when compared to other species. This increase in size of the 

muscles of digital control was balanced by the reduction of other muscles in the 

flexor group; particularly the TP and presumably the muscles of the triceps surae; as 

published muscle data from Dr Julia Myatt (Myatt et al., 2011a) puts the values of 

GAST and SOL at 16% and 13% respectively, which are lower than in the other three 

species investigated. There is little difference in the functional muscle groups 

between the gorilla, chimpanzee and bonobo, with standard deviations 

overlapping, where applicable. 

Further raw data is also presented for muscle mass (Table 2.5), fascicle length 

(Table 2.6), PCSA (Table 2.7), muscle pennation angle (Table 2.8), and architectural 

index (AI) (Table 2.9). 



59 

 

Muscle 
Chimpanzee  

n = 5 

 

 

Gorilla 
 n =4 

Bonobo 
n = 1 

 

Orangutan 
n = 1 

 Mean SD Mean SD Mean Mean 

Intrinsic foot 

ADH 36.1 10.4 42.9 15.0 22.2 24.5 

FHB 15.0 4.7 17.1 6.9 6.3 9.2 

ABDH 22.6 7.8 36.9 10.6 14.0 - 

ABDHB 6.9 2.7 9.6 4.7 5.4 13.4 

EHB 5.6 2.3 9.2 3.9 3.9 1.5 

ABDDQ 12.2 4.6 21.1 12.5 6.4 1.9 

LUM2 2.0 0.7 1.4 0.4 1.2 0.9 

LUM3 2.0 0.4 2.2 0.9 1.3 2.1 

LUM4 1.8 0.7 2.4 1.3 1.4 15 

LUM5 0.9 0.4 0.7 0.5 0.9 0.7 

Totals: 105.1 143.5 63 69.2 

Plantar flexors 

GAST 227.5 71.2 283.1 95.3 114.1 87.2 

SOL 233.5 87.0 291.1 133.0 97.0 70.7 

FDB 16.2 4.2 26.5 10.2 8.0 12.3 

FDL 44.3 11.0 76.9 27.5 33.7 47.4 

FHL 96.5 14.9 153.6 40.4 71.0 70.2 

TP 96.6 39.0 112.0 60.7 60.7 23.1 

Totals: 714.6 943.2 384.5 310.9 

Plantar extensors 

EHL 20.3 7.8 24.8 4.6 9.5 9.3 

EDB 13.8 5.3 18.8 7.0 7.4 15.4 

EDL 51.9 16.2 78.3 33.2 28.3 35.1 

Totals: 86 121.9 45.2 59.8 

Everters & inverters 

PLONG 79.4 30.2 90.8 41.7 55.3 34.3 

PBREV 34.9 12.3 47.1 26.0 19.8 23.8 

TA 79.2 20.8 108.5 36.9 46.5 40.6 

ABDHL 31.1 11.4 39.4 19.4 19.4 19.3 

Totals: 224.6 285.8 122.2 117.7 

Table 2.5. Raw data of muscle mass (g) for each species, presented as mean ± SD (where 
applicable) for each muscle. For legend of muscle abbreviations, see Table 2.4. 
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Muscle 
Chimpanzee  

n = 5 

 

 

Gorilla 
 n =4 

Bonobo 
n = 1 

 

Orangutan 
n = 1 

 Mean SD Mean SD Mean Mean 

Intrinsic foot 

ADH 3.9 0.5 5.4 1.3 4.6 6.2 

FHB 2.2 0.5 2.6 0.5 2.0 3.0 

ABDH 4.0 0.6 4.8 0.8 3.8 - 

ABDHB 3.3 0.6 3.1 0.3 3.6 5.8 

EHB 3.6 0.5 5.2 0.8 4.5 4.4 

ABDDQ 2.2 0.3 2.5 0.4 2.2 2.0 

LUM2 4.5 0.6 5.6 0.6 5.4 8.9 

LUM3 4.3 1.0 5.2 0.6 4.8 9.1 

LUM4 4.4 1.2 5.6 0.7 4.3 10.1 

LUM5 5.1 0.6 5.7 1.7 4.8 7.5 

Plantar flexors 

GAST 6.1 1.0 7.8 0.6 4.5 10.9 

SOL 3.8 1.0 5.8 1.0 4.1 6.1 

FDB 5.5 1.0 5.2 0.7 4.7 7.1 

FDL 6.4 0.8 6.9 1.4 4.8 7.5 

FHL 6.9 0.5 8.8 1.8 6.6 10.3 

TP 3.2 0.3 4.5 1.2 3.3 4.3 

Plantar extensors 

EHL 10.4 1.6 11.7 2.4 7.8 13.2 

EDB 4.0 0.5 4.4 0.8 3.8 5.5 

EDL 10.1 2.2 11.6 3.5 10.1 10.4 

Everters & inverters 

PLONG 5.2 0.7 6.8 1.1 5.2 6.1 

PBREV 5.0 0.5 6.7 2.0 5.2 6.1 

TA 7.8 0.9 10.3 1.9 7.4 11.1 

ABDHL 9.5 1.3 12.4 3.2 9.3 11.1 

Table 2.6. Raw data of fascicle length (cm) for each species, presented as mean ± SD 
(where applicable) for each muscle. For legend of muscle abbreviations, see Table 2.4. 
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Muscle 
Chimpanzee  

n = 5 

 

 

Gorilla 
 n =4 

Bonobo 
n = 1 

 

Orangutan 
n = 1 

 Mean SD Mean SD Mean Mean 

Intrinsic foot 

ADH 8.72 2.39 7.67 2.35 4.55 3.74 

FHB 5.65 0.88 6.44 1.75 2.66 2.56 

ABDH 4.89 1.42 7.20 2.59 3.29 - 

ABDHB 1.93 1.13 2.50 1.07 1.29 2.17 

EHB 1.39 0.40 1.57 0.48 1.90 0.32 

ABDDQ 4.63 1.51 7.21 3.46 2.54 0.91 

LUM2 0.41 0.13 0.23 0.07 0.21 0.09 

LUM3 0.39 0.09 0.37 0.16 0.24 0.22 

LUM4 0.38 0.15 0.38 0.22 0.29 0.14 

LUM5 0.18 0.08 0.13 0.05 0.17 0.09 

Totals: 28.6 33.6 17.1 10.24 

Plantar flexors 

GAST 29.96 7.77 28.65 8.36 20.32 7.7 

SOL 38.41 6.24 37.51 15.19 20.58 10.9 

FDB 2.82 1.02 4.55 1.51 1.57 1.54 

FDL 5.91 1.35 10.32 3.20 5.80 5.51 

FHL 11.29 1.04 14.91 2.22 9.00 6.17 

TP 21.35 5.72 20.55 6.91 14.65 4.81 

Totals: 109.74 116.49 71.92 36.63 

Plantar extensors 

EHL 1.74 0.53 2.00 0.42 1.12 0.66 

EDB 3.16 1.14 3.78 0.93 1.69 2.54 

EDL 4.62 0.87 5.80 1.63 2.54 3.07 

Totals 9.52 11.58 5.35 6.27 

Everters & inverters 

PLONG 12.18 3.50 10.96 3.30 9.32 4.79 

PBREV 5.83 1.92 6.02 2.19 3.35 3.61 

TA 8.30 2.59 9.65 1.76 5.32 3.46 

ABDHL 3.36 1.69 3.15 1.00 1.90 1.65 

Totals: 29.67 29.78 19.89 13.51 

Table 2.7. Raw data of PCSA (cm2) for each species, presented as mean ± SD (where 
applicable) for each muscle. For legend of muscle abbreviations, see Table 2.4. 
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Muscle 
Chimpanzee  

n = 5 

 

 

Gorilla 
 n =4 

Bonobo 
n = 1 

 

Orangutan 
n = 1 

 Mean SD Mean SD Mean Mean 

Intrinsic foot 

FHB 24.6 7.6 18.7 7.6 21.3 29.0 

ABDH 26.4 8.2 23.6 6.5 16.5 - 

ABDHB 18.9 15.4 21.0 8.5 24.0 - 

EHB 17.3 7.0 19.0 8.0 13.5 10.0 

ABDDQ 24.8 8.3 31.2 10.6 32.0 - 

LUM2 10.8 5.2 8.8 5.1 10.0 8.0 

LUM3 10.9 5.4 14.8 5.2 12.5 - 

LUM4 8.0 4.8 10.8 3.1 15.5 - 

LUM5 6.4 4.5 8.8 3.2 13.5 6.0 

Plantar flexors 

GAST 29.6 10.6 34.1 9.1 29.0 - 

SOL 46.7 6.3 37.0 9.8 24.0 - 

FDB 16.2 4.8 24.8 7.3 15.0 18.0 

FDL 24.0 7.3 26.8 8.1 28.0 23.0 

FHL 27.1 9.7 30.2 3.6 28.5 17.0 

TP 37.7 7.1 32.6 8.1 32.0 20.0 

Plantar extensors 

EHL 16.9 6.4 17.4 2.3 13.0 0.0 

EDB 15.7 7.1 23.6 4.0 23.5 18.0 

EDL 16.8 3.8 19.2 6.3 17.0 15.0 

Everters & inverters 

PLONG 27.4 11.3 27.2 2.6 23.0 25.0 

PBREV 25.8 11.0 25.2 5.7 21.0 13.0 

TA 22.8 7.7 22.5 12.4 25.5 - 

ABDHL 15.3 9.3 19.3 5.5 16.0 - 

Table 2.8. Raw data of pennation angle (degrees) for each species, presented as 
mean ± SD (where applicable) for each muscle. For legend of muscle abbreviations, see 

Table 2.4. 
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Muscle 
Chimpanzee  

n = 5 

 

 

Gorilla 
 n =4 

Bonobo 
n = 1 

 

Orangutan 
n = 1 

 Mean SD Mean SD Mean Mean 

Intrinsic foot 

ADH 0.65 0.12 0.64 0.16 0.84 0.74 

FHB 0.43 0.09 0.40 0.08 0.42 0.48 

ABDH 0.47 0.08 0.43 0.07 0.44 - 

ABDHB 0.52 0.15 0.44 0.10 0.53 0.62 

EHB 0.52 0.08 0.46 0.02 0.58 0.55 

ABDDQ 0.23 0.06 0.28 0.05 0.18 0.53 

LUM2 0.62 0.06 0.73 0.10 0.61 0.95 

LUM3 0.68 0.06 0.60 0.06 0.65 0.77 

LUM4 0.75 0.13 0.66 0.07 0.58 0.90 

LUM5 0.77 0.05 0.77 0.04 0.73 0.75 

Plantar flexors 

GAST 0.24 0.03 0.25 0.03 0.20 - 

SOL 0.15 0.03 0.18 0.03 0.16 - 

FDB 0.62 0.12 0.39 0.07 0.47 0.54 

FDL 0.28 0.05 0.24 0.06 0.20 0.25 

FHL 0.31 0.03 0.30 0.02 0.27 0.41 

TP 0.16 0.01 0.17 0.03 0.16 0.23 

Plantar extensors 

EHL 0.56 0.08 0.45 0.12 0.40 0.69 

EDB 0.48 0.08 0.33 0.09 0.40 0.38 

EDL 0.39 0.08 0.32 0.09 0.40 0.44 

Everters & inverters 

PLONG 0.23 0.02 0.22 0.05 0.23 0.31 

PBREV 0.35 0.17 0.31 0.06 0.30 0.42 

TA 0.34 0.04 0.32 0.03 0.32 0.55 

ABDHL 0.49 0.06 0.50 0.13 0.45 0.59 

Table 2.9. Raw data of architectural index for each species, presented as mean ± SD 
(where applicable) for each muscle. For legend of muscle abbreviations, see Table 2.4. 
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The lowest FLs were observed in the intrinsic foot muscle group, and in muscles 

with a high angle of pennation, such as the GAST, SOL and TP. The orangutan had 

the longest lumbricales and a greater number of muscles with notably long fascicle 

lengths. PCSA tended to be larger in the gorilla and chimpanzee, which could be 

expected as these represented the individuals with the largest body masses. The 

PCSA of the TP muscle was very small in the orangutan, and only in this great ape 

was the PCSA value of FHL higher than TP. The majority of muscle pennation angles 

in the chimpanzee and gorilla specimens were greater than 20°. Within the intrinsic 

foot muscle group the pennation angles of nearly all muscles were > 20° in both the 

chimpanzees and gorillas, with some even reaching 30°. Muscles within the plantar 

flexor group had the highest pennation angles; GAST, SOL and TP were > 30°, > 40° 

and > 30° respectively, in the chimpanzees and the gorillas, whilst in the bonobo 

these were > 20°, > 20° and > 30°, respectively. FDL and FHL also had pennation 

angles approaching 30° in the bonobo, gorillas and chimpanzees. The muscles of 

the inverter and everter group, with the exception of ABDHL, were all > 20° in the 

bonobo, chimpanzees and gorillas. The extensor muscle group had generally 

smaller pennation angles than the flexor group. The pennation angles of muscles in 

the orangutan were generally quite low, with only three muscles across all 

functional muscle groups having angles ≥ 20°.  

The muscles presented different types of pennation; having unipennate, bipennate 

and multipennate patterns. The only muscle with no pennation angle was ADHT. 

The majority of the intrinsic foot muscles showed a multipennate pattern, the 

remainder had a bipennate pattern, with only the lumbricales having a unipennate 
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pattern. The majority of muscles within the calf were bipennate, with a small 

number of unipennate muscles also present. 

The greatest AI values were seen in the intrinsic foot muscle group, with most 

reaching or exceeding 0.5. The exception was ABDDQ, which was low in the 

chimpanzees, gorillas and bonobo, but high in the orangutan. The lowest AI values 

were seen in the plantar flexor group, with all except FDB having a value of ≤ 0.31.  

The extensor, inverter and everter groups, with the exception of PLONG, all had AI 

values > 0.3, with the orangutan having generally higher AI values in these groups 

compared to the other three great ape species. 

2.5.2.b Tendon properties 

To further estimate tendon properties, muscles were chosen which had a single 

tendon of insertion; as variables such as CSA were difficult to obtain in tendons with 

multiple slips inserting at different anatomical regions. The gastrocnemius and 

soleus were grouped together as they shared the same tendon of insertion; the 

Achilles tendon, and are presented as the triceps surae. Data is presented for 

estimated tendon stress (Table 2.10) and estimated tendon strain (Table 2.11). 
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Muscle 
Chimpanzee  

n = 5 

 

 

Gorilla 
 n =4 

Bonobo 
n = 1 

 

Orangutan 
n = 1 

 Mean SD Mean SD Mean Mean 

Intrinsic foot 

FHB 5.3 1.8 4.0 2.9 2.3 1.8 

ABDH 8.7 2.6 8.7 2.6 3.3 - 

ABDHB 3.7 1.8 3.0 2.1 2.6 2.4 

EHB 7.3 1.5 4.6 1.0 2.0 1.5 

ABDDQ 13.0 5.0 15.3 5.3 - 3.6 

LUM2 6.6 3.0 3.7 1.5 0.9 1.8 

LUM3 4.3 2.1 4.2 2.1 2.6 2.5 

LUM4 5.3 3.9 4.2 2.0 2.8 2.2 

LUM5 4.7 3.1 - - 0.4 4.4 

Plantar flexors 

Triceps 

surae 

6.1 3.3 4.6 1.2 - - 

TP 19.8 6.2 15.7 7.5 7.7 6.7 

Plantar extensors 

EHL 6.5 1.5 4.8 1.1 3.5 4.2 

Everters & inverters 

PLONG 17.5 5.8 11.5 3.0 7.4 9.2 

PBREV 8.3 3.2 7.7 2.5 3.1 5.6 

TA 12.0 2.9 9.2 1.9 4.9 1.9 

ABDHL 8.8 2.3 6.2 1.0 2.9 4.2 

Table 2.10. Raw data of estimated tendon stress (MPa) for each species, presented as 

mean ± SD (where applicable) for each muscle-tendon unit. For legend of muscle 

abbreviations, see Table 2.4. 
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Muscle 
Chimpanzee  

n = 5 

 

 

Gorilla 
 n =4 

Bonobo 
n = 1 

 

Orangutan 
n = 1 

 Mean SD Mean SD Mean Mean 

Intrinsic foot 

FHB 0.7 1.1 0.3 0.2 0.2 0.1 

ABDH 0.6 0.2 0.6 0.2 0.5 - 

ABDHB 0.2 0.1 0.2 0.1 0.3 0.2 

EHB 0.5 <0.1 0.3 0.1 0.3 0.1 

ABDDQ 0.9 0.3 1.0 0.4 0.5 0.2 

LUM2 0.4 0.2 0.2 0.1 0.2 0.1 

LUM3 0.3 0.1 0.3 0.1 0.3 0.2 

LUM4 0.4 0.3 0.3 0.1 0.3 0.1 

LUM5 0.3 0.2 0.3 0.4 0.1 0.3 

Plantar flexors 

Triceps 

surae 

0.4 0.2 0.3 0.1 0.4 - 

TP 1.3 0.4 1.0 0.5 1.2 0.4 

Plantar extensors 

EHL 0.4 <0.1 0.3 0.1 0.4 0.3 

Everters & inverters 

PLONG 1.2 0.4 0.8 0.2 0.9 0.6 

PBREV 0.6 0.2 0.5 0.2 0.5 0.4 

TA 0.8 0.2 0.6 0.1 0.7 0.1 

ABDHL 0.6 0.2 0.4 0.1 0.4 0.3 

Table 2.11. Raw data of estimated tendon strain (%) for each species, presented as mean 
± SD (where applicable) for each muscle-tendon unit. For legend of muscle abbreviations, 

see Table 2.4. 
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Estimated tendon stresses tended to be larger in the chimpanzees, compared to the 

other great apes. Those with the highest estimated stress values were in the flexor, 

inverter and everter groups, with ABDDQ also ranking highly. The Achilles tendon 

belonging to the triceps surae group; comprising of GAST and SOL, had a 

particularly low estimated stress in both the gorilla and the chimpanzee. 

Estimated tendon strains were all low, with ABDDQ, TP and PLONG representing 

the highest estimated values; averaging approximately 1%. The lowest overall 

estimated strains were seen in the orangutan and the highest seen in the 

chimpanzees. 

2.5.3 Data analysis 

To further compare architectural properties across the different species, the 

normalisation of data was explored. It has been suggested that certain scaling 

exponents can be applied; muscle mass scaling directly with body mass, FL with 

(body mass)1/3, and PCSA with (body mass)2/3 (Alexander et al., 1981). The validity 

of these suggested scaling exponents for great ape specimens, and the reliability of 

scaling as a method of normalising data, are both explored using raw data from the 

current study, and a combined analysis including comparable published data. 

2.5.3.a Normalising data: current study 

The total lower limb muscle mass and body mass data from all gorilla specimens, 

with the exception of the gorilla G1, were log-transformed and plotted as presented 

in Figure 2.4.  
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Figure 2.4. Power relationship between total lower limb muscle mass and body mass for 

gorilla specimens used in the current study (n = 3). 

From this plot, the body mass of G1 was estimated to be 100.75 kg, which was 

rounded to 101 kg. Although this method of estimating body mass is not ideal, due 

to a small sample size, different methods of estimation were not possible as 

measurements; such as tibia length, were not available for G1. The estimated body 

mass of 101 kg for G1 is used in all subsequent analyses of data. 

The total lower limb muscle mass and body mass data from all dissected great apes 

were log-transformed and plotted as seen in Figure 2.5. Total lower limb mass 

scaled significantly with body mass (p < 0.01) with an R2 value of 0.70 and a scaling 

exponent of 0.94, which was not significantly different from the predicted scaling 

exponent of (body mass)1 (Alexander et al., 1981). 
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Figure 2.5. Power relationship between total lower limb muscle mass and body mass for 
specimens used in the current study: chimpanzee (n = 5), gorilla (n = 4), bonobo (n = 1), 

and orangutan (n = 1). 

Further analyses of scaling relationships for muscle mass, FL and PCSA, to total body 

mass, are presented for individual muscles in Appendix III.  

Of the twenty five muscles studied, fourteen showed a power relationship for 

muscle mass that was significantly different from zero, of these, only one muscle 

scaled to a value significantly different to 1. The intrinsic foot muscles did not scale 

well with body mass; with only 3 of the 12 muscles showing a significant 

relationship. The total muscle mass for muscle groups is presented for species 

averages in Figure 2.6.  
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Fascicle length (FL) did not scale well with body mass in any of the muscle groups. 

Of the five muscles that did have a scaling relationship, all had exponents which 

were not significantly different to a slope of 0.33. The average fascicle length for 

muscle groups is presented for species averages in Figure 2.7. The orangutan had 

the longest fascicle lengths for all muscle groups. 

A total of nine muscles studied showed a significant relationship between PCSA and 

body mass, none of which were significantly different from 0.66. The total PCSA for 

muscle groups is presented for species averages in Figure 2.8. The orangutan 

showed the lowest total PCSA for all muscle groups, despite not being the smallest 

specimen in terms of body mass, indicating that the orangutan possesses long, 

slender muscles compared to the other species groups. 

 

Figure 2.6. Total muscle mass (g) for each muscle group; intrinsic foot muscles, flexors 
and extensors. Data presented are averages for each species. 
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Figure 2.7. Average fascicle length (cm) for each muscle group; intrinsic foot muscles, 
flexors and extensors. Data presented are averages for each species. 

 

 

Figure 2.8. Total PCSA (cm2) for each muscle group; intrinsic foot muscles, flexors and 
extensors. Data presented are averages for each species. 
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2.5.3.b Normalising data: including published studies 

The raw data from individuals within this study were combined with published raw 

data for great apes to further investigate the scaling relationship between body 

mass and muscles mass, FL and PCSA. The extra specimens consisted of one 

bonobo; Pp, two orangutans; Ojm and Ojf, and three gorillas; Gp, Gj, and Gm, 

(Payne et al., 2006), two chimpanzees; 95 (Thorpe et al., 1999), Ptsm (Myatt et al., 

2011a), and two bonobos; De and Dz (Vereecke et al., 2005). All specimen 

information is presented in the methods section (Table 2.3).  

The categorisation of some muscles in the literature varied; muscles with multiple 

functional heads were presented as one muscle. For consistency, the data from this 

study were also grouped accordingly; ADHT and ADHO were combined into 

adductor hallucis (ADH), FHBM and FHBL were combined into flexor hallucis brevis 

(FHB), and TA and ABDHL were combined and both were presented as TA. Some 

view the latter two muscles as two heads of the TA, whereas this study found them 

to be two very individual and separate muscles. Inclusion of published data 

provided an increase in replicates for seventeen of the muscles in this study, 

leading to an increase in n up to a maximum of 21. 

The total lower limb muscle mass, to include all muscles investigated in the current 

study, was available for a further three great apes; two chimpanzees (95 and Ptsm) 

and one bonobo (De). These were added to the existing analysis investigating the 

power relationship between lower limb mass and body mass (Figure 2.9).  
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Figure 2.9. Power relationship between total lower limb muscle mass and body mass for 
specimens used in the current study, plus published data; chimpanzee (n = 7), 

gorilla (n = 4), bonobo (n = 2), and orangutan (n = 1). 

Further data for individual muscle mass, FL and PCSA are presented in Appendix IV. 

With the inclusion of extra data the predicted scaling exponent was 0.70, with an R2 

value of 0.70, which was similar to the values obtained from the raw data of the 

current study. The inclusion of extra specimens, however, changed the statistical 

significance at P2, meaning that total lower limb mass scaled significantly with body 

mass, but the relationship was not directly proportional. The relationship showed 

the estimated scaling exponent to be significantly lower than 1, indicating an 

allometric relationship.  



75 

 

The addition of published data resulted in a more robust sample size for 

investigating scaling relationships. It should be noted, however, that some body 

masses from published individuals were estimated; two gorillas (Gp and Gj) and one 

orangutan (Ojm) (Payne et al., 2006). Of the seventeen muscles, nearly all showed a 

significant power relationship between muscle mass and body mass (p ≤ 0.05), with 

only EHB having no relationship. Four of the muscles had a power relationship 

which scaled significantly lower than 1. The CIs ranged from ± 0.31 to 0.82, and the 

R2 values ranged from 0.27 to 0.78. 

Six of the seventeen muscles showed a significant power relationship between FL 

and body mass that was not significantly different from the predicted exponent of 

0.33 (p ≤ 0.05), with R2 values ranging from 0.29 to 0.66, and the CIs ranged from    

± 0.09 to 0.20. 

PSCA scaled well to body mass for the flexor, extensor, inverter and everter muscle 

groups, with thirteen muscles showing a significant power relationship (p ≤ 0.05). 

Of these, eleven were not significantly different from the predicted scaling 

exponent of 0.66, with two muscles; FDL and FHL, being significantly lower than the 

predicted scaling exponent. The R2 values ranged from 0.22 to 0.64, and the CIs 

ranged from ± 0.22 to 0.66. 

2.5.3.c Interspecies effects 

Prior to the ANCOVA, the groups were tested for homogeneity of regression by 

assessing the relationship of ‘species*body mass’. The group for intrinsic foot 

muscles (n = 13) was found to be significant (p = 0.009), therefore it was not 
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appropriate to proceed with an ANCOVA for this group (Engqvist, 2005). The second 

group (n = 21) representing the functional muscle groups of flexors, extensors and 

inverters/everters was found to be not significant (p = 0.623), therefore an ANCOVA 

was conducted. 

For all groups, sex was not a significant factor in determining differences when the 

effect of the covariate of body mass was removed (p ≤ 0.05). However, the analysis 

of the muscle mass of the flexor group was approaching significance (p = 0.06), 

which may indicate that in a larger sample size sex could be a significant factor as 

well as body mass.  

For muscle mass, both body mass and species had a significant main effect for the 

flexors (p ≤ 0.01 for both), and inverters/everters (p ≤ 0.01 for body mass, 

p = 0.017 for species), with body mass alone being the significant factor in the 

variation of the extensor group (p ≤ 0.01). Tukey’s post-hoc tests revealed 

significant differences between species pairs. The muscle masses of both the 

orangutan flexor group and inverter/everter group were significantly lower than 

that of both the chimpanzee (Tukey, p = 0.002 for flexors, p = 0.009 for 

inverters/everters) and the bonobo (Tukey, p = 0.003 for flexors, p = 0.009 for 

inverters/everters). The extensor muscle group showed no differences between 

species pairs. The data for the muscle mass groups is presented in Figure 2.10. 

For PCSA, both body mass and species had a significant main effect for the flexor 

group (p ≤ 0.01 for both), with body mass alone being the significant factor in the 

inverters/everters (p ≤ 0.05). The extensor group did not show any significant 
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relationship between either body mass or species. Tukey’s post-hoc tests revealed 

significant differences between species pairs. The PCSA of the chimpanzee flexor 

group was significantly greater than that of the orangutan (Tukey, p = 0.004), the 

bonobo (Tukey, p = 0.008), and the gorilla (Tukey, p = 0.013). The data for PCSA of 

muscle groups is presented in Figure 2.11.   

For FL, species had a significant main effect for the flexor group (p = 0.012), with 

body mass being close to significance (p = 0.051). Both the extensor and 

inverter/everter groups did not show any significant relationship between either 

body mass or species. Tukey’s post-hoc tests revealed significant differences 

between species pairs. The FL of the chimpanzee flexor group was significantly 

smaller than that of the orangutan (Tukey, p = 0.014), and the bonobo 

(Tukey, p = 0.012). The data for FL of muscle groups is presented in Figure 2.12. 
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Figure 2.10. Log transformed data plots for muscle mass groups; flexors, extensors and inverters/everters, for all four species (n = 21). Linear fit has been 
applied to each species sub-group; chimpanzee (n = 7), bonobo (n = 4), gorilla (n = 7) and orangutan (n = 3). 
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Figure 2.11. Log transformed data plots for PCSA of muscle groups; flexors, extensors and inverters/everters, for all four species (n = 21). Linear fit has 
been applied to each species sub-group; chimpanzee (n = 7), bonobo (n = 4), gorilla (n = 7) and orangutan (n = 3). 
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Figure 2.12. Log transformed data plots for FL of muscle groups; flexors, extensors and inverters/everters, for all four species (n = 21). Linear fit has been 
applied to each species sub-group; chimpanzee (n = 7), bonobo (n = 4), gorilla (n = 7) and orangutan (n = 3). 
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The orangutan specimens were removed (n = 18) and the homogeneity of 

regression was completed for ‘species*body mass’; with no significant interaction 

found (p = 0.760). Further ANCOVAs were conducted for the flexor, extensor and 

inverter/everter muscle groups, with data for the flexor muscle group presented in 

Figure 2.13. Overall, no differences were found in pairwise comparisons that were 

not already reported for ANCOVAs including the orangutan specimens. These 

results indicate that the inclusion of the orangutan specimens did not skew the 

dataset. The specific results are outlined below.  

For the flexor group, only body mass had a significant main effect on muscle mass 

(p = 0.003), both body mass and species had a significant main effect on PCSA 

(p = 0.02 body mass, p = 0.003 species), and only species had a significant main 

effect on FL (p = 0.033). Tukey’s post-hoc tests revealed significant differences 

between species pairs. The PCSA of the chimpanzee was significantly greater than 

that of the gorilla (Tukey, p = 0.015), and the bonobo (Tukey, p = 0.004), with the FL 

of the chimpanzee being significantly smaller than that of the bonobo 

(Tukey, p = 0.025). 

For the inverter/everter group, only body mass had a significant main effect on 

muscle mass (p = 0.002), with neither PCSA nor FL showing a significant relationship 

with body mass or species (p ≤ 0.05). The extensor group did not show a significant 

relationship for body mass or species across all muscle groups (p ≤ 0.05). 
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Figure 2.13. Log transformed data plots for muscle mass, PCSA and FL of the flexor muscle group for three species (n = 18). Linear fit has been applied to 
each species sub-group; chimpanzee (n = 7), bonobo (n = 4), and gorilla (n = 7). 
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2.6 Discussion 

2.6.1 Descriptive anatomy 

The gross anatomy was quite similar in all four species of great ape studied. There 

were very few differences in the positional anatomy, with some small variations 

noted that were unlikely to affect the functional role of the muscle. Some 

anomalous muscles were found in certain individuals; however, these were very 

small and deemed unlikely to have a prominent functional role in a living individual. 

The tibialis anterior (TA) has previously been defined as a single muscle with two 

heads (Thorpe et al., 1999; Payne et al., 2006; Myatt et al., 2011a), however, in the 

current study it was divided and categorised as two separate muscles; TA and 

abductor hallucis longus (ABDHL). This arrangement has been previously defined in 

some textbooks (Swindler and Wood, 1973; Diogo, 2011).   

2.6.2 Muscle architecture data 

The lower limb muscle proportions in all four species studied were dominated by 

muscles of the flexor group. This suggests that the flexor group, comprised of a 

number of large muscles, provides the majority of the force and power within the 

lower half of the hindlimb. The role of the triceps surae in humans is understood to 

be that of locomotor propulsion (Neptune et al., 2001), with the GAST being 

activated after heel strike during walking, and at an even earlier point in the gait 

cycle during running (Nilsson et al., 1985). The role of the triceps surae in great 

apes, however, is less well understood. The triceps surae within great apes has a 

much reduced Achilles tendon (Swindler and Wood, 1973; Myatt et al., 2011b), 
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therefore a role in elastic energy saving mechanisms seems unlikely, with the 

morphology probably representing a combination of complex behavioural 

repertoires across both arboreal and terrestrial substrates (Crompton et al., 2008).  

This study found a variable arrangement in the size of the GAST and the SOL; in 

terms of which had the larger muscle mass. The GAST has been reported as larger 

than the SOL in a male bonobo, but the opposite was found in a female bonobo 

from the same study (Vereecke et al., 2005). Another study found this same pattern 

in three great apes; a bonobo and two gorillas, but the opposite in a further gorilla 

specimen (Payne et al., 2006). Given the small cumulative sample size it would be 

difficult to say which pattern reflected the normal arrangement.  

The percentage contribution of the flexor group to the lower limb ranged from 

33 to 41%, which is in agreement with percentage contributions reported in the 

literature (Vereecke et al., 2005). The orangutan had the lowest percentage 

contribution of flexors to the lower limb, with an increased contribution of the 

extensor and intrinsic foot muscle groups; particularly the adductors and abductors 

of the hallux. The orangutan hindlimb is involved in arboreal locomotion, notably in 

orthograde suspension, and also orthograde compression during assisted 

bipedalism whilst using extended hindlimbs (Thorpe and Crompton, 2005; Thorpe 

et al., 2007b), rather than the flexed hindlimb position undertaken by other great 

apes (Thorpe et al., 1999). During assisted bipedalism, orangutans access smaller 

diameter tree supports than are used in other arboreal behaviours (Thorpe and 

Crompton, 2005; Thorpe et al., 2007b), and smaller diameter cylinders have been 
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shown to promote an increased force grip when compared to larger diameter 

cylinders in human hand grip tests (Amis, 1987). This suggests that during assisted 

bipedalism the orangutan hindlimb; specifically the foot, employs a strong power 

grip in order to support and stabilise an individual on small, terminal branches. In 

addition, many positions during orthograde suspension include hindlimb 

compression (Thorpe and Crompton, 2005; Thorpe and Crompton, 2006), and up to 

62% of all orthograde suspension uses supports < 10 cm in diameter (Thorpe et al., 

2007b), again suggesting the use of a strong power grip. The greater proportion of 

muscles of digital control over large ankle flexors in the orangutan suggests a 

functional adaptation reflecting the importance of a strong pedal grip in both 

suspensory and compressive orthogrady during arboreal locomotion.  

A study on great ape lower limbs has analysed the percentage contributions of the 

hindlimb muscles to total body mass (Payne et al., 2006). Although the analysis 

included thigh muscles and omitted intrinsic foot muscles, the results are still 

comparable in terms of contribution patterns across species. Percentages of total 

lower limb mass to body mass were approximately 2% for an adult male orangutan, 

5-6% for gorillas, 6.5% for bonobo, and 7.5% for chimpanzee (Payne et al., 2006). A 

similar pattern emerges in the current study for distal hindlimb muscle mass; 1% for 

orangutan, 1.1-1.5% for gorilla, 1.8% for bonobo, and 1.4-2.2% for the chimpanzee. 

These low proportions of hindlimb muscles in the orangutan can be further 

explored by considering the upper limb. A study of the muscle architecture of a 

female orangutan of body mass 48.8 kg reported raw muscle masses for all upper 

limb muscles (Oishi et al., 2008), the total of which was 753.4 g. The percentage 
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contribution of the upper limb to total body mass was 1.54%, which is similar to the 

contribution reported for the orangutan hindlimb of 2% (Payne et al., 2006). In 

contrast, the proportions for a single chimpanzee of 37 kg body mass were 2494 g 

and 3103 g for forelimb and hindlimb, respectively (Thorpe et al., 1999), yielding 

contributions of 6.74% and 8.39%, respectively. This data suggests that the 

orangutan limbs are fairly evenly balanced in muscle mass, with all limbs 

representing a much smaller proportion of total body mass than is seen in the other 

great apes. Orangutan arboreal locomotion requires stability and balance on 

compliant supports, which is achieved by using multiple limbs over multiple 

supports (Thorpe et al., 2009), with no particular importance for supporting body 

mass from one limb to another; which is reflected in their equal proportions of 

muscle mass.  

The ability of a muscle to perform a certain functional role is related to its 

properties; which are in turn defined by the muscle architecture. Muscle pennation 

angle, fascicle length (FL) and physiological cross-sectional area (PCSA) are closely 

linked and inter-dependent. The pennation angles within the muscles of the lower 

limb included patterns of unipennate, bipennate and multipennate, across all great 

apes. The intrinsic foot muscles represented the most pennate group; with many 

muscles being multipennate and having moderate to high pennation angles; which 

could be due to having to produce muscle force within a small physical space.  The 

calf muscles were predominantly bipennate, with some unipennate muscles also 

present. The majority of muscles within the chimpanzee and gorilla groups had 

pennation angles greater than 20°, with the main flexors; GAST, SOL and TP, having 



87 

 

the greatest pennation angles. The pennation angles of muscles in the orangutan 

were generally quite low, with only three muscles across all functional groups 

having angles ≥ 20°. The extensor group had generally smaller pennation angles 

than the flexor group in all great apes studied.  

Muscle PCSA in the current study was found to be the greatest in both the gorillas 

and chimpanzees, however, as PCSA is essentially a description of muscle size it can 

be expected to be bigger in larger animals. The only notable difference across the 

species in muscle PCSA was in the orangutan; where the PCSA of FHL was larger 

than that of TP, the reversal of which was seen in all other specimens. The 

architectural index (AI); a ratio of muscle fascicle length to belly length, was lowest 

in the flexor group indicating short muscle fascicle lengths relative to the muscle 

size. The intrinsic foot muscles, extensors, inverters and everters groups had higher 

AI values, indicating longer muscle fascicles. The AI values across all muscle groups 

were similar for the chimpanzee, gorilla and bonobo, however, the orangutan 

showed an overall greater AI across all muscles. A study of muscle architecture in 

gibbons found the hip and knee extensors to have short FLs and high PCSAs; which 

the authors suggest may be an adaptation to enhanced leaping ability (Channon et 

al., 2009).  

Muscle PCSA is related to power output; proportional to the maximum torque a 

muscle can produce (Wickiewicz 1984), with a greater PCSA having a greater 

propensity for force production. In the orangutan, the PCSA was greater within the 

FHL muscle than in any other great ape, indicating an ability to perform a strong 
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pedal flexor grip; which is required during suspensory and compressive orthogrady 

on small diameter supports involving the hindlimb. Although suspensory and 

compressive orthogrady are seen in arboreal behaviours of other great apes (Hunt 

et al., 1996), they are not as commonly undertaken as that seen in the orangutan. 

In addition, the orangutan is unique in that it engages in arboreal assisted 

bipedalism with extended hindlimbs (Thorpe and Crompton, 2005; Thorpe et al., 

2007b); similar to the position seen in humans, as opposed to the flexed hindlimb 

bipedalism seen in other great apes; such as the chimpanzee (Thorpe et al., 1999).   

Muscle PCSA is also proportional to the number of muscle fibres laid in parallel (as 

opposed to in series), with a greater PCSA and shorter FL associated with a higher 

pennation angle. The greater the pennation angle, the greater the propensity for 

higher force production in the MTU, but over smaller ranges of motion (Zajac, 

1992). The low pennation angles observed in the orangutan muscles suggest that 

high force production is not part of the normal orangutan locomotor behaviour; 

however, they are capable of fast bouts of locomotion, although rare (Thorpe and 

Crompton, 2006). Instances of fast bouts of locomotion can also be related to 

muscle fascicle lengths, with shorter fascicles associated with increased force 

production at slower shortening velocities (Wickiewicz et al., 1984). Conversely, 

some researchers have postulated that longer fascicles may also be an adaptation 

to increased power output, with longer fascicles observed in some limb muscles of 

the racing greyhound when compared to homologous muscles in domestic dogs 

(Williams et al., 2008), and also in human sprinters compared to long distance 

runners (Abe et al., 2000). Although the longer fascicles in these examples seem to 
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reflect an adaptation towards faster shortening velocities by having more fibres in 

series, the longer fascicles in the orangutan could be explained in terms of 

increased power output over a wider range of motion, together with the capability 

of fast bouts of locomotion that may be imperative, but are rarely used.  

The differences in locomotor behaviour between the orangutan and other great 

apes can be further supported by investigating muscle fibre type; with the 

contribution of fast twitch or slow twitch fibres determining muscle properties 

(Rome et al., 1988), and being a good indicator of the shortening velocity and 

power output of a muscle. A recent study on muscle fibre types in great apes 

reported the orangutan to have a higher proportion of slow twitch fibres in the 

muscles of the triceps surae, compared to that of the chimpanzee, reflecting an 

emphasis on habitual slow and controlled movement in the orangutan (Myatt et al., 

2011b).  

The raw dissection data showed little difference between the African apes; the 

chimpanzee, gorilla and bonobo, aside from larger muscle masses and PCSAs in the 

larger individuals; the gorillas followed by the chimpanzees. This may be due to an 

absence of normalisation for body mass; which is explored further into the 

discussion. 

2.6.3 Estimated tendon properties 

Estimating tendon properties from muscle architectural parameters can be useful in 

gaining an insight into the functional role of tendon, especially where alternative 

mechanical testing is not feasible. Tendon length is one variable which determines 
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the capacity for elastic energy storage. The tendons of the main plantar flexor 

group; such as the Achilles tendon of the triceps surae and that of TP, were very 

short in specimens from this current study; an arrangement common in non-human 

apes with the exception of the gibbon; which has a long Achilles tendon, 

comparable to that seen in humans (Payne et al., 2006; Vereecke and Aerts, 2008a). 

However, the exact function of this long tendon in the gibbon is still speculative, 

with studies suggesting an adaptation for elastic energy savings during a range of 

locomotor behaviours; particularly bipedalism (Vereecke et al., 2006; Channon et 

al., 2009; Vereecke and Channon, 2013). The longest tendons of the great apes 

were seen in digital MTUs situated in the calf and in the everter and inverter muscle 

groups. These long tendons were also fairly thin and thus associated with increased 

tendon compliance; often meaning they are capable of elastic energy savings 

(Vereecke and Channon, 2013). However, the inverter and everter groups are not 

the main power-producing muscles of the lower limb; therefore the long, thin 

tendons may actually be an adaptation to a different functional role.  

To further understand the role of tendons in energy saving we must consider the 

MTU as a whole. Tendons which act as biological springs cannot do so without first 

being stretched by a muscle. The amount of stretch or length change; referred to as 

tendon strain, is dependent upon the forces exerted by the muscle onto the 

tendon; referred to as tendon stress. Tendon stresses can vary greatly and in this 

study ranged from approximately 1 – 20 MPa. The greatest stresses were found in 

TP; 20 MPa, 16 MPa and 8 MPa, in the chimpanzee, gorilla and bonobo respectively. 

The highest stress in the orangutan was for the PL at 9 MPa, followed by TP at 
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7 MPa and PB at 6 MPa. These everter MTUs have higher tendon stresses in the 

orangutan compared to other muscles, thus, it could be argued that they have a 

functional role in locomotion; specifically to stabilise the foot and leg from 

collapsing inward medially during arboreal assisted bipedalism.  

Interestingly, the stresses for the Achilles tendon were very low; 6 MPa and 5 MPa 

for the chimpanzee and gorilla, respectively. These estimated stressed for the 

Achilles tendon were much lower than those estimated for other non-human 

primates of 20 MPa, 30 MPa and 22 MPa for two macaques and a vervet monkey 

(Ker et al., 1988), respectively, and lower still than other mammalian species 

of > 40 MPa for horse, sheep and human (Ker et al., 1988). The African apes 

represent a group with a diverse locomotor repertoire of terrestrial 

quadrupedalism, vertical climbing and arboreal suspensory behaviour (Hunt, 1992; 

Remis, 1995; D'Aout et al., 2004). The functional requirements for this diverse 

behaviour could explain the reduced Achilles tendon and low tendon stresses; as 

the need for diversity overcomes the ability to develop specialisations such as 

elastic energy saving mechanisms. 

The low estimated stresses in the distal hindlimb result in low estimated strain 

values, which appear to be specific to many non-human primates. Nearly all 

tendons in the current study had an estimated strain value of ≤ 1%, well below the 

estimated strain values for muscles which act as biological springs in other animals; 

up to 4% in the ostrich (Smith et al., 2006), approximately 3 - 4% in the horse; 

although the authors concede this is probably an underestimate (Biewener, 1998), 
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and approximately 5% for the human Achilles tendon (Ker et al., 1988). Muscles 

which are used in a more specific, non-locomotor functional role have been 

reported to have lower strains, similar to those seen in the current great ape 

cohort. In humans, the wrist tendons of the flexor digitorum profundus muscle 

recorded strains of 0.2 - 1.8% (Goldstein et al., 1987), with other researchers also 

recording strains of around 2% for a selection of extensor and flexor muscles of the 

wrist (Loren and Lieber, 1995). However, these researchers also recorded strains in 

the flexor carpi ulnaris tendon which were closer to 4%. It has been suggested that 

compliant tendons function in delicate dexterity tasks, often referred to as force 

control, whereas stiffer tendons may function in tasks relating to positional control; 

such as writing (Alexander, 2002). The estimated strains in the current study were 

all low, which indicates a greater propensity for positional control; which could be 

advantageous to arboreal locomotion where individuals must navigate small branch 

supports. However, the values of estimated tendon variables versus measured 

variables via mechanical testing can differ due to a number of reasons; including 

the microanatomy and dynamic morphology of the MTU (Maganaris and Paul, 

2002),  and therefore must be viewed as approximate rather than absolute values.  

The estimated strain of tendon includes the use of Young’s modulus, the value of 

which for tendon is given as 1.5 GPa; which was calculated by assessing a range of 

mammalian tendons, however, the test group did not include non-human primates 

(Bennett et al., 1986). Analysis of larger mammalian cohorts have reported 

non-human primates to be outliers from the main group (Ker et al., 1988). 

Therefore, the value of 1.5 GPa may not accurately reflect the Young’s modulus of 
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tendon in non-human primates; where a positional range of motion and the 

importance of pedal grip in an arboreal environment, may be more important than 

elastic energy savings.  

2.6.4 Normalising data 

Different methods of scaling exist whereby a variable can be viewed comparatively 

across a range of species by removing the effect of body size. There are two main 

methods of normalising muscle architecture data; the first is to divide the variable 

by a direct measure of body size; such as mass, which has been used previously to 

assess lower limb muscle groups across different species of great apes (Vereecke et 

al., 2005; Payne et al., 2006). However, this method is not useful for investigating 

variables other than muscle mass, due to indivduals across species not scaling in a 

truly geometric fashion. The second is to scale the variable to a measure of body 

size using a power equation, as individuals who are geometrically similar across 

species have variables which scale in an allometric way to body mass (Schmidt-

Nielsen, 1984). The published scaling exponents for geometrically similar individuals 

are given as follows: muscle mass is proportional to (body mass)1, FL to 

(body mass)1/3, and PCSA to (body mass)2/3 (Alexander et al., 1981). These power 

relationships have been used in previous non-human primate studies in order to 

remove body mass effects when comparing within (Thorpe et al., 1999), and across 

species (Payne et al., 2006; Channon et al., 2009; Oishi et al., 2009a). Although 

there has been support for using these exponents when comparing within species; 

due to the assumed geometric similarity of individuals (Myatt et al., 2011a), there is 
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little evidence that geometric similarity extends across species (Alexander et al., 

1981).  

Muscle architecture studies on non-human primates usually comprise small sample 

sizes, with individuals from a range of species, and little opportunity to account for 

age and sex classes due to the scarcity of non-human primate sepcimens. In 

addition, sexual dimorphism is more pronounced in polygynous groups due to 

increased competition between males; which encompasses all great ape species 

(Fleagle et al., 1999). The most prominent variable which defines sexual 

dimporphism within great apes is body mass, which scales with positive allometry, 

and thus the differences between sexes is more pronounced in the larger of the 

species (Leutenegger and Cheverud, 1982). Some male great apes have been 

recorded as being on average more than twice the weight of their female 

counterparts (Fleagle et al., 1999), and it is not yet understood whether this 

difference carries a geometric similarity or whether males are disproportionately 

larger. If the latter is true, allometric scaling exponents would not be appropriate 

and other methods of comparing across individual great apes would have to be 

explored. 

The data from individuals in the current study was analysed to investigate power 

relationships between lower limb muscle architectural variables; muscle mass, FL 

and PCSA, to body mass; herein denoted as M. Total lower limb mass scaled 

to (M)0.94 (p ≤ 0.01), with muscle mass and PCSA not scaling significantly differently 

to the predicted allometric scaling exponents (p ≤ 0.05). This data suggests that the 
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individuals within the current study have a degree of geometric similarity, however, 

the CIs on the scaling exponents were quite high and the introduction of published 

data changed the results of the analysis. Total lower limb mass scaled to (M)0.70, 

which was significantly different to the predicted exponent (p ≤ 0.05). The 

increased sample size increased the number of muscles to have a significant scaling 

relationship to both body mass and PCSA (p ≤ 0.05), however, this also increased 

the number of muscles which scaled significantly differently to the predicted 

exponents (p ≤ 0.05). Similar results have been previously reported for great apes 

(Myatt et al., 2011a), lending some support to results of the current study, 

suggesting that great apes are not geometrically similar and thus, different methods 

of normalisation should be undertaken to account for differences in body mass. 

Fascicle length data both from the current study and including published literature 

did not scale well with body mass, a result which is supported by a similar study of 

great ape muscle architecture (Myatt et al., 2011a).  

The cohort of this study, including published data, represented all four species 

across varying age-sex classes. Although sexual dimorphism is prevalent amongst 

the great ape groups, an ANCOVA failed to identify sex differences across the group 

(n = 21, p ≤ 0.05). However, it is worth noting that the muscle mass of the flexor 

group was close to significance with sex as a fixed factor and body mass as the 

covatiate (p = 0.06), suggesting that a larger sample size may successfully identify 

sex as a factor affecting great ape morphology. 
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The ANCOVAs performed in this study were able to assess species differences more 

clearly than the regression analysis for muscle groups; flexors, extensors and 

inverters/everters. The intrinsic foot muscles were not able to be assessed by 

ANCOVA due to a positive interaction for the homogeneity of regression (n = 13), 

suggesting that a larger sample size would be needed in order to investigate this 

muscle group. It is worth noting that of the muscle groups, the intrinsic foot 

muscles did not scale well for PCSA and FL to body mass in the regression analysis, 

which could suggest a specific function for these muscles regardless of the size of 

the individual, or a reflection of limited anatomical constraints.  

For the flexor group, species differences accounted for the variation observed in 

muscle mass, PCSA and FL, after removing the effect of body mass. The orangutan 

had significantly smaller muscle mass than the bonobo and chimpanzee, with the 

gorilla lying between the bonobo and the orangutan. Previously ANCOVAs for great 

apes reported similar results for the plantar flexor group (Myatt et al., 2011a), with 

the orangutan muscle mass found to be significantly smaller than all of the great 

ape groups. The same study found no species differences in the either the PCSA or 

FL of the flexor group. However, the current study found the chimpanzee to have 

the greatest PCSA across all species groups, with a significantly smaller FL than the 

bonobo and chimpanzee. This suggests that the chimpanzee flexors are capable of 

significantly greater power output than those of the other great apes. The 

chimpanzee is both terrestrial and arboreal (Cant, 1987; Doran, 1993), however, it 

is less arboreal than the orangutan or the bonobo (Cant, 1987; Doran, 1993; Thorpe 

and Crompton, 2005). Terrestrial quadrupedalism is arguably more hindlimb driven 
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than arboreal behaviours, resulting in greater compressive loads (Nowak et al., 

2010), which could reflect the larger, more powerful plantar flexor muscles seen in 

the chimpanzee. An alternative explanation to the possession of plantar flexors 

capable of significant power output could be related to the chimpanzee diet; which 

includes the hunting of other non-human primates for meat (Mitani and Watts, 

1999), a behaviour rarely seen in either gorillas or orangutans (Galdikas and 

Kanada, 1979; Newton-Fisher, 2007), but sometimes observed in bonobos to a 

much lesser degree (Surbeck and Hohmann, 2008). The powerful plantar flexors in 

the chimpanzee indicate a strong, propulsive capability which would be 

advantageous in the pursuit of prey.  

In contrast, the flexor group in the orangutan showed a small muscle mass and 

small PCSA; suggesting a light and slender limb design, and long FLs; indicating a 

greater range of mobility over a joint angle. As orangutans cross tree canopies in an 

arboreal environment; a behaviour which reduces the energetic costs of travel 

(Thorpe et al., 2007b), the reported morphology for the orangutan flexors would be 

beneficial when using multiple extended limbs in slow and controlled movements. 

In the orangutan, assisted bipedalism is undertaken in an arboreal environment 

with the himdlimbs fully extended, similar to that seem in human bipedalism 

(Thorpe et al., 2007b). In humans, during controlled and slow bipedal sway, the 

human triceps surae muscles lengthen and shorten to provide stability and balance 

in an upright posture (Loram et al., 2004). When reviewing the whole MTU of the 

gastrocnemius in humans, it is predominantly the tendon which takes up the length 

change in passive movement (Herbert et al., 2002), with only 27% being passed to 
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the fascicles of the muscle itself. Orangutans engage in both tree sway and assisted 

bipedalism, both of which would require small adjustments in the triceps surae 

muscles for stability. In the latter, stabilisation and balance in an orthograde 

posture would be enhanced by having longer muscle fascicles in the hindlimb 

flexors; allowing for a greater degree of control over larger excursions or sway, on 

small diameter branch supports which could be unstable. 

The inverter/everter muscle group showed species differences for muscle mass 

only, with body mass accounting for differences in PCSA, and neither species nor 

body mass having a significant effect on FL. The orangutan was found to have a 

significantly smaller muscle mass in this group compared to the chimpanzee and 

bonobo, again supporting the suggestion of a morphologically slender hindlimb in 

the orangutan. For the extensor group, only body mass accounted for variation in 

the muscle mass, with neither species nor body mass having a significant effect on 

PCSA or FL. It is possible that the muscles within the extensor and inverter/everter 

groups are only subtley different across the great ape groups, due to their 

functional role in foot dexterity which would be required for arboreal locomotion; 

which all great apes undertake (Cant, 1987; Doran, 1993; Remis, 1995; Thorpe and 

Crompton, 2005). This suggests that a larger sample size would be needed to detect 

species differences, therefore both regression analysis and ANCOVAs should 

continue to be used for investigating architectural properties in these muscle 

groups,  as more great ape specimens become available.  
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2.6.5 Conclusion 

The results across the muscle groups indicate that it is the flexors which have the 

greatest species effect. This suggests that this muscle group would be the most 

diverse morphologically and therefore, the most diverse in functional role across 

the great ape groups. The orangutan  morphology appears to reflect a 

predominantly arboreal lifestyle, using assisted bipedalism, tree sway and 

suspension in an orthograde posture which results in compressive forces of the 

hindlimb. In addition, the orangutan had a greater raw PCSA in muscles which 

would contribute to a strong pedal grip compared to the other great ape groups; 

which is important for a foot that undergoes regular compressive and suspensory 

loads on cylindrical supports. The chimpanzee is adapted for powerful excursions of 

the lower limb, which could be a representation of increased terrestriality over the 

orangutan and bonobo, or an adaptation to unique hunting behaviour which would 

involve fast pursuits. The bonobo and the gorilla represent groups which engage in 

both arboreal and terrestrial locomotion, however, neither show specialisations for 

behaviours seen in either the orangutan; assisted bipedalism with extended limbs, 

or the chimpanzee; hunting for prey, which could explain the absence of significant 

differences between these two groups. 

The methods or normalisation through power relationships resulted in many 

architectural variables which did not scale to the predicted exponents, suggesting a 

need to reassess the assumption of geometric similarity both within and across the 

great ape species. ANCOVAs successfully reported differences between variables at 
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a species level and should continue to be used as sample sizes increase, thus 

furthering our understanding of the link between non-human primate morphology 

and behaviour.  
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Chapter 3  

ASYMMETRY IN THE LOWER LIMBS OF CHIMPANZEES, WITH 

IMPLICATIONS TOWARDS FOOTEDNESS 

3.1 Introduction 

Symmetry has long been of interest to the scientific community, with particular 

focus on bilateral asymmetry in the field of biology (Palmer, 1996). Bilateral 

asymmetry in the left-right (LR) plane can be visible; such as that seen in crabs with 

uneven sized claws, or more subtle; such as that seen in humans. Outward bilateral 

symmetry, as that observed in humans, does not represent the whole organism, for 

example; conserved LR asymmetries are present within the internal organs of 

humans and other vertebrates. This asymmetry not only reflects organ position but 

also the organ morphology itself; the human heart is normally tilted towards the 

left and is asymmetric, reflecting its function (Yoder, 2011).  

In addition to these developmental asymmetries, there are other types of 

asymmetries that can be observed which often relate to adaptation or function. The 

lateralisation of the human brain is one example of functional asymmetry; with the 

left and right sides controlling different aspects of the body. For example; in 

humans, language and speech centres are on the left, whereas spatial function is on 

the right (Bisazza et al., 1998). Similar brain asymmetry has been reported in other 

species of vertebrates. A right ear, left hemisphere preference for species-specific 

vocalisation auditory processing has been reported in mice (Ehret, 1987), rats (Fitch 
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et al., 1993), and macaques (Macaca fuscata) (Petersen et al., 1978), which is the 

same pattern as that seen in humans (Kimura, 1967). More obvious examples of 

lateralisation can be seen by further studying the morphology and behaviour of 

individuals, both within and across species.  

3.1.1 Introduction to limb dominance 

Limb laterality can be defined in a number of ways depending upon what is being 

investigated: in terms of behaviour, the dominant limb can be defined as the 

preferred limb used for performing simple tasks. For example, in chimpanzees this 

is the limb used preferentially to grasp an inanimate object when both limbs are 

free to mobilise this action (Forrester et al., 2012), or in humans this is the 

preferred limb used to kick a ball (Hoffman and Payne, 1995; Blackburn et al., 

2000), or the preferred upper limb used for more functionally demanding tasks 

involving dexterity; such as writing or using scissors (Hebbal and Mysorekar, 2003). 

Some studies on bilateral limb behaviour choose to lateralise the limbs in terms of 

function; either a ‘mobilising’ limb; doing the task, or a ‘stabilising’ limb; supporting 

the mobilising action (or limb), usually in a postural manner (Gabbard and Hart, 

1996). For example, in a study of chimpanzee descending behaviour it was found 

that the left forelimb was used to support posture and body weight; stabilising, 

whilst the right forelimb led out in locomotion; thus mobilising the action (Hopkins, 

2008). Similarly, in humans when assessing the task of kicking a ball, the kicking 

limb is mobilising, whilst the other is stabilising (Gabbard and Hart, 1996). 

Furthermore, in terms of anatomy and morphology, the dominant limb could be 
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defined as the physically larger one when comparing between the left and right 

sides (Hebbal and Mysorekar, 2003).  

There are several factors that can result in lateralisation of the limbs; including 

environmental and ontogenetic influences. One proposed theory is that 

lateralisation has a genetic origin (Annett, 2003), and results from studies support 

this developmental theory. An investigation into the muscle and bone weights from 

human foetuses, ranging in crown-rump length size from 195-290mm, found that 

the right side was dominant; in a sense that the combined muscle and bone masses 

were heavier than on the left side in the majority of specimens (Pande and Singh, 

1971). Another research group found a significantly higher incidence of right arm 

movements versus left in first trimester human foetuses (Hepper et al., 1998). This 

research indicates that laterality of the limbs may be to some degree pre-

determined genetically as differences observed in foetuses would not reflect any 

adaptation to function; given that no load-bearing has occurred at this stage. 

Another theory proposes that the brain is lateralised during development, which in 

turn affects the behaviour of individuals when born (Previc, 1991). It could be 

argued that this theory to some degree supports lateralised movements in utero.  

Aside from these developmental theories, lateralisation can be explained in terms 

of environmental adaptation to functional behaviour; anatomical components can 

adapt in response to external stresses or loading, resulting in quantifiable 

morphological changes that can be measured. Thus, behavioural studies can be 

supported by evidence gathered from studies of anatomy and morphology, 
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including adaptations observed in both muscle architecture and bone (Rubin and 

Lanyon, 1984; Holm et al., 2008). Several researchers have investigated muscle 

architecture across species of non-human primates to see whether differences, if 

any, can be linked to specific behaviour and environmental constraints (Thorpe et 

al., 1999; Payne et al., 2006; Myatt et al., 2011a). In addition, muscle architecture 

has been used to try and infer laterality in a chimpanzee (Carlson, 2006), finding 

trends in asymmetry for both the forelimb and hindlimb muscles; with greater 

differences seen in the former. It is worth noting that for many studies on non-

human primates sample sizes are often a limiting factor when trying to draw 

significant conclusions from the data. Properties of bone can also be used to assess 

adaptation and behaviour across different species. A study of primate metatarsal 

trabecular architecture indicated that humans have a unique pattern dissimilar to 

that seen in all four species of great apes (Griffin et al., 2010b); a reflection of 

differences in locomotor behaviour. In a comparative study of bone mass across 

rabbits and frogs, the existence of a dominant and non-dominant side in both the 

fore- and hind-limbs was found (Singh, 1971); however, there was no consistency as 

to whether the dominant side was the right or left. 

3.1.2 Limb dominance in non-human primates 

Behavioural studies are useful when investigating the level of lateralisation present 

in non-human primates. Researchers often choose tasks involving either one or 

both upper limbs to assess handedness. One now commonly accepted method is 

the bimanual feeding task (Hopkins, 1995); where an individual is presented with a 
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small tube filled or smeared with food and assessment of laterality depends upon 

which hand is used to access the food. Hopkins used this technique to assess 110 

chimpanzees and found a population level right-hand bias (Hopkins, 1995). 

Following this, several researchers went on to use the bimanual feeding task, 

finding laterality in chimpanzees (Llorente et al., 2009); and further significance for 

right-hand bias at the population level for chimpanzee females (Llorente et al., 

2011), juvenile chimpanzees (Hopkins and Bard, 2000), and gorillas (Meguerditchian 

et al., 2010a). Furthermore, several behavioural studies employing different 

methodologies have reported a higher tendency to use the right upper limb for 

tasks; when gesturing in chimpanzees (Hopkins and Leavens, 1998; Meguerditchian 

et al., 2010b), when reaching for an inanimate object in chimpanzees (Forrester et 

al., 2012), and gorillas (Forrester et al., 2011). A recent meta-analysis of behavioural 

data across all four great ape genera has further contributed to the study of 

lateralisation in these species (Hopkins, 2006). As a whole, the great apes were 

shown to be right-handed at the population level (Hopkins, 2006); with further 

significance for population level lateralisation in species-specific data for both 

chimpanzees and bonobos. The gorilla and orangutan groups did not show any 

significant population level lateralisation, which could be due to great apes not 

having as strong a hand preference as that seen in humans (Cashmore et al., 2008); 

therefore larger sample sizes would be needed in order to investigate this further.  

These behavioural studies tend to indicate a biological origin of lateralisation; 

something that evolved in a common ancestor to that of humans and great apes 

(Forrester et al., 2013). A recent study assessing handedness in young human 
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children found hand preference to be context specific; showing right hand 

preference for inanimate objects and no hand preference for animate targets   

(Forrester et al., 2013). The authors reported the same results for hand preference 

in both chimpanzees (Forrester et al., 2012), and gorillas (Forrester et al., 2011). In 

further support of a genetic predisposition to lateralisation which could have arisen 

in a common ancestor, non-human primates have been reported to have similar, 

left-hemisphere auditory processing to that of humans (Petersen et al., 1978); a 

phenomenon more likely to be conserved in an evolutionary context. 

Some researchers investigate lateralisation by assessing the anatomy and 

morphology of musculoskeletal structures within the limbs. A large review of long 

bone morphology in humans and a range of non-human primates found 

chimpanzees and humans to both possess a longer left-side femur; 50% and 47% of 

each group respectively, whereas the gorilla and orangutan showed the opposite; 

43% and 46% right-side dominance respectively (Schultz, 1937). The same study 

reported asymmetries in the upper limbs also, with a right-sided dominance of the 

humerus in humans and orangutan (69% and 58%), but a left-sided dominance in 

chimpanzees and gorillas (both 48%). Schultz (1937) concluded that the 

asymmetries were difficult to analyse and could not be attributed solely to hand or 

foot preference. Furthermore, it is difficult to link bone length to loading behaviour; 

with the plasticity of bone more accurately reflected in both cross-sectional 

properties (Sarringhaus et al., 2005; Shaw and Stock, 2009) and bone mineral 

density (Nevill et al., 2003), both of which change in response to repeated 

mechanical loading. A study of long bone cross-sectional properties in chimpanzees 
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found there to be a significant asymmetry in the total cross-sectional area of the 

humeri (Sarringhaus et al., 2005); with 66% of the sample having a larger left side. 

However, no significant differences were found in either the femur or the second 

metacarpal. These findings suggest greater loading to the left forelimb; which may 

suggest a dynamic and postural lead with the left arm; supporting body weight, 

leaving the right arm free for other, more dextrous, tasks. Sarringhaus et al., went 

on to propose that the behaviour most closely associated with upper limb unilateral 

loading would be unimanual suspension; loading one arm whilst leaving the other 

free (taken from analysis of positional behaviour of chimpanzees (Hunt, 1992)). 

Furthermore, when viewed in the context of recent behavioural studies assessing 

hand preference (Hopkins, 1995, 2006; Llorente et al., 2011), these results lend 

some support to the suggestion of a right-handed bias being present in chimpanzee 

populations.  

Studies of muscle architecture rarely investigate left-right asymmetries, often due 

to the scarcity of specimens; with many studies presenting unilateral data (Thorpe 

et al., 1999; Vereecke et al., 2005; Payne et al., 2006; Myatt et al., 2011a). A study 

which did investigate bilateral limbs of a single chimpanzee concluded that 

differences did exist; in both the upper and lower limbs (Carlson, 2006). Muscular 

changes in response to mechanical loading are well documented for humans 

(Kugler et al., 1996; Markou and Vagenas, 2006; Hides et al., 2010), therefore 

further research investigating muscle architecture in great apes is needed to assess 

whether asymmetries exist at the morphological level and whether these can be 

further linked to mechanical loading and behaviour. 
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3.1.3 Limb dominance in humans 

Limb dominance in humans, particularly of the upper limb, has been researched 

extensively and handedness in humans is a prominent example of lateralised 

behaviour; with population level right-handedness reported to be approximately 

90% (Corballis, 1991). Historically, this figure may have been much higher due to 

cultural pressures; for example left-handedness was associated with criminals 

(Lombroso, 1895), or misfortune or bad omens in some African cultures 

(Wieschhoff, 1938). These beliefs resulted in individuals being forced towards a 

right-handed bias often by educational correction (Martin, 1952), which is still 

practiced in China for both upholding traditional values and for practical 

considerations (Kushner, 2013); with a less than 1% incidence of left-handedness 

which has changed very little over time. In direct contradiction, an historical study 

spanning a ninety year period investigated hand preference in Australians found 

that the percentage of left-handedness increased over time (Brackenridge, 1981). 

This was probably due to a number of contributing variables, including the 

development of more relaxed attitudes towards handedness.  

Aside from environmental influences, both the incidence and patterning of 

handedness can be linked to a simple genetic theory; Annett’s right-shift theory 

(Annett, 2003). This theory links handedness to dominant and recessive alleles, 

proposing that a pattern of inheritance joins environmental factors in determining 

individual expression. However, it is unlikely that a single gene codes for 

handedness, with some researchers proposing the expression of handedness to be 



109 

 

polygenic (Brandler et al., 2013); involving many genes which are yet to be 

discovered. 

Despite handedness at the population level in humans being well established 

(Corballis, 1991), the prevalence and pattern of footedness; or lower limb 

dominance, has been less thoroughly researched. Some report lower limb 

preference; specifically right-footedness, to be as high as 80% (Carey et al., 2009). 

Furthermore, the right dominant lower limb has been reported to be ipsilateral to 

the dominant upper limb (Chapman et al., 1987), lending further support to a right-

footed and handed bias in humans. However, further research shows these two 

variables to be linked, but not necessarily interdependent; with some studies 

reporting left-handed individuals to have a dominant right foot (Peters and Durding, 

1979; Chapman et al., 1987; Hebbal and Mysorekar, 2003). 

The assessment of foot dominance in humans has been investigated through 

studies of behavioural choices, for example; one study assessing foot tapping found 

that the study cohort were predominantly better (faster) at tapping with their right 

foot, regardless of their preferred handedness (Peters and Durding, 1979). A study 

of elite footballers found that right-foot preference for skilled tasks was about 80-

85% (Carey et al., 2001). Behavioural studies of foot preference can be challenging 

in determining which of the sides is dominant, for example; is the mobilising or 

stabilising limb the most important? The aforementioned studies (Peters and 

Durding, 1979; Carey et al., 2001) report the mobilising foot as dominant, however, 

results from a study looking at children with developmental lateralisation problems 
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found that they kick with the weaker leg (Freides, 1978), concluding that 

stabilisation and maintaining an upright position are more important.  

Differences in the lower limbs are not as marked as those seen in the upper limbs, 

probably due to more even usage in everyday behavioural tasks; such as walking 

(Plochocki, 2004). In addition to behavioural studies there are other ways to assess 

limb laterality in humans; by investigating core anatomical and morphological data. 

An MRI study of lower limb muscle architecture in young athletes found significant 

asymmetries between the dominant and non-dominant sides (Tate et al., 2006). 

The study examined a small group of both male and female athletes who 

participated in various sports; including lacrosse, basketball, volleyball and running, 

amongst others. Tate et al., (2006) found that the quadriceps muscle volume was 

significantly different between left and right sides; with the vastus medialis larger in 

the ‘dominant’ (ball kicking) leg and vastus lateralis larger in the other. This could 

suggest a functional, synergistic role between muscle groups in a mobilising and 

stabilising arrangement. Further asymmetries in muscle masses have been reported 

in a dissection study of cadaveric specimens (Chhibber and Singh, 1970); with the 

triceps surae group significantly heavier on the ‘dominant’ side (defined as the 

heavier limb). The same paper went on to correlate ‘dominant’ lower limb with 

‘dominant’ upper limb, concluding that in most cases the dominant leg was 

contralateral to the dominant upper limb. Further support for the dominant lower 

limb being contralateral to the dominant upper limb can be found in a study on 

skeletal specimens (Èuk and Leben-Seljak, 2001). In this study, the dominant tibia; 

defined as the larger one from a series of measurements, was found to be on the 
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contralateral side of the dominant upper limb, regardless of whether the individual 

was deemed right or left handed, which may represent a functional asymmetry 

related to locomotor behaviour (Èuk and Leben-Seljak, 2001). The same study also 

reported the femur to be dominant on the left side in the majority of individuals, 

regardless of handedness. This persistent dominance in the left-side femur could 

represent a stability role in the left leg, again linking morphology to behaviour and 

functional role. However, some authors disagree with this patterning of dominance 

(Hebbal and Mysorekar, 2003); reporting the dominant lower limb to be ipsilateral 

to the dominant upper limb only in right-handed individuals, with left-handed 

individuals tending to have a dominant contralateral (right) limb.  

Asymmetry in the lower limbs appears to be present in bipedal individuals, 

however, studies do not wholly agree on a single pattern of dominance; with both 

left and right sides being described as dominant depending upon the variable being 

investigated. Studying lower limb dominance in a population which use the lower 

limb for more complex locomotor functions; such as quadrupedal great apes, may 

help to further our understanding of this complex relationship between form and 

function.  

3.2 Aims  

There has been little research into lateralisation within the lower limbs, with many 

morphological based studies using only one limb for assessment. Although 

lateralisation appears to be present to some extent in the upper limbs of 

chimpanzees, the hypothesis for this study is that there will be no significant 
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differences in the muscle architectural properties between the left and right sides 

of the lower limbs. The overall aim is to investigate whether asymmetry in the 

muscle architecture of the lower limbs does exist, and if so, exploring how this may 

relate to locomotor behaviour. 

3.3 Objectives 

To investigate asymmetry in the lower limbs, a small cohort of chimpanzees will be 

investigated bilaterally and muscle architectural data will be recorded. As 

comparisons are intra-specific; comparing left to right lower limb within the same 

individual, no methods of scaling are necessary. The data from the current study 

will be combined with that from the literature for a more robust analysis. 

3.4 Methods 

The cadavers for this study were acquired with the help of Dr Andrew Kitchener, 

with further support from Dr Susannah Thorpe, Mr Russell Savage and Professor 

Robin Crompton. Preparation and dissection of the lower limbs from the whole 

chimpanzee cadavers was conducted with the help of Dr Mary Blanchard.  

3.4.1 Specimens and preparation  

The chimpanzees used in this study were the same individuals which were included 

in the muscle architectural study across all four species of great apes. Individual 

lower limb muscles were dissected out and muscle mass and physiological cross-

sectional area (PCSA) data were used for the analysis; for a more detailed 
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description of dissection methodology, please see Chapter 2 (2.4.2). A summary of 

specimen information is presented in Table 3.1. 

The limbs needed to be categorised before any analysis could take place. An 

anatomical division was chosen, with the limbs falling into a heavy or light category, 

based on the total lower limb mass. The data taken from the literature was for a 

single chimpanzee which had no known pathology and had been formalin-fixed 

(Carlson, 2006). Comparing formalin-fixed data to fresh data for muscles can yield 

significant differences in muscle architectural properties (Ward and Lieber, 2005). 

For the purpose of this study, it was acceptable to include formalin-fixed data as 

the comparisons of muscles were intra-specific to each individual and not 

compared across different individuals. 
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Species Age (years) Sex Mass (kg) Referred to as 

Pan 

troglodytes 

33 Male 80 C1 

Pan 

troglodytes 

34 Female 50 C2 

Pan 

troglodytes 

23 Female 73.5 C3 

Pan 

troglodytes 

22 Male 69.5 C4 

Pan 

troglodytes 

41 Male 62 C5 

Pan 

troglodytes* 

48 Female 54.7 Ind.2 

Table 3.1. Specimen information. *Data taken from published literature (Carlson, 2006). 

3.4.2 Analysis 

Raw muscle architecture data; both muscle mass and PCSA, were taken for 

individual muscles and functional muscle groups and were analysed using IBM SPSS 

Statistics 22 in order to test the statistical significance of any differences between 

the limbs using a paired t-test. The data from the current study were then 

combined with published data and reanalysed.  

3.5 Results 

Of the five chimpanzees assessed in this study, four presented with a heavier left 

leg and one had a heavier right leg. The left leg was heavier in C1, C2, C3 and C4, 

with C5 having a heavier right leg. The heavier leg of the chimpanzee from the 

literature; referred to as ‘Ind.2’, was also the left leg (see Figure 3.1). The difference 

in muscle mass between the limbs; heavier compared to lighter, was statistically 
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significant when assessed using a paired t-test; (p = 0.04). For clarity, in the 

remainder of this chapter the heavier limb will be referred to as the dominant limb 

and the lighter the non-dominant limb.  

Certain muscles followed repeating patterns of asymmetry between the limbs, as 

presented in Figure 3.2 and Figure 3.4, with muscles above the midline being larger 

in the dominant limb. The patterns which emerge between the limbs are 

characterised by muscles which flex and extend the ankle being larger in the 

dominant limb, with the digital flexors and extensors being larger in non-dominant 

limb. Some muscles have a more pronounced asymmetry than others, the raw data 

values are presented in Appendix V. 

The triceps surae, tibialis anterior and abductor hallucis longus group, and flexor 

hallucis brevis were all significantly bigger in the dominant leg as shown using a 

paired t-test; (p = 0.03), (p = 0.01) and (p = 0.04), respectively (see Figure 3.6, Figure 

3.7, Figure 3.8) . The other muscles, despite showing trends, were not significantly 

different between the limbs. The PCSA was also assessed, with the tibialis anterior 

and abductor hallucis longus group having a significantly larger PCSA in the 

dominant limb; (p = 0.01) (see Figure 3.9). The PCSA for all muscles studies is 

presented in Figure 3.3 and Figure 3.5, no other significant differences in PCSA were 

found between the limbs. To further visualise the muscle groups in the chimpanzee 

lower limb, a magnetic resonance image (MRI) of a transverse section through the 

mid-calf is presented in Figure 3.10. 
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Figure 3.1. Comparison of the left & right lower limb masses in chimpanzees. 
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Figure 3.2. Muscle mass distribution of muscles which cross the ankle joint in all six chimpanzees. 
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Figure 3.3. Physiological cross-sectional area (PSCA) distribution of muscles which cross the ankle joint in all six chimpanzees. 
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 Figure 3.4. Muscle mass distribution of muscles which act upon the foot in chimpanzees from the current study. 
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Figure 3.5. Physiological cross-sectional area (PSCA) distribution of muscles which act upon the foot in chimpanzees from the current study. 
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Figure 3.6. Average muscle mass contribution of the triceps surae group in the dominant 
vs non-dominant limb. 

 

Figure 3.7. Average muscle mass contribution of the flexor hallucis brevis in the dominant 
vs non-dominant limb. 
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Figure 3.8. Average muscle mass contribution of the tibialis anterior group in the 
dominant vs non-dominant limb. 

 

Figure 3.9. Average physiological cross-sectional area (PCSA) contribution of the tibialis 
anterior group in the dominant vs non-dominant limb. 
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Figure 3.10. Magnetic resonance imaging (MRI) of a chimpanzee lower limb (Crompton, 
2010). The cross-section is at the level of the lower calf, muscles outlined in red are those 

which are significantly bigger in the dominant leg. 

3.6 Discussion 

The results from this study show that lateralised asymmetry does exist in the lower 

limbs of chimpanzees. In five of the six individuals studied; the significantly heavier, 

dominant leg was on the left side. Lateralisation at the population level has 

previously been defined as the case when 50% or more of individuals are lateralised 

the same way (Bisazza et al., 1998). Individual muscles within the limbs were found 

to be significantly different between the sides; with the gastrocnemius and soleus 

(triceps surae), the tibialis anterior group, and the flexor hallucis brevis all being 

heavier in the dominant limb. The triceps surae group contains plantar flexors and 

has been reported to have a dual role in humans; both in locomotor propulsion and 

in limb stabilisation (Gray et al., 2005). As the largest muscle group in the calf, it is 
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perhaps expected that this would be larger in the overall heavier limb. However, 

the tibialis anterior group and flexor hallucis brevis muscles are smaller; which 

suggests that the differences between the limbs may be linked to functional role. 

The tibialis anterior group abducts the hallux and inverts and dorsiflexes the foot, 

whereas the flexor hallucis brevis flexes the hallux. Both of these muscles could 

contribute to balance and stabilisation of the limb.  

The evidence for lateralisation in non-human primates is still contentious, with 

some authors arguing that more robust statistical analysis of published studies 

would yield different results to those currently presented (McGrew and Marchant, 

1997; Palmer, 2002). Thus, further contributions to this field are important in 

determining both the existence and extent of lateralisation in non-human primate 

species. The literature is divided on the presence of group level hand preference 

and lateralisation in non-human primates. The evidence which argues for 

handedness comes from behavioural studies; gesturing in chimpanzees has been 

reported to be predominantly lateralised to the right side (Hopkins and Leavens, 

1998); right-hand bias has been reported for tasks involving reaching for inanimate 

objects in chimpanzees (Forrester et al., 2012) and gorillas (Forrester et al., 2011); 

right-hand bias has also been reported in gorillas for the bimanual feeding task 

(Meguerditchian et al., 2010a); and a meta-analysis of behavioural data across 

reported population level right-handedness the great apes as a whole, with further 

significant group level right-handedness in chimpanzees and bonobos (Hopkins, 

2006). The left lower limb in the current study on chimpanzees was found to be the 

heaviest; or dominant, limb. There has been some evidence for the dominant lower 
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limb to be contralateral to the dominant upper limb (Chhibber and Singh, 1970; Èuk 

and Leben-Seljak, 2001), therefore results from the current study support a 

population level right-handedness in chimpanzees.   

Some studies investigating lateralisation in non-human primates reported that 

population level bias was not found. A study investigating the De Brazza’s monkey 

concluded that laterality could not be inferred from simple tasks; such as picking up 

food, but instead needed to be assessed using complex tasks which are linked to 

one brain hemisphere (Trouillard and Blois-Heulin, 2005). Another study on manual 

laterality in the Campbell’s monkey using complex tasks found no group patterns, 

but concluded that the tasks were perhaps too complex or the cohort size (n = 12) 

too small (Chapelain et al., 2006). The same author went on to investigate the 

bimanual feeding task; tube task, in a larger cohort of bonobos (n = 29) (Chapelain 

and Hogervorst, 2009). The authors found strong lateralised hand preferences in 

the bonobos based upon frequency of use, however, no population bias was 

reported as the cohort were divided in their preference; with 11 bonobos right-

handed, 15 left-handed and 3 with no preference. The complexity of the task 

presented to subjects and the consistency of methods used in behavioural studies 

differ between researchers. Further behavioural studies using an established 

method; such as the bimanual feeding task, could further our understanding of 

group level laterality in a range of non-human primates. 

Musculoskeletal studies investigating laterality of the lower limb have been 

published for both humans and non-human primates. To the best of the authors 
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knowledge, there appears to be only a single muscle architecture study of laterality 

in non-human primates (Carlson, 2006). The author found wide ranging differences 

between the left and right upper and lower limbs of a single chimpanzee; however, 

no significant conclusions were able to be drawn due to only having one specimen. 

In humans, asymmetries have been reported for the lower limb in a varied number 

of studies.  

An MRI study with a small cohort of 10 athletes, both male and female, 

encompassing a range of sports, found significant differences in the thigh muscles 

between the dominant and non-dominant leg; with vastus medialis and vastus 

lateralis being significantly larger in each, respectively (Tate et al., 2006). A study 

recording the EMG activity in the lower limbs found a left-side higher frequency in 

both the gastrocnemius medialis and anterior tibial muscles (Valderrabano et al., 

2007). The authors postulated that this may represent different fibre type 

distribution patterns between the left and right sides in these muscles. These 

muscles were found to be asymmetric in the current chimpanzee study, with both 

the tibialis anterior and triceps surae groups being larger in the left lower limb. 

These asymmetric differences may be related to functional role; with the tibialis 

anterior group and gastrocnemius providing balance and control in the left leg, 

leaving the right leg free for propulsion and other mobilising actions (Hirokawa, 

1989; Valderrabano et al., 2007). The authors further postulate that these 

asymmetries reflecting specific functional roles would be more important when 

navigating uneven terrain; which is a staple of the non-human primate habitat.  
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A study of cadaveric human lower limbs found that in 7 of 10 individuals studied, 

the heavier and dominant leg was on the left side (Chhibber and Singh, 1970). 

Interestingly, the triceps surae group was heavier on the left side in 8 of the 10 

individuals studied, echoing the results found in the chimpanzees of the current 

study. This published study also tried to address the relationship between upper 

and lower limb dominance, but found no significant correlation between the two. It 

is important to note that studies on the lower limb alone give valuable insight into 

laterality; however, the complexity of lateralisation is better represented by looking 

at the individual as a whole, including behaviour and environmental niche. For 

example, is lateralisation of the lower limb a reflection of lateralisation of the upper 

limb, and are both linked to the requirements of the habitat? Future studies 

assessing all four limbs of individual great apes would provide valuable insight into 

the relationships between asymmetries of upper and lower limbs, and how they 

correlate to behaviour. 

In summary, the current study found left-side dominance, as assessed by muscle 

architectural data, in the lower limbs of chimpanzees. This could be related to 

functional roles within the lower limbs; a trade-off perhaps between balance and 

propulsion. This functional asymmetry theory could be applied to non-human 

primates; the left lower limb provides balance and stabilisation whilst the right 

lower (and upper) limbs are mobilised for an action. There is evidence for a right-

handed bias in chimpanzee upper limbs (Hopkins, 2006), however further 

behavioural studies focussing on the lower limbs would be needed to confirm that 

the right lower limb is mobilising; performing an action or task, whilst the left lower 
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limb is stabilising; supporting the mobilising limb, in non-human primates, as is 

accepted in humans (Porac et al., 1980; Seeley et al., 2008). For non-human 

primates, both mobilising and stabilising actions are more complex in nature than 

those observed in humans; for example, a study observing chimpanzee descending 

behaviour found the left forelimb to be the stabilising limb whilst the right forelimb 

mobilised, or led out, in the locomotor descent (Hopkins, 2008). This is one example 

of how the environmental niche influences the type of behaviour required by the 

individual; with a variety of habitats lateralisation of behaviour in non-human 

primates may differ considerably from group to group, such as that reported for 

western lowland gorillas in response to seasonal food availability (Masi et al., 2009). 

3.6.1 Conclusion 

Significant asymmetry of the lower limbs; in both the muscle mass of the whole 

limb and individual muscles within, was found in a diverse but small group of 

chimpanzees. These asymmetries could be related to functional role, with muscles 

having a stabilising or mobilising action. These findings suggest that caution must 

be exercised when comparing data from individual lower limbs; a more accurate 

representation would be to produce average values for right and left sides before 

comparisons are made, however due to the scarcity of specimens this is not often a 

viable option. Further research from both quantitative dissection studies and 

behavioural studies, within the great ape field, would help in both confirming 

whether group level limb preference exists, and if so how this may relate to the 

functional roles of muscles within the lower limbs.  



129 

 

Chapter 4  

MATERIAL PROPERTIES AND THE FUNCTIONAL ROLE OF GREAT APE 

TENDONS 

4.1 Introduction 

4.1.1 Tendon structure and function 

Tendons operate as a junction between muscles and bones, transmitting the force 

generated by the muscle in order to produce an action between two fixed points; 

usually two bones. They are primarily composed of type I collagen, which is 

estimated to account for 50 - 80% of their dry weight across a range of species 

(Elliott, 1965), elastin accounts for up to 2% (Lowry et al., 1941) and proteoglycans, 

up to 3% (Koob and Vogel, 1987). The proportions of these components vary across 

different tendons and species and the functional role and material properties are 

determined by this composition. The collagens are joined together by a series of 

cross-links, which increase the stability of the tendon (Thompson and Czernuszka, 

1995).  

The collagen fibres within tendon have a specific structure; they can be arranged in 

both linear and wave-like patterns (Kastelic et al., 1978; Kannus, 2000). The wave-

like pattern of the collagen represents a relaxed state, and is often referred to as 

crimp (Kastelic et al., 1978). These collagen fibres differ in both their thickness and 

crimp angle depending upon the function of the tendon (Jarvinen et al., 2004). 
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Their mechanical properties are illustrated in a stress-strain curve (see Figure 4.1). 

This represents one extension-relaxation cycle. The area under the upper loading 

limb represents the energy used to extend the tendon and the area under the lower 

unloading limb represents the energy returned during recoil. For most tendons, the 

loading limb is initially curvilinear with an increasing gradient, followed by a steeper 

more linear portion, then followed by the unloading limb which lies below (Ker, 

1981; Bennett et al., 1986). The initial, low force, high extension ‘toe’ region is 

attributed to the tendon ‘crimp’ (Kastelic et al., 1978). Straightening of the crimped 

fibres requires little energy, whereas the linear portion of the graph represents the 

extension of the collagen fibres once they are parallel and straight (Gathercole and 

Keller, 1991).  

We can generate stress-strain plots at different frequencies to represent certain 

modes of locomotion (Bennett et al., 1986). During the return phase of the 

extension-relaxation cycle some energy is lost as heat (Ker, 1981; Bennett et al., 

1986). The stress-strain curves generated during testing can be used to calculate 

the energy dissipation by subtracting the area under the plotted unloading curve 

from the area under the plotted loading curve. The resultant area (the area 

between the two curves) represents the energy lost during one extension-

relaxation cycle (hysteresis). Tendons that have very low energy dissipation and 

high energy return can be described as biological springs (Alexander, 1984).  
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Figure 4.1. A representative example of a stress-strain curve for tendon. Figure shows the 
extension and relaxation plots, the ‘toe’ region, the area of energy loss, and the tangent 

Young’s modulus. 

4.1.1.a Tendon crimp 

The crimp angle within a tendon is associated with the length of the ‘toe’ region in 

the graph; larger angled fibres have a longer ‘toe’ region than smaller angled ones 

(Diamant et al., 1972). This may indicate that tendons with larger crimp angles are 

more compliant in the ‘toe’ region leading to an overall larger extension when 

stress is applied. In racehorses, differences in crimp angle were found between the 

central and peripheral sections of the superficial digital flexor tendon (Wilmink et 

al., 1992). The literature also suggests that crimp angle differs across species, from 

13° recorded in rat tail tendon up to 40° in human Achilles tendon (Diamant et al., 
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1972; Magnusson et al., 2002). It is clear that the crimp angle can be quite variable, 

depending upon certain factors, and it may assist in the functional role of the 

tendon as a biological spring in some species. However, the biomechanical 

implications, if any, of differences in crimp in terms of overall tendon energy 

storage and return, are not yet fully understood. Recent investigations and reviews 

have supported the theory that tendon crimp is restricted to the ‘toe’ region of a 

stress-strain curve and is primarily responsible for the non-linear behaviour of 

tendon seen in this region (Miller et al., 2012a; Miller et al., 2012b). Furthermore, 

changes in crimp have been postulated to lead to, or be the, result of pathological 

changes or disease within a tendon (Gathercole and Keller, 1991; Hansen et al., 

2002). It is likely that tendon crimp relates to overall tendon material properties in 

a defined way, however, the evidence is not yet available to determine whether 

tendon crimp affects dynamic tendon mechanical properties. Further research is 

needed in order to investigate this relationship in vitro, which is currently difficult 

due to equipment limitations (Hansen et al., 2002). 

4.1.1.b Mechanical adaptation and age 

The microstructure of tendon appears to adapt both as an animal grows and with 

loading. A study on the flexor digitorum longus tendon in mice found a positive 

correlation between collagen fibril diameter and age (Michna, 1984). In addition, 

tendon crimp has been reported to change with age; older racehorses had a 

significantly lower crimp angle in the central region of a tendon when compared to 

younger individuals (Wilmink et al., 1992). A slight reduction in tail tendon crimp 
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angle has also been reported in ageing rats, when compared to samples from 

younger individuals (Diamant et al., 1972). 

Tendon tissue can undergo mechanical adaptation in response to external loads 

(Woo et al., 1980; Reeves et al., 2003; Bohm et al., 2015); therefore we could 

expect different tendons to differ in structure, being tailored to reflect their 

function as part of a MTU. Regular tendon loading has been reported to affect 

collagen fibril diameter in mice (Michna and Hartmann, 1989), with initial increases 

in diameter after a short period of loading, followed by an overall reduction in 

diameter after long-term loading. Tendon loading is also associated with increases 

in collagen metabolism in mice (Suominen et al., 1980), and net collagen synthesis 

in both mice (Michna and Hartmann, 1989) and humans (Langberg et al., 2001). A 

study on the Achilles tendon in trained versus non-trained guinea fowl found that 

the trained group developed a much stiffer tendon, and the physical changes that 

led to this are suspected to occur at the cellular level, as no tendon hypertrophy 

was found (Buchanan and Marsh, 2001). A similar experiment on exercised Yucatan 

swine reported tendon stiffness, collagen content and strength density, together 

with total dry weight of the tendons to increase significantly when compared to the 

control group (Woo et al., 1980). A recent meta-analysis investigating adaptation of 

human tendon in response to loading concluded that initial changes were seen at 

the material level (Bohm et al., 2015); for example, an increase in Young’s modulus, 

with morphological changes; such as an increase in cross-sectional area being 

reported only after a long duration of increased mechanical loading. An example is 
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that seen in the human patella tendon; which increased in stiffness after 14 weeks 

of loading in an elderly cohort (Reeves et al., 2003). 

Although the effects of variables such as loading, immobilisation (Tipton et al., 

1986) and pathologies (Alfredson et al., 1998; Wang, 2006) on the microstructure of 

tendon have been studied, this chapter will focus on the gross morphology of 

tendons. The availability of great ape specimens is scarce and it is therefore not 

possible to control for variables such as age or lifestyle factors prior to death. 

Factors which affect the microstructure of tendon during life cannot be explored in 

detail; however, gross morphological studies still provide important insight into the 

role of tendon within these species groups.  

4.1.2 Tendon material properties 

The material properties of tendon have been investigated extensively with the 

intention of defining how they may differ both within, and between, species. The 

intrinsic architecture and size of a muscle directly relates to its force generating 

capacity, which in turn affects the structure of the tendon to which it is attached; 

given that tendon adapts to changes in mechanical load (Woo et al., 1980; Reeves 

et al., 2003; Bohm et al., 2015). For example, highly pennate muscles (> 20°) are 

reported to exert greater forces and speeds in the whole muscle-tendon unit (MTU) 

(Zajac, 1992), these higher forces require a stronger tendon in order to prevent 

damage during muscle contraction. This is evident from the positive correlation 

between muscle physiological cross-sectional area (PCSA) and its corresponding 

tendon cross-sectional area (CSA) (An et al., 1991). The PCSA of a muscle can be 
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used to estimate the maximum isometric force of contraction (FMAX); by multiplying 

with the suggested maximum isometric stress of vertebrate skeletal muscle; given 

as 0.3 MPa (Wells, 1965). Other detailed muscle architecture data includes muscle 

mass; further used to calculate muscle volume by dividing by muscle density of 

1.06 g cm-3 (Mendez and Keys, 1960), fascicle length, and pennation angle; all used 

to calculate muscle PCSA. A full description of muscle architectural properties, both 

measured and estimated, is given in Chapter 2 (2.5.2). 

The force applied to a tendon during normal activity varies depending upon its 

function. For example, in vivo forces in human wrist flexors during opposed 

fingertip pinching reach up to 35 N (Schuind et al., 1992). Other dexterity tasks, 

such as grasping, impose forces ranging from 23 - 80 N (Goldstein et al., 1987). 

Much higher in vivo forces, up to 9 kN, have been measured in the human Achilles 

tendon during running (Komi, 1990). This wide range of in vivo forces is likely to be 

reflected in the structure and material properties; given that tendons adapt in 

response to mechanical loading (Bohm et al., 2015). 

4.1.2.a Safety factors 

A tendon must have a sufficient safety factor to be able to withstand peak 

operating stresses without failure.  Theoretical safety factors are often calculated as 

a ratio of the maximum theoretical stress a muscle can exert, estimated using an 

FMAX value of 0.3 MPa, divided by the actual maximum stress that tendon can 

withstand before failure (failure stress). Tendon safety factors are reported to be 

high in animals where elastic energy savings do not appear to be a priority 
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(Biewener, 2008). Hindlimb dorsal flexor tendons that are not involved in 

propulsion, such as the tibialis anterior, have been reported to have high safety 

factors: 6.6 reported for the gibbon hindlimb (Channon et al., 2009) and 4 for the 

human hindlimb (Maganaris and Paul, 1999). Human wrist tendons have been 

reported to have even higher safety factors of greater than 16 (Loren and Lieber, 

1995). In contrast, tendons which are involved in elastic energy savings work very 

close to their failure rate. The patellar tendon, Achilles and tibialis posterior 

tendons in gibbon hindlimbs were reported to have safety factors of 2.2, 3.1 and 

3.1 respectively (Channon et al., 2009). The authors suggested the reasons for these 

low safety factors may be due to these tendons operating as biological springs 

during gibbon locomotion, specifically during running, leaping and bipedalism. 

Similarly, the safety factor of the gastrocnemius and tail tendons in wallabies are 

reported as low; operating close to the maximum tendon stresses (Ker et al., 2000). 

Ker et al., (2000) tested the tendons by applying forces equivalent to the FMAX their 

respective muscles could produce. The gastrocnemius tendon ruptured during 

testing before the maximum isometric stress of the gastrocnemius muscle could be 

reached, leading to a conclusion that highly compliant tendons sacrifice their 

tendon thickness, and therefore safety factor, in order to function efficiently as 

biological springs.  
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4.1.3 Types of loading 

4.1.3.a Kinematic data 

Kinematic data is can be collected by filming an animal during a particular 

behaviour, such as running, in conjunction with recording ground reaction forces 

from pressure plates. This information, together with muscle architecture data, is 

used to estimate the stresses acting on tendons. This technique has been used to 

investigate the fore- and hind-limbs in many species; horse (Biewener, 1998), 

greyhound (Jayes and Alexander, 1982), and wallaby (Biewener and Baudinette, 

1995) to name but a few.  

4.1.3.b In vivo data 

In vivo data is taken directly from internal measurements of the MTU of interest. 

Both ultrasound and magnetic resonance imaging (MRI) have been used in human 

volunteers, assessing tendon stresses in the tibialis anterior during muscle 

contractions with the leg in a neutral position (Maganaris and Paul, 1999). The 

measurements obtained from the MRI were used to estimate tendon stresses, 

which were compared to the actual ultrasound in vivo measurements taken directly 

during the study. There was good agreement between the actual and estimated 

values of 25 MPa and 30 MPa, respectively.  

Some researchers have taken a more invasive approach by directly measuring 

actual stresses within tendons by implanting force transducers (Komi, 1990; 

Schuind et al., 1992; Biewener and Baudinette, 1995; Korvick et al., 1996; Buchanan 
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and Marsh, 2001). Force transducers have been reported to be an accurate way of 

measuring forces within tendons; direct in vivo measurements of human wrist 

tendons during various tasks agreed with estimated measurements for the same 

MTUs (Schuind et al., 1992). However, measuring stresses in this way limits 

researchers to MTUs that are close to the surface, as deeper muscles would be hard 

to access using either invasive or non-invasive in vivo methods. Implanted 

transducers may also affect the natural movement and behaviour of an animal, 

which must be taken into consideration when interpreting results. 

4.1.3.c Tensile testing data 

Tendon variables can be accurately measured through tensile testing, which usually 

involves dissecting MTUs out of fresh, cadaveric material. Tendons are subjected to 

extension-relaxation tests using mechanical testing apparatus, which aims to mimic 

the normal loading cycles the tendon would experience in a living animal. 

Sometimes tendons are also tested to destruction in order to measure their 

ultimate tensile strength (UTS) and calculate their safety factors. There are many 

studies which investigate tendons in this way (Ker, 1981; Bennett et al., 1986; 

Dimery et al., 1986; Shadwick, 1990; Lieber et al., 1991). 

4.1.4 Young’s modulus 

The data collected during studies on tendon morphology and function often 

includes a measure of the stiffness of the tendon, also referred to as the Young’s 

modulus, which is the ratio of tendon stress over tendon strain and can be defined 

as: 
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Where σ is stress, defined as force exerted (F), divided by tendon cross-sectional 

area (A); and ε is strain, defined as the change in tendon length (∆L), divided by the 

original tendon length (L0). Young’s modulus (E) describes the elastic properties of 

tendon. A tendon with a high E is stiff, whereas a tendon with a low E is compliant.  

For tendon, E is given as 1.5 GPa (Bennett et al., 1986), but this has been found to 

vary greatly depending upon the tendon and species being tested (Dimery et al., 

1986; Lieber et al., 1991). When investigating E through tensile testing, a stress-

strain curve can be plotted which illustrates how much elastic energy a tendon 

stores and releases during normal cyclic loading. This can directly relate to the 

functional role of a tendon, for example in the gibbon hindlimb a higher E is 

reported for the Achilles tendon compared to the patellar tendon; 0.7 GPa and 0.3 

GPa, respectively (Vereecke and Channon, 2013). The authors conclude that the 

Achilles tendon could be an example of a biological spring, whereas for the patellar 

tendon this is unlikely. The great apes do not possess an Achilles tendon which is 

comparable to humans and gibbons (Vereecke et al., 2005); the Achilles tendon in 

great apes is very short and thick, unlike the long, thin tendon of the latter two 

groups.  

4.1.5 Role of tendons in mammals 

Considerable research has been published on the tendon properties of various 

mammalian species, including sheep (Ker, 1981), deer (Dimery et al., 1986), pig 
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(Shadwick, 1990), horse (Biewener, 1998), frog (Lieber et al., 1991), and human 

(Loren and Lieber, 1995; Maganaris and Paul, 1999), furthering our understanding 

of the role of tendons during different forms of locomotion. For cursorial 

quadrupeds, many tendons which are under load during walking act as biological 

springs; storing and releasing elastic strain energy (Ker et al., 1988). Quadrupedal 

locomotion at lower speeds can be described as a symmetrical, lateral sequence 

gait (Cartmill et al., 2002), whereas non-human primates employ diagonal sequence 

gaits, resulting in different loading of the limbs. The hindlimb tendons of cursorial 

quadrupeds may have a different functional role to their direct homologues in non-

human primates due to differences in behaviour; with non-human primates 

engaging in both terrestrial and arboreal locomotion (Cartmill et al., 2002). These 

differences in locomotion and environment may result in different tendon 

properties in non-human primates which may or may not have elastic energy saving 

properties. 

In mammals, some tendons are better at storing elastic strain energy than others 

and most work at steady loading behaviours, rather than sudden, high impact 

loading. There are high incidences of metabolic energy savings in cursorial 

quadrupeds, for example, an investigation into the morphology of the MTUs of the 

horse, via ground reaction forces and kinematic data collection for a range of 

locomotor behaviours, found certain horse forelimb and hindlimb tendons to act as 

biological springs (Biewener, 1998). These tendons were estimated to return up to 

40% in elastic energy savings during locomotion, with the highest energy savings 

achieved during a steady loading gait; a slow trot. Other studies have investigated 
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the properties of quadruped tendons post-mortem. For example, the role of the 

plantaris tendon in sheep was investigated using a rig which oscillated the tendons 

at a force and frequency similar to what they may experience during a fast gait (Ker, 

1981). Findings showed low energy dissipation, of about 7%, and E to be 1.65 GPa. 

Ker hypothesised that this tendon would save energy during faster gaits in sheep. In 

a similar study, forelimb digital flexor and extensor tendons were removed from 

mature pigs and tested using mechanical apparatus (Shadwick, 1990). Significant 

differences were found between these two functional groups, with the flexor 

tendons having an energy dissipation of 7%, compared to the extensors of 19%, and 

E of 1.8 GPa, compared to 0.7 GPa. These results clearly indicate that the flexor 

tendons are much better designed to function as elastic energy stores during 

locomotion, playing a much more prominent role than that of the extensors.  

Results from tendon testing do not always relate well to the functional role of the 

tendon. A post-mortem study on frog semitendinosus tendon found E to be only 0.2 

GPa, suggesting a highly compliant tendon (Lieber et al., 1991). To further support 

this, the group found the tendon to operate primarily in the ‘toe’ region, at strains 

of about 2%. It was hypothesised that it could serve as an energy store, however 

this particular tendon is short in the frog and so may not function as a biological 

spring.  

Data presented from these studies show that differences exist across different 

tendons and species, with data from tensile testing giving an indication as to the 

functional role tendons have within an individual.  
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4.1.6 Primates - a comparative approach 

Little work has been conducted into the material properties of tendinous structures 

from non-human primates, with current published studies limited to monkeys and 

lesser apes (to the best of the author’s knowledge). One such study estimated the 

stresses in various MTUs of two macaques and a vervet monkey (Ker et al., 1988). 

Ker recorded much lower stresses in the monkey hindlimb tendons compared to 

tendon homologues in some cursorial mammals and humans; for example the 

highest stresses recorded were in the gastrocnemius MTU at 22 MPa, which were 

low, compared to the human equivalent recordings of 67 MPa. These lower stresses 

in the tendons do not necessarily rule out their role as biological springs, but 

perhaps reflect a greater emphasis on a diverse functional role (Ker et al., 1988); 

non-human primates engage in both arboreal and terrestrial activities, therefore 

force generation, energy recovery and enhanced dexterity must be balanced. A 

more recent study investigated the material properties of the patellar and Achilles 

tendons in gibbons (Vereecke and Channon, 2013). The authors found the tendons 

to be very different; with the Achilles tendon having properties which would allow 

it to act as a biological spring similar to that seen in humans. This study has 

furthered our understanding of gibbon locomotion and has provided a platform for 

future studies. The studies published thus far are limited to the lesser apes and 

monkeys; both of which are highly arboreal and the former additionally engages in 

specialised behaviours; such as leaping and bipedalism (Fleagle et al., 1999; 

Vereecke and Channon, 2013). Great apes are larger in body size and engage in 
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different behaviours (Fleagle et al., 1999), therefore they need to be studied 

independently in order to draw conclusions between form and function. 

A greater number of studies have been published focussing on human tendon 

biomechanics. These studies are useful as humans are the closest extant relatives to 

the great apes. In addition, given the dexterity of the great ape hindlimb, data from 

human forelimbs can be useful as a comparison. Cadaveric studies of human 

forelimbs have shown low to mid-range E values in the flexor and extensor tendons 

of the wrist, ranging from approximately 0.5 GPa to 1 GPa (Loren and Lieber, 1995). 

Cadaveric hindlimb studies of humans are also useful in the context of comparison 

with non-human primate data. The E value of the tibialis anterior tendon in humans 

was reported to be 1.2 GPa at maximum isometric load (FMAX) (Maganaris and Paul, 

1999). The human quadriceps tendon and patellar ligament have upper range E 

values of approximately 0.5 GPa and 0.9 GPa, respectively (Staubli et al., 1999).  

The generally accepted value of E for mammalian tendon is 1.5 GPa (Bennett et al., 

1986). For species in which MTUs have diverse functional roles, such as great apes, 

this value may not be representative.  

4.2 Aims 

Great ape behaviour varies between species which may be reflected in their 

individual morphology and biomechanics. The gorilla as the most terrestrial of the 

group could have adaptations which include tendons which are stiff and capable of 

elastic energy savings. The orangutan as the most arboreal great ape would be 
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expected to have tendons which are more compliant, allowing for a greater range 

of movement. Additionally, the great apes locomotor behaviour is very differently 

to cursorial quadrupeds, therefore tendon material properties would be expected 

to differ. Great ape tendons may be more compliant, perhaps due to the complex 

environmental niche in which muscle-tendon units would be required for both 

power and dexterity functions.  

4.3 Objectives 

Architectural data will be collected for the muscle corresponding to each tendon, 

which will be used to establish locomotor profiles for each muscle-tendon unit 

(MTU) studied. The architectural data of each muscle and tendon studied will also 

be used to obtain estimates of tendon stress and strain, which will be compared to 

experimental data. The relationship between tendon cross-sectional area (CSA) and 

both muscle physiological cross-sectional area (PCSA), and estimated physiological 

strain, will be analysed statistically. The tendons will be mechanically tested using 

an Instron apparatus at a frequency which simulates normal cyclic loading occurring 

during steady-paced terrestrial walking. The tendons will be tested to destruction, 

measuring their ultimate tensile strength (UTS) and the results further used to 

calculate safety factors where the UTS testing yielded tendon failure. By further 

analysing the stress-strain curves generated by investigating the E, tendon 

dissipation, also given as percentage loss, will also be estimated.  
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4.4 Methods 

The cadavers for this study were acquired with the help of Dr Andrew Kitchener, 

with further support from Dr Susannah Thorpe, Mr Russell Savage and Professor 

Robin Crompton. Preparation and dissection of the lower limbs from whole great 

ape cadavers was conducted with the help of Dr Mary Blanchard, Dr Julia Myatt, Dr 

Anthony Channon and Dr Sam Coward. Material testing was conducted with the 

help of Dr Carol Hercock and Dr Iain Young. 

4.4.1 Specimens and sample selection 

Individuals from each of the four species were used in the study; Pongo pygmaeus, 

Pan troglodytes, Pan paniscus and Gorilla gorilla. In total, seven individuals were 

obtained from a range of zoos within Europe. All had no known pathology adversely 

affecting the hindlimb or any known diabetes mellitus; which could affect foot 

morphology. All had undergone post-mortem examinations and were then frozen 

at -20°C, and were received at our lab in this frozen state. Individuals were stored at 

-20°C prior to dissection and all specimens were fresh-frozen as opposed to fixed 

material. Further information on the individuals is given in Table 4.1. 

Species Age (years) Sex Mass (kg) Referred to as 

Pongo pygmaeus 45 Female 54 O1 

Pan paniscus 17 Female 37.73 B1 

Pan troglodytes 22 Male 69.5 C4 

Pan troglodytes 41 Male 62 C5 

Gorilla gorilla 18 Male 152 G2 
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Gorilla gorilla 21 Male 170 G3 

Gorilla gorilla 47 Female 72 G4 

Table 4.1. Great ape specimen information. Whole animal masses were provided by the 
zoos. 

A total of four different tendons were tested from across the four different great 

ape species, with tendon sample information presented in Table 4.2. Where 

available, both the right and left hindlimb muscle-tendon units (MTUs) were 

dissected out and both left and right tendons tested. In these cases, the average of 

the two is presented, with raw data for each tendon present in the appendices 

(Appendix VI), where appropriate.  

The tendons were chosen to represent a range of different functions; tibialis 

posterior forms a large, powerful locomotor MTU, the tibialis anterior MTU 

contributes to locomotion and balance, the peroneus longus MTU aides balance 

and also contributes towards hallux dexterity, and the extensor hallucis longus MTU 

has primarily a dextrous role. This choice of tendons allows comparisons to be 

made between core locomotor muscles and fine motor control muscles, together 

with some muscles which serve a dual purpose. All tendons chosen are of uniform 

design; none divide into slips, and of an appropriate length (at least 5 cm) for the 

chosen method of investigation. Tendons that are very short are difficult to mount 

into the Instron apparatus grips. All MTUs chosen would be active to some degree 

during locomotion, and so would be good candidates for extension-relaxation 

oscillation testing at an appropriate frequency to simulate a normal terrestrial gait.  
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Tendon 
Number of tendons from each species 

Orangutan Bonobo Chimpanzee Gorilla 

Tibialis posterior 1 1 2 3 

Tibialis anterior - 1 2 2 

Extensor hallucis longus 1 1 2 2 

Peroneus longus 1 1 2 3 

Table 4.2. Tendon sample information. A dash (-) denotes no sample present from this 
species. 

4.4.2 Dissection and architectural data 

The MTUs were dissected out and measurements of muscle and tendon 

architecture were taken; muscle mass, belly length, fascicle length, pennation 

angle, tendon mass, tendon length and tendon width. For a detailed description of 

the dissection process and architectural data recorded see Chapter 2. The chosen 

tendons were removed in their entirety from the cadaveric specimens and were 

sealed in airtight wrapping immediately upon removal to prevent drying out.  These 

were immediately re-frozen at -20°C until they were required for further testing. 

The architectural data for the MTUs was either taken directly, where applicable, or 

calculated using accepted equations presented in a range of other literature, these 

are summarised below. Tendon cross sectional area (A) was calculated as follows: 

 

l

m
A


  (4.2) 

Where m is tendon mass, ρ is the density of tendon which is assumed to be 

1.12 g cm-3 (Ker, 1981), and l is the tendon length. Muscle volume was calculated by 

dividing muscle mass by muscle density, assuming muscle density to be 1.060 g cm-3 
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(Mendez and Keys, 1960). Muscle physiological cross sectional area (PCSA) was 

calculated taking into account muscle pennation angle, see Chapter 2 (2.4.3) for 

further information.  
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4.4.3 Estimated stress and strain 

Estimates of both the tensile stress and strain were obtained to provide 

comparisons to measured values. The estimated tensile stress of tendon (σest) was 

calculated as follows: 

 

A

IA MAXP

est


  (4.3) 

where AP is PCSA, A is tendon CSA, and IMAX is the maximum isometric force of 

contraction of vertebrate skeletal muscle; given as 0.3 MPa (Wells, 1965; Jayes and 

Alexander, 1982). The estimated strain (εest) was calculated as follows: 

 

E

est
est


   (4.4) 

where E is the Young’s modulus of tendon; normally given as 1.5 GPa (Bennett et 

al., 1986).  

4.4.4 Correlations 

Muscle architecture data were also used to investigate the relationship between 

tendon cross-sectional area (CSA) and two variables; muscle PCSA and estimated 

physiological strain. The data were plotted and analysed using the Pearson product-

moment correlation coefficient. 

4.4.5 Sample preparation 

Approximately 28 hours before testing the tendons were defrosted and prepared. 

This began by selecting a uniform, middle section of each tendon with a minimum 
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length of 30 mm. This section was carefully wrapped with damp blue roll and sealed 

with cling film, whilst the ends were left exposed to dry out in a refrigerator at 

approximately 4°C for 24 hours.  

4.4.6 Young’s modulus and UTS 

The tendons were tested in an Instron (Electropuls E3000) machine, using manual, 

mechanical wedge-action grips. The length of tendon to be tested was measured 

once the specimen was in the clamps, to the nearest millimetre. Three sets of cyclic 

tests (20 cycles each) were performed at 1 Hz, extending each tendon by 2, 4 and 

6% of the original test length. These extensions were chosen as they encompass the 

range of physiological strains thought to occur naturally, with tendons regularly 

experiencing strains of less than 2 - 3%, rising to 3 - 5% for more strenuous activities 

(Biewener, 2008). The frequency of 1 Hz was determined by studying videos of 

great apes walking terrestrially (ZooVisitorMM, 2009, September 21; Larson, 2010, 

January 17; Salgado, 2014, September 2). Great apes have a diverse repertoire of 

behaviour which presents some difficulty when determining loading frequencies. 

Terrestrial behaviour was chosen as it involves loading of the hindlimb in regular, 

repeated oscillations. 

The 10th cycle of each test was used for analysis. The frequency of 1 Hz was chosen 

as it approximates a realistic speed at which the tendons could be loaded in vivo, 

during a non-specific, regular, terrestrial gait. The tendons were then tested to their 

ultimate tensile strength (UTS) until they either slipped from the clamps or 

snapped. This protocol is well established and has been adapted from previously 
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published methodology for investigating mammalian tendon properties (Ker, 1981; 

Smith et al., 1996).  

Once the tensile tests were completed, the 10th cycle of every test was analysed 

using a custom Python library (O'Mahony, 2012) and IBM SPSS Statistics 22. The 

linear region on each curve was selected and the slope of this region yielded the 

tangent Young’s modulus. The linear regions were 0.5 - 1.5%, 1.0 - 2.9% and 

2.9 - 3.9%, for 2, 4 & 6% strain cycles, respectively. These values were chosen as 

they represent a shared linear region across all samples, allowing comparisons of E 

at the same test region in the different tendons. All statistical tests were performed 

using ANOVA, with posthoc analysis using Tukey’s range test, if statistical 

significance was found.  

4.5 Results 

4.5.1 Architectural data 

A summary of architectural data collected during dissection is presented in 

Appendix VII. This data has been previously presented in Chapter 2. All 

muscle-tendon units (MTUs) dissected followed a normal pattern of anatomy as 

previously described (Swindler and Wood, 1973; Diogo, 2011), with abductor 

hallucis longus being present as a division of tibialis anterior, and the tendon being 

tested was that of the latter muscle which inserted upon the medial cuneiform.  
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4.5.2 Estimated stress and strain 

Estimates of stress and strain were obtained using muscle and tendon architectural 

data previously presented in Chapter 2. These are presented in Figure 4.2, with data 

values presented in Appendix VIII. The estimated stress values differed across the 

tendons, with tibialis posterior (TP) having a greater estimated stress than tibialis 

anterior (TA) and extensor hallucis longus (EHL) (p ≤ 0.01), and peroneus longus (PL) 

having a greater estimated stress than EHL (p ≤ 0.01). This correlates well with 

tendon CSA differences, TP having a significantly larger CSA than PL, TA & EHL 

(p ≤ 0.01), and PL & TA being significantly larger than EHL (p ≤ 0.03).  

When corresponding strain values were compared, it was found that EHL had the 

lowest corresponding strain than the other three tendons (p ≤ 0.01). The 

corresponding strain for chimpanzee TP was extrapolated from the linear region of 

the stress-strain curve, and represented the greatest strain across all tendons and 

species tested. 
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Figure 4.2. Average values of the estimated, maximum tendon stress as calculated from muscle architectural data. Corresponding estimated strain was 

calculated using 1.5 GPa as the Young’s modulus of tendon, and actual strain calculated using values of Young’s modulus as recorded during tendon 

testing. All values presented are ± standard deviation (SD) where applicable.  
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Tendon stresses recorded during cyclic testing were compared to estimated 

stresses to see if values were in agreement. Table 4.3 highlights the range of 

stresses recorded during the experiment, from low stresses at 0.5% strain to the 

maximum, peak stresses recorded at nearly 6% strain. Most of the estimated 

tendon stresses (see Figure 4.2 and Table 4.3) are lower than the maximum stresses 

measured during the mechanical tests. There is only one estimated stress value 

which exceeds that of the experimental value, and that was the chimpanzee TP; 

with an estimated maximum stress of 19.08 ± 3.47, compared to an experimental 

maximum stress of 10.63 ± 2.36 (both in MPa). The actual strain of the chimpanzee 

TP tendon calculated during materials testing, as outlined in Figure 4.2, exceeded 

8% and as our tendons were only strained to 6%, it is possible that the full potential 

of tendon stress was not reached. 
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Species n 
Stress (MPa) at 0.05 strain in the 2% cycle ± SD 

Extensor hallucis longus Peroneus longus Tibialis anterior Tibialis posterior 

Orangutan 1 - 3.26 - 1.89 

Bonobo 1 8.39 1.87 1.33 1.58 

Chimpanzee 2 4.86 ± 1.45 2.33 ± 0.36 2.26 ± 0.58 1.06 ± 0.31 

Gorilla 3 2.80 ± 0.86 1.43 ± 0.36 1.15 ± 1.05 1.12 ± 0.55 

      

Species n 
Maximum, peak stress (MPa) in the 6% cycle ± SD 

Extensor hallucis longus Peroneus longus Tibialis anterior Tibialis posterior 

Orangutan 1 - 25.34 - 19.86 

Bonobo 1 43.93 19.51 18.87 18.83 

Chimpanzee 2 31.72 ± 6.15 20.85 ± 1.93 25.29 ± 6.32 10.63 ± 2.36 

Gorilla 3 18.58 ± 6.77 15.85 ± 4.79 13.55 ± 4.73 19.86 ± 7.46 

Table 4.3. Average range of stresses for each species. Recorded from 0.05 strain in the 2% cycle, and the maximum, peak stress in the 6% cycle. All values 
presented are ± standard deviation (SD) where applicable. 
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4.5.3 Correlations 

Using a larger data set (see Chapter 2) mean tendon CSA for each species was 

plotted against mean estimated physiological strain (see Figure 4.3). Significant 

positive correlation was found between the two using Pearson correlation 

(p < 0.01, r = 0.519). Mean muscle PCSA was also plotted against mean tendon CSA 

(see Figure 4.4), displaying positive correlation (p < 0.01, r = 0.781).  

 

 

Figure 4.3. Species averages of tendon cross-sectional areas (CSA) in mm2 plotted against 
average estimated strains (%). 
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Figure 4.4. Species averages of tendon cross-sectional areas (CSA) in mm2 plotted against 
average muscle physiological cross-sectional area (PCSA) mm2. 

 

4.5.4 Young’s modulus 

All cyclic tests performed were successful, with the exception of the extensor 

hallucis longus tendon from the orangutan, which underwent tendon fracture 

(destruction) during the 6% cycle. All cycles displayed a normal shape, with an initial 

‘toe’ region followed by a linear section, before the return loop. Tangent Young’s 

moduli calculated from each test are presented in Table 4.4, with Figure 4.5 

displaying typical hysteresis loops for all four tendons, with a tangent Young’s 

modulus present. 



 

 

1
5

8 

 

Specimen Tibialis anterior Tibialis posterior Extensor hallucis longus Peroneus longus 

2% 4% 6% 2% 4% 6% 2% 4% 6% 2% 4% 6% 

O1 - - - 0.32 0.38 0.44 0.51 0.50 - 0.47 0.53 0.56 

B1 0.27 0.39 0.47 0.32 0.40 0.47 0.69 0.72 0.73 0.25 0.34 0.43 

C4 0.36 0.57 0.71 0.15 0.23 0.31 0.61 0.63 0.63 0.29 0.37 0.42 

C5 0.41 0.52 0.56 0.05 0.14 0.21 0.38 0.46 0.49 0.31 0.37 0.44 

G2 - - - 0.49 0.51 0.57 0.32 0.34 0.25 0.33 0.41 0.49 

G3 0.09 0.28 0.34 0.17 0.21 0.34 0.41 0.44 0.47 0.20 0.23 0.26 

G4 0.27 0.34 0.43 0.12 0.15 0.21 0.27 0.32 0.35 0.27 0.36 0.43 

Table 4.4. Young’s modulus calculated by linear fit to regions on hysteresis loops at 2, 4 & 6% strain. Values of Young’s modulus are given in GPa, 
a (-) denotes insufficient data or data not available. Legend for specimen identification: O = orangutan, B = bonobo, C = chimpanzee, G = gorilla.
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Tangent Young’s modulus was calculated for each tendon from the stress-strain 

curves generated from testing. Linear regions for each differing strain test of 2, 4 & 

6% were chosen, they were 0.005 - 0.015, 0.01 - 0.029 and 0.025 - 0.039, 

respectively. These parameters were chosen as it allowed comparisons of Young’s 

modulus (E), as well as corresponding stress values, between tendons and species 

at the same strains. These regions were also selected as they represent a steep, 

linear portion of the gradient for all tendons tested. 

The values of tangent Young’s modulus did not differ significantly between 2, 4 & 

6% cycles for each individual tendon, except for tibialis anterior, where the E value 

for 2% strain was significantly smaller than that at the 6% cycle (p ≤ 0.05). Some 

differences were found when comparing E between the tendons. At the 2% cycle 

the value of E for EHL was significantly greater than that of TA, TP & PL (p ≤ 0.05), 

and at the 4% cycle EHL was greater than TP & PL (p ≤ 0.05). No significant 

differences between tendons were found at the 6% cycle.  

In Figure 4.5 it is quite clear that EHL has a shorter ‘toe’ region than the other 

tendons, the actual intercept values on the x-axis are -0.004 for EHL, 

and -0.001, -0.001 and -0.002 for TA, TP and PL, respectively.  
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Figure 4.5. Tangent Young’s modulus for all four tendons at the 2% cycle for specimen C4, right hand side. 
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For all tendons, the values of the tangent Young’s moduli generated from the cyclic 

testing were much lower than the E value for tendon, given as 1.5 GPa. All 

experimental values fell below 1.5 GPa, as shown in Figure 4.6. In addition, this 

disparity was highlighted further when calculating estimated strains, using 1.5 GPa, 

see equation (4.4). These estimated strains were also considerably lower than those 

calculated when using the tangent Young’s modulus recorded from this study, as 

would be expected.  

In Figure 4.7 strains from flexor and extensor muscles, PL and EHL respectively, 

were compared to published data (Ker et al., 1988) for digital extensors and flexors 

in other primates. When plotting strains using E of 1.5 GPa, the data from the 

present study fell within the boundaries of published data, specifically falling 

between humans and vervet monkeys. However, the strains plotted using the 

tangent Young’s modulus are much greater, as denoted by the red squares in the 

figure. 
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Figure 4.6. Average values for tangent Young’s modulus, as taken from hysteresis data. 
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Figure 4.7. Estimated tendon strains for (a) PL & (b) EHL as calculated using the Young’s 
modulus of 1.5 GPa and Young’s modulus as recorded during tendon testing. Estimated 

strains were calculated using E from this study (squares) and using E of 1.5 GPa (diamonds). 
Estimated strains from published data (Ker et al., 1988) for primate hindlimb digital flexors 

and extensors were calculated using 1.5 GPa and are marked on the graphs (Human, 
macaque and vervet monkey). 
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4.5.5 Safety factors and UTS 

All tendons were subjected to UTS testing. Those that were successfully tested to 

destruction were all EHL and PL tendons. Safety factors were calculated and are 

presented in Table 4.5. Safety factors for EHL were high, with similar values for 

chimpanzees, gorillas and bonobo. Those for PL were lower, which may suggest 

that this tendon has a role in energy storage and return, operating close to its 

fracture stress.  

Specimen Tendon 
Force to break 

tendon (MPa) 
Safety factor 

B1L PL 45 3 

O1R PL 40 4.3 

G3R EHL 54.5 12 

B1R EHL 83 14.4 

C4L EHL 87.5 10.4 

C5R EHL 62.5 10.1 

Table 4.5. Ultimate tensile strength (UTS) and safety factors for extensor hallucis longus 
(EHL) and peroneus longus (PL) tendons. Legend for muscle abbreviations: PL = peroneus 

longus, EHL = extensor hallucis longus. For specimen identification legend, see Table 4.4. 

4.5.6 Percentage energy dissipation 

There were no significant differences recorded in percentage energy dissipation 

between the 2, 4 & 6% cycles for each individual tendon. There were, however, 

differences between the tendons, with a similar pattern across the species. 

Averages of percentage energy dissipation for each species are presented in Table 

4.6. Analysis of the results showed EHL and PL to both have significantly less energy 

loss in their hysteresis cycles, and therefore more energy return, than TA and TP 

(p ≤ 0.01).  
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Species Energy dissipation (%) 

EHL PL TA TP 

O 15.7 14.3 - 16.7 

B 15.4 17.3 22.5 20.8 

C 18.6 16.8 19.1 22.7 

G 18.6 17.5 25.4 20.7 

Table 4.6. Average values of percentage energy dissipation for each muscle across the 
different species. Legend for muscle abbreviations EHL = extensor hallucis longus, PL = peroneus 

longus, TA = tibialis anterior, TP = tibialis posterior. For specimen identification legend, see Table 
4.4. 

4.6 Discussion 

4.6.1 Estimated stress and strain 

In chimpanzees, bonobo & gorillas, the lowest estimated tendon stresses and 

strains were in EHL (all < 7 MPa and < 2%, respectively), whilst the largest were 

found in TP (all > 11 MPa and > 5%, respectively). For the orangutan, the order from 

greatest estimated stresses and strains to lowest was PL > TP > EHL > TA, and with 

the exception of TA the estimated stresses for the tendons range from 4 – 9 MPa. 

Orangutans have a greater degree of arboreality than other great apes (Thorpe and 

Crompton, 2006). The differences in the order of tendons and the predicted close 

range of stresses could be due to the locomotor demands of the arboreal 

environment; PL and EHL evert and invert the foot and would be activated during 

typical orangutan arboreal locomotion involving the hindlimb; such as vertical 

climbing, orthograde clamber, pronograde suspension and tree swaying (Cant, 

1987). The TP and TA MTUs assist with placement of hindlimbs onto branches 

(Zihlman et al., 2011); thus the functional role of these hindlimb MTUs differs to 

that of a terrestrial locomotion.  
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There is further support of differing locomotor behaviour and functional demands 

of the orangutan compared to other great apes. A study into the apparent density 

of the calcaneal bone in primates found that orangutans had low values, average 

10%, compared to more quadrupedal species (Nowak et al., 2010). The lower bone 

density suggests an absence of high weight-bearing loading, which is indicative of a 

suspensory lifestyle where body mass is supported across all four limbs. A recent 

study investigating differences in muscle architecture between the gorilla and 

orangutan concluded the orangutan to have specialised adaptations for an arboreal 

lifestyle; such as greater joint mobility and an increase in foot length and intrinsic 

muscle mass (Zihlman et al., 2011). Thus, observed morphological differences in the 

orangutan hindlimb, compared to other great apes, represent a different functional 

role of the MTUs which are adapted to an almost obligate arboreal lifestyle; with 

orangutans rarely leaving the canopy.  

For all species, the tendons TA, EHL and PL recorded larger stresses during the 6% 

cycle than was estimated from the architectural data. The TP tendon showed the 

reverse, in all but two tendons the estimated stress exceeded the actual stress 

recorded at the 6% cycle, therefore the forces applied to the tendon during the 

cycle did not reach the maximum force that could be applied by the muscle. A UTS 

test would further outline the properties of this tendon; however there were no 

successful UTS tests for the TP tendon samples as all slipped in the clamps before 

they reached destruction. Thicker tendons; such as the TP tendons, present 

problems when clamping; their ends splay more in the clamps (Bennett et al., 1986) 
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and they are liable to slip. Changes in clamp design; such as freezing the tendons in 

the grips, may improve testing for thicker tendons (Bennett et al., 1986).   

For all tendons, the estimated strain values calculated using the E of 1.5 GPa were 

lower than those calculated using E recorded from tensile testing. The highest 

estimated strain was that of the chimpanzee TP tendon at > 8%. Normal 

physiological strains are recorded to fall between 2 - 4%, which is considerably 

lower than 8%. This data could suggest that the TP tendon may have an energy 

saving role in great apes; as the more a tendon is able to stretch the greater its 

capacity for energy storage. In humans, the TP helps to maintain the medial 

longitudinal arch of the foot (Ness et al., 2008) and is active during the mid-stance 

phase of gait (Rattanaprasert et al., 1999), if the TP MTU were to contribute to 

energy saving it would likely be during bipedal locomotion. However, the great apes 

lack a medial longitudinal arch therefore the functional role of the TP MTU would 

differ to that of humans.  

Another explanation for the large estimated strain value of the TP tendon in great 

apes could be due to the tendon thickness. Given the tendon dimensions, it is 

unlikely to operate fully as a biological spring, but may actually be a good example 

of a tendon with a multifunctional role. As a hindlimb foot flexor, it may function as 

an impact absorber during high energy locomotor bouts or during a landing from a 

jump or fall, all of which may result in large momentary tendon strains. The 

thickness of the tendon would help to prevent damage during sudden, high loading 

impacts. 
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4.6.2 Correlations 

The muscle architecture data used for this tendon study is part of a larger dataset, 

which is discussed in detail in Chapter 2, only the relevant contributions of the 

dataset towards this project will be discussed here.  

There were positive correlations between muscle PCSA and tendon CSA, and 

physiological strain and tendon CSA (see Figure 4.3 and Figure 4.4). A previous 

study reported a similar relationship between muscle PCSA and tendon CSA in a 

cadaveric human specimen (An et al., 1991), reporting the regression coefficient to 

be 0.91. The findings of the correlations in the current study suggest that tendon 

thickness in great apes increases with increasing muscle force and physiological 

strain; tendons with a greater CSA may have the capacity to strain more than their 

thinner counterparts.  

Tendon thickness and how this relates to a MTUs biomechanical function has been 

debated considerably in the literature. An early paper suggested that thicker 

tendons protect against increased strain in MTUs which generate high forces (Ker et 

al., 1988), suggesting that thinner tendons would strain to a greater extent. 

Another study disagreed with this suggestion, finding increased physiological strain 

was present in larger tendons in the human wrist (Loren and Lieber, 1995), agreeing 

with the findings in this tendon study. A further theory in the current literature 

proposes that thinner tendons strain more whilst operating close to their safety 

factor in order to effectively store and release elastic strain energy (Biewener and 

Roberts, 2000; Alexander, 2002). This theory is based upon the evidence that some 
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MTUs from certain cursorial quadrupeds; such as horses, dogs (Biewener and 

Roberts, 2000) and deer (Dimery et al., 1986), as well as the gastrocnemius from 

humans (Biewener and Roberts, 2000), have very short-fascicled muscles. The short 

fascicles limit the amount of strain that a tendon can undergo, thus a tendon 

operating close to its safety factor is optimally designed for elastic energy savings 

without actually being at risk of damage. This design yields excellent energy savings, 

however, it compromises positional control (Alexander, 2002), thus other MTUs are 

likely recruited into this functional role (Biewener and Roberts, 2000). Animals 

which require a more complicated use of their limbs; such as non-human primates 

engaging in arboreal habitats, have a greater need for positional control and thus 

longer fascicled MTUs (Alexander, 2002). Furthermore, increased tendon thickness 

is thought to enhance positional control (Biewener, 2008), which is an opposing 

function to that of a tendon which acts as biological spring. 

The great apes from this study showed positive correlations between their tendon 

thickness and muscle force, as well as physiological strain. This may reflect the 

complicated functional requirements of the lower limb tendons and an adaptation 

towards balancing positional control with normal physiological loading during 

locomotion, and finally sudden, high impact loading initiated by a fall from an 

arboreal substrate. Given the diverse functional repertoire seen in these 

individuals, the increased tendon thickness could be unique to great ape species 

where power and energy saving mechanisms are not as important as positional 

control and foot dexterity. A study investigating the presence of an allometric 

relationship between body mass and tendon properties found tendon length and 
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CSA to scale isometrically and allometrically, respectively, to body mass in twenty 

six species (Pollock and Shadwick, 1994a). However, this study only included one 

partly arboreal species; the grey squirrel (Sciurus carolinensis), and did not include 

any primates, therefore the results may not be applicable to species that are not 

cursorial quadrupeds. To further test this hypothesis, great ape data from the 

current study was plotted and the scaling equations for tendon length and CSA 

added as a trendline, presented in Figure 4.8. It is clear that the great ape data lie 

outside of the confidence intervals for tendon length, with tendon CSA having only 

two overlapping data points. Furthermore, estimating the tendon variables from 

great ape body mass, using the scaling equations, results in values very different 

from those obtained during dissection. For example; the predicted values of tendon 

length and CSA for the female gorilla were 273 mm and 54 mm2, respectively, 

whereas the actual measured values were 40 mm and 78 mm2, respectively. This 

analysis suggests that great apes should not be grouped with other quadrupedal 

mammals, but should be treated as a morphologically unique group. 

There is further supporting evidence that great apes represent a unique 

morphological group in a study of the triceps surae muscle group; gastrocnemius, 

soleus and plantaris, across a range of primates (Hanna and Schmitt, 2011). The 

authors conclude that great apes and lorisines; both of which engage in vertical 

climbing, have longer muscle fascicles and a larger muscle-tendon ratio than other 

species, which is further supported by the tendon data from the current study. The 

short tendons of the triceps surae suggest a greater emphasis on range of 

movement, dexterity and positional control in great apes and lorisines.  
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Figure 4.8. Gastrocnemius tendon data for great apes plotted against body mass. 
Trendline and confidence intervals plotted from published scaling exponents (Pollock and 

Shadwick, 1994a). 

4.6.3 Young’s modulus 

The tangent Young’s modulus, shown in Figure 4.1, was deduced by extrapolating 

the linear portion of the stress-strain curve generated during tendon testing. For 

the great ape tendons tested, all values of E were lower than that of the given E of 

tendon, taken to be 1.5 GPa (Bennett et al., 1986). The highest values of E recorded 

in this tendon study were from EHL, with some samples reaching approximately 

0.7 GPa. These low values of E indicate that the four tendons tested are compliant 

within the great apes included in this study, perhaps reflecting the need for 

diversity in their functional role, as opposed to an emphasis on energy saving 
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mechanisms. Great apes may not fall within the normal E range for mammals. 

When compared to published data (Ker et al., 1988), the estimated strains for EHL 

and PL tendons, using the value of E from this current study, fell quite far outside of 

the range given for macaques and vervet monkeys (see Figure 4.7). This could 

suggest that 1.5 GPa is perhaps an overestimate of E for species with diverse 

behaviour and habitats.  

The value of 1.5 GPa for the E of tendon seems to be suitable for cursorial 

quadrupeds who specialise in one or two different locomotor behaviours, and 

where energy saving would be highly beneficial. For example, the E has been 

reported as high in a range of mammalian hindlimb tendons where energy saving 

mechanisms may be important; 1.1 – 2.0 GPa in wallaby, roe deer, fallow deer and 

sheep (Bennett et al., 1986), 1.2 GPa in humans (Maganaris and Paul, 1999), 

1.6 GPa in pigs (Shadwick, 1990), and an average of 1.24 GPa for a large sample, 

including a range of cursorial mammals (n = 18) (Pollock and Shadwick, 1994b). This 

agreement across published literature for the higher value of E within cursorial 

species further highlights how low the values are from the great apes investigated 

in this current study. 

The four tendons from this study differed in their E, more so at lower strains. EHL 

was the stiffest tendon at 2% (p ≤ 0.05), but there were no significant differences 

between the tendons at 6%. The resultant stress-strain curve for EHL at 2% had a 

shorter ‘toe’ region (see Figure 4.5). These data suggest that EHL could have a 

different micro-structure to the other tendons; such as a lower crimp angle. 

Decreased crimp angle has been reported to be associated with a shorter ‘toe’ 
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region, together with a greater propensity for tendon failure, compared to tendons 

with a larger crimp angle (Wilmink et al., 1992). Additionally, it has been reported 

that thick collagen fibres and large crimp angles are associated with tendons 

involved in heavy mechanical loading, whereas thinner fibres and lower crimp 

angles are associated with tendons that not only experience lower loads, but 

function in a specialised way (Jarvinen et al., 2004). This theory supports data from 

the current study; as EHL represents a tendon associated with specialised, dexterity 

tasks. 

The tendons tested in the current study all showed fairly high percentage energy 

losses during cyclic testing, some upward of 20%. EHL and PL had significantly lower 

energy dissipations than TA and TP, suggesting that these tendons are more 

effective in storing and returning energy. This is perhaps not surprising as these 

tendons are both long and thin, which probably makes them better at elastic 

energy storage than their shorter, thicker counterparts (Biewener, 2008). The 

energy dissipation recorded in this study differs somewhat from averages reported 

in the literature, averages ranging from 6 - 11% for tendons thought to be involved 

in elastic energy storage (Bennett et al., 1986; Shadwick, 1990; Pollock and 

Shadwick, 1994b). This does not necessarily mean that the tendons do not return 

stored elastic strain energy, but it may be indicative of necessary priority in great 

apes; energy saving mechanisms versus other functions. Non-human primates can 

be categorised as a functionally diverse group, with specialisations in varying types 

of behaviours across both arboreal and terrestrial substrates. This requires a more 

diverse locomotor repertoire than purely terrestrial quadrupeds. The potential of 
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rapidly changing substrates has perhaps lead non-human primates to evolve 

compliant tendons, which would be less likely to suffer damage upon sudden, 

unexpected activation and extension of MTUs. For example, the action an individual 

may take when footing is lost whilst in a tree could result in sudden and unexpected 

impacts of MTUs as the animal tries to prevent a fall. In this respect, perhaps 

reducing the risk of injury by increasing tendon compliance is more functionally 

important than developing a high energy return system.  

In contrast, humans have evolved a highly specialised Achilles tendon, which has 

adapted to store and release energy during locomotion (Bramble and Lieberman, 

2004), together with other structures; such as the arch of the foot (Ker et al., 1987). 

However, humans are also capable of employing a vast range of locomotor 

behaviours without injury. Therefore, it could be suggested that humans have some 

highly compliant tendons present within the lower limbs, amongst those used in 

energy saving. Further study into the general biomechanics of great ape lower limb 

tendons would be needed to support the theory that diverse locomotor behaviour 

and environmental niche drive adaptation towards highly compliant tendons with a 

low E, thus supporting a diversity of functions and minimising injury risk in great 

apes.  

4.6.4 Safety factors and UTS 

Successful UTS tests were performed on two PL samples and four EHL samples. The 

remaining tendons did not successfully fracture, possibly due to a combination of 

factors; the tendons being quite thick and the problem of wet, tendon samples 
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slipping in the clamps; a common issue previously outlined in the literature (Cheung 

and Zhang, 2006; Eliasson et al., 2007; Busfield et al., 2008). A further reason for 

the absence of tendon fracture could be attributed to the higher strength in the 

tendon alone over the full MTU; as the weakest part of the MTU is the muscle-

tendon junction (de Palma et al., 2011), it could be expected that this would 

rupture before the tendon itself.  

All EHL samples had high safety factors (all > 10), however the two PL samples from 

the orangutan and bonobo were lower; with safety factors of 4.3 and 3 

respectively. The safety factors for the EHL samples are in agreement with 

published values of those from other non-human primates (gibbons), which ranged 

from approximately 8 - 11 (Channon et al., 2009). Tendons can be divided into two 

categories; high-stress (safety factor to rupture < 3), and low-stress (safety factor to 

rupture > 7) (Ker et al., 1988; Ker et al., 2000). Many tendons are predicted to be 

low-stress and high safety factor, whilst those tendons with an elastic energy 

storage function operate at high stresses and low safety factors (Biewener, 2008). 

To clarify; tendons which undergo loading when an animal’s limb is in contact with 

the ground during the gait cycle are more likely to operate as biological springs; 

these tendons can be pre-loaded with elastic energy which they then release during 

toe-off (Biewener and Blickhan, 1988). These tendons commonly belong to the 

ankle extensor (plantar flexor) or digital flexor group and have been reported in 

many mammals to have lower safety factors than their unloaded counterparts; such 

as digital extensors (Pollock and Shadwick, 1994a). 
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Whilst the low stress, high safety factor theory fits in well with the EHL tendons, it 

does not wholly represent the PL tendons. Functionally, the PL acts as an inverter 

and hallucal flexor. During arboreal and terrestrial locomotion, the MTU of the PL 

would aid in balance and posture, rather than contributing to propulsive force. As a 

hallucal flexor it would also have a role in dexterity of the foot. Neither of these 

functional roles would result in sudden, forceful contractions of the PL, so perhaps 

a high safety factor for the PL tendon is not actually required.  

A greater number of non-human primate tendon samples would be needed in order 

to further investigate the safety factors of tendons in the hindlimb, and how this 

relates to their functional role.   

4.6.5 Conclusion 

The results indicate that great ape tendons are designed to function in several 

roles, and to protect against injury, across both terrestrial and arboreal 

environments. EHL may function as a positional control MTU at lower strains, 

essentially serving as a dexterity muscle, and perhaps contributing to general 

hindlimb locomotion at higher strains, together with other locomotor MTUs. 

All four tendons were found to have a much lower E than the generally accepted 

value for mammalian tendon of 1.5 GPa. All were found to be compliant and none 

appeared to be committed to functioning purely as biological springs. EHL was the 

only tendon to have a shorter ‘toe’ region at lower strains, suggesting differences in 

the microstructure of this tendon and perhaps an adaptation towards functioning 

more as a positional control muscle rather than a core locomotor muscle. 
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Chapter 5  

ANATOMY, MORPHOLOGY AND MATERIAL PROPERTIES OF THE 

PLANTAR APONEUROSIS IN GREAT APES 

5.1 Introduction 

5.1.1 Plantar aponeurosis in humans 

The plantar aponeurosis (PA) has been described in detail for the human foot as a 

tendinous, elastic structure which originates on the inferior calcaneus and inserts 

upon the bases of the proximal phalanges (Bojsen-Moller and Flagstad, 1976). One 

function of the PA is to help support the bony arches of the foot (Bojsen-Moller and 

Flagstad, 1976; Ker et al., 1987), thereby forming the medial longitudinal arch 

(MLA) of the foot. The release of the PA through surgery results in a decrease in 

foot arch height (Anderson et al., 2001), and thus a loss of integrity of the MLA. The 

PA also serves as an elastic energy store during locomotion, which is often referred 

to as the ‘windlass mechanism’; likening the behaviour of the PA as it is stretched 

over the metatarsal heads to that of a windlass on a drum (Hicks, 1954).  

Although the PA is somewhat continuous with the Achilles tendon in humans 

(Benjamin, 2009), the microstructure can vary between the two. The Achilles 

tendon varies in its microstructure at different regions along its length, and these 

variations appear to be related to function in terms of where different forces are 

applied (Waggett et al., 1998). The histology and microstructure of the PA has not 

been investigated as thoroughly as other tendinous structures (Wearing et al., 
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2006). Despite this, the material properties of the PA have been investigated quite 

substantially, the results of which show that the PA behaves like a spring in terms of 

energy saving during locomotion; storing up to 17 J of energy (Ker et al., 1987). The 

amount of strain energy which can be stored in the PA falls between values 

reported for the Achilles tendon in different species (Alexander and Bennet-Clark, 

1977); human 42 J, wallaby (Protemnodon rufogrisea) 4.7 J, and domestic dog 25 J.  

Published data on the microstructure of the PA is not readily available; therefore 

the microstructure of tendons will be presented. Tendons are primarily composed 

of type I collagen fibres arranged in wave-like patterns, that are often referred to as 

tendon ‘crimp’ (Kastelic et al., 1978; Kannus, 2000). They also contain proteoglycans 

and elastin (Lowry et al., 1941; Koob and Vogel, 1987), the latter of which is 

thought to aid in recoil, thus allowing the collagen fibres to return to their relaxed, 

crimp-like state (Minns et al., 1973). It is the proportions of these components 

within tendinous structures which determine their unique biomechanical 

behaviour, further linking to their functional role. 

5.1.2 Plantar aponeurosis in non-human primates 

There has been extensive research on the form and function of the PA in humans; 

however, research detailing either the descriptive anatomy or the functional role of 

the PA in non-human primates is somewhat scarce.  

The gross anatomy of the PA in non-human primates has been previously outlined; 

with anatomical drawings of the PA in both the chimpanzee and baboon being 

published (Swindler and Wood, 1973), although detailed descriptions do not 
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accompany these diagrams it is clear that the PA in both is present. A description of 

an incomplete PA in a gorilla foot can be found in an old publication, accompanied 

by a diagram (Straus, 1930). The author describes a well-defined structure with 

distinct parts and reported the PA to be 3 mm at the thickest point. More recently, 

clear anatomical descriptions of the PA in non-human primates have been 

published. The PA of the gibbon and bonobo are both described as being the same 

anatomically; consisting of strong, longitudinal fibres which run from their origin at 

the calcaneus, to the insertion points over the metatarsophalangeal joints (MTP), 

and the navicular bone (Vereecke et al., 2005).   

Some authors have speculated that the PA may not have a functional role in non-

human primates due to the lack of a MLA in their feet (Bojsen-Moller, 1979; 

Vereecke et al., 2005), with some suggesting that the PA does not actually exist in 

non-human primates (DeSilva, 2008). The latter may simply be a reflection of the 

assumption that it does not contribute in any significant way to locomotor 

behaviour, therefore deeming it anatomically irrelevant. Structures which are 

redundant in a functional sense would be expected to be different from those 

which are regularly used; for example, the palmaris longus muscle in humans is a 

redundant muscle which is absent in approximately 3 – 24% of the population 

(Roohi et al., 2007). When present, this muscle has a small belly and little functional 

contribution to the wrist joint (Moore et al., 2006). The published data on the PA in 

non-human primates describes the structure as present with well-developed 

sections; which does not suggest it is a redundant structure. 
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Despite the scarcity of publications on the gross anatomy of the PA, the non-human 

primates foot as a whole is still of interest to investigators. The functional role of 

the great ape foot during terrestrial locomotion has been investigated in bonobos 

(Vereecke et al., 2003). During gait cycle analysis, it was reported that the heel and 

lateral midfoot often contacted the ground simultaneously, with some occasional 

medial midfoot contact (Vereecke et al., 2003). The same study investigated the 

plantar pressure distribution pattern during locomotion, finding that the PA in 

bonobos is not loaded in the same way as humans; there is no clear heel-strike or 

dorsiflexion of the hallux during the stance phase of gait. This suggests that an 

elastic energy storage mechanism in the PA does not exist in these individuals as it 

does in humans. Furthermore, the authors noted that a longitudinal arch in the foot 

of the bonobo was not present, a finding which has also been reported for Japanese 

macaques (Macaca fuscata) (Hirasaki et al., 2010). The authors also studied the gait 

cycle in these macaques, finding an absence of any heel contact with the ground 

during bipedal locomotion, which significantly differs from both that of humans, 

and bonobos. The role of the PA in macaques has been explored using in vivo 

loading techniques. This study subjected the feet of two pig-tailed macaques 

(Macaca nernestrina) to compressive loading, finding the foot to undergo an arch 

reversal; forming a convex surface. Furthermore, the ligaments in the compliant 

macaque foot were shown to contribute to elastic energy savings; of which the PA 

does have a limited involvement (Bennett et al., 1989; Alexander, 1991).  

In contrast, a study on chimpanzee foot pressures during bipedal walking reported 

that initial contact with the ground was with the heel, closely followed by the 
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lateral edge of the foot (Elftman and Manter, 1935). Despite these observed 

differences in plantar mechanics for different species, there were some observed 

similarities to human gait patterns. In humans, there is a medial transfer of the 

centre of pressure (COP) across the metatarsal heads towards the hallux during the 

stance phase of gait (Grundy et al., 1975). Both bonobos (Vereecke et al., 2003) and 

Japanese macaques (Hirasaki et al., 2010) show this same pattern of transfer in the 

late stance phase of gait, in both quadrupedal and bipedal behaviours. The foot 

pressure diagrams shown in the chimpanzee study also suggest this pattern occurs 

during the gait cycle (Elftman and Manter, 1935). The consistency of this pattern 

across non-human primate species may suggest a role for the PA during terrestrial 

locomotion that has not yet been identified, perhaps in supporting the compliant 

non-human primate foot across the mediolateral plane during locomotion involving 

uneven substrates. For example, orangutans have been reported to frequently use 

branches < 4 cm in diameter for arboreal locomotion (Cant, 1987). This branch 

diameter is smaller than the width of the orangutan foot and could therefore, 

during arboreal locomotion could yield stresses in the mediolateral plane of the 

foot, supported by the PA. 

Previous assumptions of the role of the PA in non-human primates have been based 

on the premise that they do not have a longitudinal arch (Elftman and Manter, 

1935; Vereecke et al., 2005; Hirasaki et al., 2010), which allows them to have a 

more flexible, pliant mid-foot which in turn cannot load the PA for energy storage 

and release (Bojsen-Moller, 1979). This pliant mid-foot can be described as a ‘mid-

tarsal break’, and it has recently been discovered that up to approximately 13% of 
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the general population of humans undergo mid-foot dorsiflexion during walking, 

similar to a mid-tarsal break in non-human primates (Desilva and Gill, 2013). 

Further support for the existence of a compliant mid-foot in humans can be found 

in a study recording plantar pressures during a walking gait (Bates et al., 2013). This 

study examined 25 human subjects using a pressure recording treadmill, finding the 

mid-foot pressures in some human individuals to exceed 200 kPa; indicating a 

compliant mid-foot. Similar pressures were recorded in approximately 4% of a 

cohort of juveniles (< 16 years old) (DeSilva et al., 2015), indicating that a compliant 

mid-foot is not restricted to an adult population. Mid-foot pressure in humans has 

been compared to those recorded in non-human primates (Bates et al., 2013). 

Mid-foot pressure; as a percentage of total peak pressure, in the foot of human 

subjects overlapped with those recorded for non-human primates; orangutans and 

bonobos. These studies suggest that a fully rigid, lever-like foot is not necessarily 

paramount for energy saving during locomotion through the PA, assuming that the 

individuals within the study who have a mid-tarsal break do still have a functional 

PA. However, further study of the human mid-foot in the context of energy saving is 

needed to determine if a compliant mid-foot has a negative effect on energy return 

in these individuals. In the context of non-human primates, the presence of a 

developed PA in all four great apes (K.A.W., personal observation) may suggest that 

it is not purely a redundant structure in these species, but may serve some 

functional purpose.  
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5.1.3 Plantar aponeurosis in other mammals 

The presence and role of the PA in species other than primates has not been 

thoroughly investigated. The PA has been reported as absent in some species; such 

as the horse and dog (Parsons, 1894), however, some authors have reported the PA 

to be present in the latter but arising from the plantaris tendon (Barnett and Lewis, 

1958), perhaps serving a different role to the PA seen in humans. Furthermore, 

plantar fascia has been observed in a number of other species (Lewis, 1964); 

including members of the rodent family; the albino rat (Mus norvegicus albinus) 

and the forest giant squirrel (Protoxerus stangeri), and opossums (Trichosurus 

Vulpecula, Pseudochirus laniginosus and Didelphys marsupialis). The presence of a 

PA in non-primate mammals is mentioned in several papers which investigate the 

musculature of the lower limb, for example; the African elephant (Loxodonta 

africana) (Weissengruber and Forstenpointner, 2004), the beaver (Castor 

canadensis) (Parsons, 1894), the giant panda (Ailuropoda melanoleuca) (Davis, 

1964), and many others (Windle and Parsons, 1898; Lewis, 1964). However, the 

anatomy and function of this structure are not discussed in any of the 

aforementioned publications. 

5.1.4 Biomechanics of the plantar aponeurosis 

5.1.4.a Material properties and Young’s modulus in humans 

Investigating material properties allows comparisons to be made between 

structures, irrespective of their shape or geometry (Wearing et al., 2006). One way 

to investigate energy storage and release of a structure is to calculate the Young’s 
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modulus (E) as outlined in Chapter 4 (4.1.4). The Young’s modulus provides an 

insight into the elastic properties of the PA in terms of how stiff it is; a high E 

denotes a stiff structure, whereas a PA with a low E will be stretchy and is described 

as compliant. The behaviour of tendon when undergoing a mechanical stress-

relaxation cycle can be explained with the use of a stress-strain diagram, as outlined 

in Chapter 4 (see Figure 4.1). The value of E for tendon is given as 1.5 GPa (Bennett 

et al., 1986).  

A recent paper examining the effects of PA release on foot biomechanics through 

computer modelling assumed the material properties of the PA to be linear elastic 

(Yunfeng et al., 2007). Mechanical testing of the PA has furthered our 

understanding of the material properties of this structure. One study examined ten 

human cadaveric feet, with the PA in situ, employing a static load to the sole of the 

foot using an Instron machine (Thordarson et al., 1995). It was reported that the PA 

plays a significant role in an arch-supporting function of the foot; however, more 

detailed material properties such as E were not investigated. Another study of the 

elastic recoil of the tendinous structures in cadaveric feet; including the PA, found 

that they store enough strain energy to make running more efficient (Ker et al., 

1987). Although the authors did not go as far as to calculate E, they did consider 

energy dissipation and found a consistent loss of around 22% for all structures 

studied.  

Further information can be taken from in vivo studies of the PA, where authors 

have been able to estimate values of E. One study measured ground reaction forces 

of participants whilst simultaneously imaging their feet using digital radiographic 
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fluoroscopy (Gefen, 2003). The data, used together with dimensions of the human 

PA taken from a Ph.D. thesis (Simkin, 1982), allowed the authors to estimate the 

value of E for the PA to be approximately 85 MPa. Another study which tested the 

PA in cadaveric specimens found E to vary from 342 – 822 MPa (Wright and 

Rennels, 1964). The data from this study were used in a recent review, which found 

the Young’s modulus of the PA to fall somewhere between that of ligaments 

(representing the lower boundary), and tendons (Wearing et al., 2006). The reasons 

for the large variation in the E of the PA are unclear. It has been suggested that the 

structure of tendons differs post-mortem, with one author reporting samples taken 

from older cadaveric specimens to be stiffer, yielding a higher E (Smith, 1954). This 

may contribute to the differences in resultant values of E between in vivo and in 

vitro investigations. Alternatively, it could be due to differences in the PA at the 

microstructural level (Wright and Rennels, 1964), as well as variations in 

experimental conditions between samples. 

5.1.4.b Material properties and Young’s modulus in non-human Primates 

Studies investigating the biomechanics in non-human primate feet are scarce, 

probably due to the fact that it has long been assumed that energy saving 

mechanisms would not be present. However, recent research into the structure and 

function of the gibbon (Hylobates lar) foot has shown that energy saving 

mechanisms do exist for bipedal locomotion (Vereecke and Aerts, 2008a). The 

authors found that the compliant gibbon foot was less mechanically effective than 

that of a rigid human foot, however, significant elastic energy savings were 

reported for plantar flexor tendons and plantar ligaments. The gibbon is arguably 
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the most bipedal of the apes; with recorded bouts reaching up to 12% of total 

locomotor modes of travel for Hylobates agilis (Cannon and Leighton, 1994), more 

so than has been reported for other non-human primates, including  the orangutan 

(Cant, 1987) and bonobo (Doran, 1993). 

A further study investigated energy savings in the feet of two species of monkey; 

macaques (Macaca nemestrina) and vervet monkeys (Cercopithecus aethiops), by 

mechanically loading the cadaveric limbs (Bennett et al., 1989). The authors 

reported a consistent energy dissipation of approximately 20%, independent of the 

loading frequency used. Furthermore, the authors sequentially severed structures 

in the foot to determine their effects on strain energy storage; finding the plantar 

ligaments to be the most important contributors and the PA to have very little 

effect. An in vivo study examining kinematic force plate data from two male 

macaques (Macaca speciosa), amongst a range of animals, found that elastic energy 

savings were present for quadrupedal locomotion (Cavagna et al., 1977). The 

primary mechanism of energy savings in the non-human primate foot is associated 

with the mid-tarsal break. As the foot enters the late stance phase of gait, the mid-

foot flexes to create an ‘inverted arch’, opposite to the flattening of the MLA in 

humans, which appears to stretch the plantar tendons and ligaments (Bennett et 

al., 1989). In summary, the compliant, non-human primate foot is capable of energy 

saving through elastic elongation and recoil of tendinous structures during 

locomotion, despite the mechanism being entirely different to that of the rigid lever 

found in the human foot (Alexander, 1991). 
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5.2 Aims  

The study of the plantar aponeurosis (PA) in non-human primates aims to address 

two main hypotheses. The first of these is that the PA exists within the great apes at 

such a reduced level of morphological development that it arguably has no 

functional role. The second it that the PA exists within the great apes and shows a 

capacity for energy storage; thus indicating it has a functional role within this 

group. The aim of this study was to assess the tangent Young’s modulus to 

determine whether the PA has a stiff or compliant structure and how the values 

compare to others in published literature. The overall aim is to compare the 

structure and function of the PA between the great apes, and to determine 

whether the PA is capable of energy savings during locomotion or whether it is a 

redundant structure which has a more passive role in the species investigated.  

5.3 Objectives 

In order to investigate the anatomy and morphology of the PA, detailed 

descriptions of the gross anatomy will be recorded during the dissection of fresh-

frozen cadavers. The PA will be carefully removed from the foot and imaged using a 

high resolution camera PA images will be further processed using two programs; 

GIMP: GNU Image Manipulation Program (GIMP, 2001-2015), and ImageJ 

(Schneider et al., 2012), in order to assess fibre bundle orientation. The PA 

specimens will be tested to establish their material properties by subjecting them 

to cyclic mechanical loading using an Instron machine. The material properties of 
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the PA will be measured, including the tangent Young’s modulus and energy 

dissipation.  

5.4 Methods 

The cadavers for this study were acquired with the help of Dr Andrew Kitchener, 

with further support from Dr Susannah Thorpe, Mr Russell Savage and Professor 

Robin Crompton. Preparation and dissection of the lower limbs from whole great 

ape cadavers was conducted with the help of Dr Mary Blanchard, Dr Julia Myatt, Dr 

Anthony Channon and Dr Sam Coward. Material testing was conducted with the 

help of Dr Carol Hercock and Dr Iain Young. 

5.4.1 Preparation and testing 

In order to investigate the plantar aponeurosis (PA) in the foot of great apes, 

samples were collected from at least one individual from each of the four species 

studied. In total, eleven individuals were used for this study; one female bonobo, 

one female orangutan, three male and two female chimpanzees, two male and one 

female gorilla, plus one gorilla specimen of unknown sex. For full specimen 

information see Chapter 2 (2.4.1). 

The great apes were stored at -20°C prior to dissection and all specimens were 

fresh as opposed to fixed material. Both the right and left foot PAs, where available, 

were dissected from the foot and detailed anatomical notations were taken. They 

were also photographed using a high resolution camera and then stored at -20°C in 

preparation for testing. In cases where both the right and left PA were available for 

an individual, the average result between the two was taken, with data for each 
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individual PA detailed in the appendices (Appendix IX). Several measurements of 

the PA were taken immediately after dissection, including mass, length and width, 

which were used to calculate cross-sectional area using equation (4.2), as outlined 

in Chapter 4 (4.4.2). These measurements were further used to calculate the PA 

thickness; a useful measure of how well developed the PA is and how it compares 

to thicknesses reported for the human PA. 

Shortly before testing, the PA samples were defrosted and prepared. A middle 

section with a minimum length of 30 mm was selected. This section was carefully 

wrapped with damp blue roll and sealed with cling film, whilst the ends were left 

exposed to dry out in a refrigerator at approximately 4°C for 24 hours.  

The PAs were tested in an Instron (Electropuls E3000) machine, using manual, 

mechanical wedge-action grips. The length of PA to be tested was measured to the 

nearest millimetre once the specimen was in the clamps. Three sets of cyclic tests 

(20 cycles each) were performed at 1 Hz, extending the PA by 2, 4 and 6% of the 

original test length. The frequency of 1 Hz was determined by studying videos of 

great apes walking terrestrially (ZooVisitorMM, 2009, September 21; Larson, 2010, 

January 17; Salgado, 2014, September 2). Great apes have a diverse repertoire of 

behaviour which presents some difficulty when determining loading frequencies. 

Terrestrial behaviour was chosen as it involves loading of the hindlimb in regular, 

repeated oscillations. The 10th cycle of each test was used for analysis. The 

frequency of 1 Hz was chosen as it approximates a realistic speed at which the 

tendons could be loaded in vivo, during a non-specific, regular, terrestrial gait. The 

tendons were then tested to their ultimate tensile strength (UTS) until they either 
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slipped from the clamps or snapped. This protocol is well established and has been 

adapted from previously published methodology for investigating mammalian 

tendon properties (Ker, 1981; Smith et al., 1996). Following this, the PAs were 

tested to their ultimate tensile strength until they either slipped from the clamps or 

snapped.  

5.4.2 Analysis 

The PA images were used to determine the pattern of fibre orientation using GIMP: 

GNU Image Manipulation Program (GIMP, 2001-2015). The fibre directions were 

categorised as either linear, oblique or meshed. Linear fibres were defined as those 

running from the calcaneus towards the digits; the central band of the PA. Oblique 

fibres were defined as clear bundles which deviated from the linear fibre band; for 

example the medial and lateral PA portions. Meshed fibres were defined as areas 

where more than one fibre direction was present. All fibre direction analysis was 

conducted using high resolution images and anatomical notations from the 

dissections.  

Once the tensile tests were completed, the relevant cycles were analysed using a 

custom Python library (O'Mahony, 2012) and IBM SPSS Statistics 22. A linear region 

on each cycle tested was selected in order to calculate the tangent Young’s 

modulus. The regions were 0.5 - 1.5%, 1.0 - 2.9% and 2.9 - 3.9%, for 2, 4 & 6% strain 

cycles respectively. These values were chosen as they represent a shared linear 

region across all samples, allowing comparisons of E at the same test region in the 

different PA samples.  
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Results for tangent Young’s modulus were compared to published values of E for 

humans, as values of E for non-human primates could not be found in the 

literature. All statistical tests were performed using ANOVA, with posthoc analysis 

using Tukey’s range test, if statistical significance was found  

5.5 Results 

5.5.1 Anatomy and morphology of the plantar aponeurosis 

The gross anatomy of the plantar aponeurosis (PA) did not differ between 

individuals of the same species; therefore the descriptive anatomy will be 

presented per species of great ape studied. The PA in situ can be seen for all four 

species in Figure 5.1. 

 

Figure 5.1. An example of the plantar aponeurosis in situ for all four species of great ape 
studied. A = bonobo, B = chimpanzee, C = gorilla & D = orangutan. 
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The orangutan: The PA originated on the inferior border of the calcaneus, running 

along the sole of the foot towards the metatarsophalangeal (MTP) joints. It 

appeared to be very thin, with no discerning divisions into distinct medial, central 

and lateral bands. It had a small attachment to the medial cuneiform, but no other 

significant connections before the insertion points. The PA split towards the 

forefoot into four fibre bundles, which inserted on the bases of the proximal 

phalanges of digits II - V. The slips to digits II and III were quite prominent, with slips 

to digits IV and V less so. There was no obvious attachment to the hallux at any 

point along the PA. 

The bonobo: The PA originated on the inferior border of the calcaneus, running 

towards the digits. The PA was divided into three sections; a prominent central 

band, accompanied by smaller medial and lateral bands. The central band ran 

towards the MTP joints of digits II-IV, with the lateral band running to the base of 

metatarsal (MT) 5. A very underdeveloped, diffuse medial band was present, 

running towards the medial forefoot; including the base of MT1, the medial 

cuneiform and navicular bones. Overall, the PA in the bonobo was not very well 

developed, appearing very thin with diffuse fibres. 

The chimpanzee: The PA originated on the inferior border of the calcaneus, running 

towards the forefoot. The PA was much more developed than in the bonobo and 

orangutan, appearing much thicker with defined fibre bundles; however this did 

vary somewhat between individuals. There were three divisions of the PA, which all 

originated from the calcaneus. The central and lateral bands were closely 

associated, both giving fibre bundles to the insertion of the PA; which was via three 
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small slips to the MTP joints of digits II, III and IV. In addition, the lateral band was 

closely associated with abductor digiti minimi, and also attached to the base of MT5 

and the cuboid bone. The medial band was closely associated with abductor 

hallucis, and terminated over the head of MT1. There were no obvious attachments 

to the MTP joint of digit V.  

The gorilla: The PA originated on the inferior calcaneus, with a main central band 

which was accompanied by weaker lateral and medial bundles from the same 

origin. The lateral band; which was closely associated with the central band, 

inserted upon the base of MT5 and the cuboid bone. The medial band ran towards 

the hallux. The central band was very prominent and inserted over the MTP joints 

of digits II - V. This band had a strong fibre bundle running across it; from the 

proximomedial edge of the lateral band towards the MTP joint of digit V. The PA in 

the gorilla was thicker and had more developed fibre bundles than any of the other 

great apes.  

The cross-sectional area (CSA) for each PA was calculated, with the average for each 

species presented in Table 5.1. The gorilla had a significantly greater CSA than 

either the bonobo or the chimpanzees (p ≤ 0.01). The orangutan was omitted from 

the statistical tests as only one PA was available, however it falls somewhere 

between bonobo and chimpanzee in size.  

Species E (MPa) CSA (cm2) Energy loss (%) 

O 100.5 0.31 13.8 

B 54.0 ± 9.7 0.18 ± 0.0 16.3 ± 1.3 

C 64.1 ± 26.7 0.36 ± 0.1 18.8 ± 2.6 
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G 142.4 ± 46.9 0.57 ± 0.2 18.2 ± 2.2 

Table 5.1. Averages per species for Young’s modulus, cross-sectional area (CSA) and 
percentage energy dissipation, with standard deviations where applicable. Legend for 

specimen identification: O = orangutan, B = bonobo, C = chimpanzee, G = gorilla. 

5.5.2 Fibre orientation of the plantar aponeurosis 

High quality digital images of the PA alongside a scale bar were taken once they 

were dissected out of the foot. One representative image from each great ape 

species was processed using imaging software; GIMP (GIMP, 2001-2015). The fibres 

of the PA were overlaid with colours; black lines for linear fibres; defined as 

primarily running along the longitudinal axis, red lines for oblique fibres; defined as 

running in separate bundles and different directions from the linear fibres, and 

green overlay for meshed fibres; defined as an area which contained fibres running 

in two or more different directions, see Figure 5.2. The angles for linear fibres, 

measured as deviations from the main PA central band were all < 20°, with the 

exception of one bundle in the bonobo which was a curved continuation of the 

central band. The angles for oblique fibres, measured as deviations from the central 

linear band were all > 20°, with the exception of portions attributed to the medial 

and lateral PA bands; which were lower values due to them arising at the same 

origin as the central band and not deviating to a great degree. These processed 

images were then analysed using ImageJ (Schneider et al., 2012). The scale bar was 

set for each image before measurements were taken. The surface area of the whole 

PA was calculated, then individual areas for each type of fibre direction; linear, 

oblique and meshed, were blocked out and their surface areas also calculated, see 

Figure 5.3.  



195 

 



196 

 

 

Figure 5.2. Images of whole plantar aponeuroses showing fibre orientation; black lines for 
linear, red lines for oblique, and green block for meshed fibres. A = orangutan, B = 

bonobo, C = chimpanzee, and D = gorilla. 

 

Figure 5.3. Images of whole plantar aponeuroses used to calculate the surface area of 
different fibre orientations; black for linear, red for oblique, and green for meshed fibres. 

A = orangutan, B = bonobo, C = chimpanzee, and D = gorilla. 
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Each type of fibre orientation is presented as a percentage of the overall PA in Table 

5.2. The gorilla was the only great ape which had clearly defined fibre directions, 

with no areas of meshed fibres. Linear fibres represented the main contribution to 

the PA for bonobos, chimpanzees and gorillas, whereas the orangutan had fairly 

equal portions of linear, oblique and meshed fibres.  

Using collected data values, an estimate of PA width w was calculated as follows: 

 

l

s
w   

(5.1) 

 

where s is PA surface area, and l is PA length. 

This was then used to estimate the PA thickness c:
 

 

 

w

A
c   

(5.2) 

 
where A is PA cross-sectional area (CSA).  

The gorilla had the greatest estimated PA thickness, with little difference in values 

between the other great apes. Values are presented Table 5.2.  
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Surface area 
Species 

Orangutan Bonobo Chimpanzee Gorilla 

Whole PA 35.6 18.8 29.1 60.8 

Linear 12.7 35.6% 10.9 57.9% 15.7 54.0% 34.5 56.7% 

Oblique 7.6 21.3% 2.3 12.1% 10.2 34.6% 21.0 34.6% 

Meshed 13.2 36.9% 5.5 29.1% 3.1 10.5% - - 

PA thickness 1.2 1.2 1.5 2.2 

Table 5.2. Data for the surface area of the whole plantar aponeurosis (PA) and for each 
fibre orientation, all values in cm2. Second values represent the contribution of each type 

of fibre orientation to the PA as a whole, values in percentage. The estimated plantar 
aponeurosis (PA) thickness is also presented in mm. 

5.5.3 Material properties 

The results presented below include data from the two bonobo PAs, the 

chimpanzees and the gorillas. The data from the orangutan had to be omitted 

owing to the fact that there was only one PA sample; however general patterns and 

trends will be discussed. 

5.5.3.a Young’s modulus 

The plantar aponeuroses underwent cyclic testing at 1 Hz, extending the samples by 

2, 4 and 6% of their original lengths. The tenth cycle for each trial was used for 

analysis. There were no significant differences between the Young’s modulus (E) 

values for 2, 4 and 6% in any of the PA samples. Individual values for each cycle are 

presented in Table 5.3. The PA samples from the gorilla were consistently stiffer; 

yielding a higher E, than both the bonobo and chimpanzee in all tests (p ≤ 0.05). 

There were no differences between the bonobo and chimpanzee. Although the 

data from the orangutan PA could not be included in the statistical tests, the value 

of E fell between that of the chimpanzee and gorilla, as shown in Table 5.1. 
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Cycle 
Specimen 

O1 B1 C1 C2 C3 C4 C5 G1 G2 G3 G4 

2% 84.9 52.3 53.6 61.6 29.6 66.5 56.8 147.6 96.2 155.0 56.9 

4% 99.6 54.3 69.2 71.1 32.9 78.9 64.1 197.8 140.7 136.5 93.5 

6% 117.1 55.5 82.5 95.3 39.1 91.2 69.7 212.1 183.8 153.9 117.2 

Table 5.3. Tangent Young’s modulus per individual, given in megapascals (MPa). For 

specimen identification legend, see Table 5.1. 

A selection of graphs from hysteresis cycles at 4% are shown in Figure 5.4. One 

graph per species is presented, and as there was no significant variation within each 

species group, these graphs can be viewed as representative of the four species of 

great ape studied. From these graphs it is clear that the gorilla has the shortest ‘toe’ 

region and the graph that most represents a ‘J-shaped curve’.  

 



 

2
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Figure 5.4. Stress-strain curves, a typical example for each species. 
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5.5.3.b Energy loss 

The values for percentage energy dissipation, or loss, did not differ significantly 

between the 2, 4 and 6% cycles. They also did not differ significantly between 

species. Average values per species are presented in Table 5.1.  

5.5.3.c Ultimate tensile stress 

After cyclic testing, PA samples were tested to their ultimate tensile strength (UTS). 

Some samples slipped from the clamps, whereas others remained in place and 

fractured under the load applied. The loads at which the samples fractured ranged 

from 3.1 MPa to 16 MPa (see Table 5.4), with the gorilla and orangutan samples 

able to endure the highest loads before fracture. 

Specimen 

Force to break 

Plantar aponeurosis 

(MPa) 

B1L 6.8 

B1R 3.1 

O1R 13.4 

C1R 8.2 

C2L 10.4 

C2R 9.8 

C3R 7.7 

C5L 11.2 

G2L 14 

G3R 16 

G4L 8.7 

Table 5.4. Ultimate tensile strength tests for the plantar aponeurosis presented for 
samples which successfully fractured under the load applied. For specimen identification 

legend, see Table 5.1. 
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5.6 Discussion 

5.6.1 Plantar aponeurosis anatomy 

The plantar aponeurosis (PA) was found to be present in all individuals dissected, 

with the prominence of the structure varying between species. The PA in the 

bonobo was thin and a little diffuse, however, clear linear fibres running from the 

origin to the insertion could be seen, which is in agreement with previously 

published descriptions (Vereecke et al., 2005). A previous anatomical study found 

approximately four sections to the gorilla PA (Straus, 1930), with the description of 

its anatomy being similar to that found in this current study. Furthermore, the 

author estimates the PA thickness in the gorilla specimen to be approximately 3 

mm, which is similar to the estimate in this study of 2.2 mm. The thickness of the 

gorilla PA approaches that of humans; reported to range from 2.1 - 4.7 mm (Akfirat 

et al., 2003), 1.0 - 3.0 mm (D'Ambrogi et al., 2005), and 0.9 - 5.0 mm (Huerta and 

Garcia, 2007), all taken at various points along the PA length.  

5.6.2 Plantar aponeurosis material properties 

The PA specimens taken from each great ape were tested to determine their 

stiffness; also known as Young’s modulus (E), and to assess the degree of energy 

return in order to establish whether this structure in non-human primates could 

function as a biological spring. The values of E found in all specimens fell well below 

the suggested value for mammalian tendons; of 1.5 GPa (Bennett et al., 1986). The 

gorilla PA yielded the highest E, which was statistically greater than that of the 

chimpanzee and bonobo (p ≤ 0.05), with an average value of 142 MPa. Although 
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this value appears to be low, it is within the range of values reported for the human 

PA. Studies investigating the PA in humans have reported values of E to be 85 MPa 

during in vivo testing (Gefen, 2003), and 342 – 822 MPa from mechanical loading of 

cadaveric samples (Wright and Rennels, 1964). The human foot functions as a 

fulcrum, stretching the PA via a windlass mechanism in order to store elastic strain 

energy, which is then released during locomotion (Hicks, 1954). The non-human 

primate feet of both the pig-tailed macaque (Macaca nemestrina), the vervet 

monkey (Cercopithecus aethiops) (Bennett et al., 1989),  and the gibbon (Hylobates 

lar) (Vereecke and Aerts, 2008b) have been described to work in a similar way, only 

that the bending of the foot is reversed to that of humans, creating an inverted arch 

In this mechanism the PA is stretched along the inverted arch, and therefore not in 

a linear plane. The specific loading of the PA in non-human primates, together with 

the diversity in their behaviour, suggests that the PA would benefit from being 

more pliable, and so compliant. Furthermore, the functional role of the PA within 

one species of gibbon (Hylobates lar) has been investigated together with plantar 

ligaments through a four-segment foot model (Vereecke and Aerts, 2008b). The 

model indicates that the structures undergo elastic stretch and recoil during the 

gait cycle, suggesting that the PA does have a functional role in gibbons. 

The percentage energy dissipation, or loss, for great apes in this study was 

consistently low, with no significant differences in values recorded at 2, 4 or 6%. 

The value for the orangutan was the lowest, at 13.8%, with the other great apes 

sharing similar values from approximately 15 - 20%. Similar results have been 

reported for the human PA; approximately 20% from cadaveric studies (Ker et al., 
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1987). This study examined PA elongation to up to 6% of its original length; 

however, this may not be representative of the full capacity to which the PA can 

deform under normal loading. An in vivo study of human feet concluded that the PA 

extends by as much as 9 - 12% of its original length (Gefen, 2003).  

The extension-relaxation cycles used to calculate the tangent Young’s modulus are 

shown in Figure 5.4. The plots are very similar in three of the great apes; only the 

gorilla having a distinctly different pattern; having a steeper gradient and therefore, 

as expected, yielded the highest value of E. Additionally, the ‘toe’ region of the 

graph is considerably shorter in the gorilla PA than any other great ape. This region 

is associated with the stretching of crimped collagen fibres, with a shorter ‘toe’ 

region indicating a smaller angle of crimp in the structure being tested (Diamant et 

al., 1972), which is associated with stiffer structures. In the great apes, the gorilla 

foot is the closest to a human foot in terms of anatomy; with a more adducted 

hallux and reduced ‘toe’ length, yielding human-like footprints (Fleagle et al., 1999). 

These results may suggest an adaptation in the gorilla towards a greater locomotor 

role for the PA and reduced dexterity in the foot, as seen in humans. 

5.6.3 Functional role of the plantar aponeurosis in the great apes 

The data available from locomotor behaviour of great apes primarily comes from 

field studies in their natural environments. The great apes from the current study 

were captive, and so their behaviour may vary somewhat to what it would be in the 

wild, however, published observations of locomotor behaviour were useful in 
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assessing how the great ape foot may be adapted to different locomotor 

repertoires. 

5.6.3.a The orangutan 

The great apes can be categorised into different behavioural groups based on 

studies of their locomotor preferences whilst in their natural environments. The 

least anatomically developed PA was seen in the orangutan; with a lack of an 

obvious attachment to the hallux and an overall thinner PA that that of the other 

great apes studied. Morphologically, the orangutan foot closely resembles the 

orangutan hand; both having a reduced hallux and pollex, respectively, which is 

thought to be an adaptation to a suspensory lifestyle (Fleagle et al., 1999). The 

orangutan PA had a greater percentage of meshed fibres, which may support, in 

part, their suspensory behaviour; with the meshed fibres supporting 

multidirectional stresses from gripping tree branches. It has been reported that 

multidirectional shear forces are experienced whilst gripping a cylindrical object in 

humans (Enders and Seo, 2011), therefore it could be assumed that these forces are 

also present in the orangutan foot, but to an even greater degree as it supports its 

own body weight through this type of grip on tree branches.  

The orangutan foot would not be frequently loaded in the same way as the other 

great ape feet; due to its extremely arboreal lifestyle and less frequently used 

terrestrial quadrupedalism (Cant, 1987; Thorpe and Crompton, 2006). However, it 

was the orangutan PA which had the greatest energy return during cyclic loading, 

which may indicate a greater importance for energy conservation in a primarily 
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arboreal habitat. The energy conservation strategies for orangutans involve 

arboreal bipedalism to access smaller tree branches (Thorpe et al., 2007a), using 

branch compliance in their favour to reduce the energetic costs of crossing a gap in 

the tree canopy. The orangutan PA returns more energy than that recorded for the 

human PA (Ker et al., 1987), supporting an adaptation towards an energy-saving 

arboreal bipedalism and, possibly, an arboreal origin for human bipedalism. 

The PA in the orangutan may be adapted to a specific, arboreal functional role; by 

operating in a mechanically efficient way whilst handling multidirectional shear 

forces during hindlimb suspension and arboreal bipedalism. 

5.6.3.b The chimpanzee and bonobo 

During locomotion, non-human primates carry more weight on their hindlimbs, 

with the exception of suspensory non-human primates; where forelimb 

weight-bearing is greater (Demes et al., 1994). In the current study, the bonobo, 

chimpanzee and gorilla are the more terrestrial great apes, compared to the 

orangutan, all engaging in a greater degree of both arboreal and terrestrial 

knuckle-walking (Crompton et al., 2010). The resultant increase in hindlimb forces 

may be reflected in the functional anatomy and morphology of the foot; with 

changes in the structure of the PA. Both the chimpanzee and bonobo are known 

knuckle-walkers, however, one study found that although both engage in this type 

of quadrupedalism on the ground, bonobos tend to engage in palmigrade 

locomotion arboreally (Doran, 1993). The results from mechanical testing of the PA 

were similar for the chimpanzee and bonobo, despite the CSA and estimated 
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thickness both being lower in the latter. It has been reported that bonobos are 

generally more arboreal than chimpanzees (Crompton et al., 2010), which may 

explain the differences in the PA fibre orientation; with the bonobo having a 

greater proportion of meshed fibres, and the chimpanzee having a greater 

proportion of linear fibres. The increased terrestriality in the chimpanzee, and so 

greater hindlimb forces, could explain the increased estimated thickness of the PA 

compared to the bonobo; as tendinous structures have been reported to adapt in 

response to increased loading in other mammals (Michna and Hartmann, 1989). 

The results from the bonobo and chimpanzee PA samples place them between the 

highly arboreal orangutan, and highly terrestrial gorilla, suggesting that the PA 

morphology may reflect the use of specific behaviour; which varies across the great 

apes. 

5.6.3.c The gorilla 

All great apes engage in bipedal walking as a small part of their locomotor 

behaviour (Thorpe and Crompton, 2006). However, it has been reported that the 

gorilla engages in bipedal postures more so than other great apes, and therefore it 

has been speculated that this species may have developed adaptations towards this 

type of behaviour (D'Aout et al., 2004). The results from the current study place the 

gorilla as having a well-defined PA anatomically; with no meshed fibres present, the 

greatest estimated PA thickness; 2.2 mm, the greatest E; 142 ± 47 MPa and the 

shortest ‘toe’ region in the extension-relaxation plot, plus the greatest UTS values. 

The gorilla PA may represent a structure that has adapted to increased terrestrial 

locomotion; it is possible that the PA evolved to reflect changing demands in 
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functional role from an arboreal ancestor to a more terrestrial descendant. The 

features of the gorilla PA could be adaptations to greater hindlimb forces and a 

more terrestrial lifestyle, resulting in some values overlapping with those for 

humans; who are committed bipeds.  

A study investigating foot proportions in primates found that only gorillas and 

humans have feet which are better adapted for terrestrial bipedal standing (Wang 

and Crompton, 2004). The anatomy and material properties of the gorilla PA differ 

significantly from the other great apes, suggesting that the soft tissue structures in 

the gorilla foot are functionally adapted to cope with increased forces; from a 

combination of increased body mass and a highly terrestrial lifestyle.  

5.6.4 Conclusion 

The repetition of any action, when considered as part of habitual behaviour, could 

be reflected in the anatomy and morphology of an individual. In the case of great 

apes, the results suggest that habitual locomotor behaviours; such as arboreal 

suspensory or terrestrial quadrupedalism, affect the anatomy of the foot.  

The differences in the PA between species may be functionally related to different 

compressive loading patterns. Although the material properties of the PA varied 

between species, the overall values of E for all great apes were low when compared 

to the value given for tendons; 1.5 GPa (Bennett et al., 1986). These lower values 

mean that the great ape PAs are more compliant structures, which is perhaps a 

reflection of both having a mid-tarsal break in the foot, and an adaptation to a 

multifunctional foot role; in both locomotion and dexterity. The orangutan PA was 
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most capable of elastic energy storage and release, possibly indicating that the PA 

was a structure specialised for energy saving in an arboreal common ancestor. As 

specific lineages became more terrestrial, it is possible the PA changed and evolved 

to better suit a new functional role, becoming the energy saving structure currently 

seen in committed human bipeds. Further research into the kinematics of great ape 

locomotion, together with the structure of the PA, may help in our understanding 

of the origins, evolution and functional role of this structure. 
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Chapter 6  

DISCUSSION 

6.1 Thesis summary 

The data collected during this study showed both muscular and tendinous 

structures to be different both within and between species of great ape. However, 

there were also similarities; with tendons from all species being compliant, having a 

low Young’s modulus, and unlikely to function as biological springs. Therefore, the 

given Young’s modulus for tendon of 1.5 GPa (Bennett et al., 1986) for mammalian 

quadrupeds may not be suitable when estimating architectural properties in great 

apes. The high compliance of great ape tendons most likely reflects the 

multifunctional role of muscle-tendon units (MTUs) in the retained use of both 

arboreal and terrestrial substrates across all species, which require a diverse 

repertoire of behaviour with varied mechanical loading. In further support, it was 

the extensor hallucis longus tendon which yielded the highest Young’s modulus and 

had a shorter ‘toe’ region than seen in other tendons. As this was the only tendon 

directly associated with pedal dexterity, it may suggest that all great apes require 

fine motor control of the pedal digits, most likely during arboreal locomotion.  

The orangutan had a consistent pattern of morphology which indicated 

specialisation towards locomotor behaviours. There was a greater importance on 

muscles of digital control, over power-producing flexors of the calf, with the former 

having a greater contribution to total lower limb mass and a greater raw 
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physiological cross-sectional area (PCSA). The orangutan plantar aponeurosis was 

most capable of elastic energy savings and had a pattern of highly meshed fibres 

which would be capable of managing shear, multi-directional forces that would be 

experienced during cylindrical branch gripping. In addition, longer fascicles in many 

orangutan muscles reflect the use of extended limb postures over large joint angles 

in an arboreal environment. These morphological features of the hindlimb strongly 

suggest the orangutan is adapted for an arboreal lifestyle; specifically this 

morphology would be advantageous for behaviours such as hand-assisted 

bipedalism and orthograde or pronograde suspension, where the hindlimb would 

undergo both tension and compressive loads on cylindrical branch supports (Thorpe 

and Crompton, 2005). 

The gorilla had a well-developed plantar aponeurosis with longitudinal fibres suited 

for anteroposterior loading and the highest Young’s modulus compared to the 

other great apes. These features may indicate specialisation in the gorilla foot 

which relates to specific behaviour, most likely reflecting a greater frequency of 

terrestrial bipedal postures (Tuttle and Watts, 1985), possibly combined with 

increased loading from a large body mass. As gorillas are extremely sexually 

dimorphic (Fleagle et al., 1999), research into the biomechanics and structure of the 

PA between males and females of this group would further our understanding of 

the morphology of the gorilla PA. Both the bonobo and the gorilla did not show any 

significant differences in muscle morphology which would indicate adaptations to 

specific behaviours, however, both showed an absence of the specialisations which 

were observed in the orangutan and chimpanzee, suggesting these species groups 
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may be generalists of both arboreal and terrestrial environments. Alternatively, 

differences may exist which are yet undetected due to a small sample size. 

The chimpanzee showed morphological specialisations in the plantar flexor group, 

having muscles adapted for powerful excursions with large PCSAs and short fascicle 

lengths. Chimpanzees are known to engage in regular hunting behaviour (Mitani 

and Watts, 1999; Newton-Fisher, 2007) requiring rapid propulsion which could be 

delivered by powerful hindlimb flexors adapted for this purpose. Chimpanzees also 

showed a muscular asymmetry in the lower limbs, with a more dominant; heavier, 

left leg. In the context of behaviour, this could indicate that each leg is used for a 

specific task during either arboreal or terrestrial behaviour; with one stabilising 

whilst the other mobilises an action. Observed footedness could further be related 

to the presence of handedness which has been reported for chimpanzees (Hopkins, 

2006; Llorente et al., 2011), however, the further research on the morphology of 

the hindlimb would be needed in order to understand the functional implications of 

asymmetries. 

The normalisation of muscle architectural variables using allometric scaling 

indicated that great apes do not share geometric similarity, and many variables did 

not scale in line with published predicted exponents (Alexander et al., 1981). The 

use of analysis of covariance (ANCOVA) as a method of controlling for body mass 

was successful in detecting differences at a species level. As sample sizes for great 

ape architectural studies continue to increase, ANCOVAs will continue to further 

our understanding of great ape morphology, not just between species but also 
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within species groups and across age-sex classes, and how this morphology relates 

to behaviour and habitat.  

The results from this thesis provide valuable contributions to the primate field and 

also provide opportunity for future research; which would further our 

understanding of the relationship between morphology, adaptation and functional 

role of muscle-tendon units within the context of great ape behaviour. 

6.2 Limitations 

Research on non-human primates will always be challenging. Great apes are 

Convention on International Trade in Endangered Species (CITES) listed, therefore 

are rare and difficult to obtain. The number of great ape specimens in any one 

study is historically very low, making data analysis difficult in terms of determining 

statistical significance. Despite this thesis having the most comprehensive analysis 

of great ape muscle architecture data to date, from both published and personal 

sources, the number of individuals across the four great ape groups only reaches a 

maximum of n = 21 for certain muscles. As sample sizes increase, so too will our 

understanding of the relationship between form and function within the great ape 

groups. 
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APPENDICES 

Appendix I  Lower limb muscles; origin, insertion and action. 
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Muscle Code Origin Insertion Notes Group 

Tibialis anterior TIBA Lateral condyle and proximolateral 
shaft of tibia, interosseous 

membrane 

Base of medial cuneiform  Dorsiflexor & 
Inverter 

(supination) 

Abductor hallucis 
longus 

ABHL Lateral condyle and proximolateral 
shaft of tibia, interosseous 

membrane 

Base of hallucal MT  Abductors 

Extensor digitorum 
longus 

EDL Lateral condyle of tibia, head and 
anterior surface of fibula, 
interosseous membrane 

Dorsal bases of middle and 
distal phalanges of lateral 4 

digits 

 Pedal Extensors 

Extensor hallucis 
longus 

EHL Middle third of anteromedial 
surface of fibula, interosseous 

membrane 

Base of distal phalanx of hallux  Pedal Extensors 

Extensor hallucis 
brevis 

EHB Superolateral surface of calcaneus Dorsal surface of base of 
proximal hallucal phalanx 

 Pedal Extensors 

Extensor digitorum 
brevis 

EDB Superolateral surface of calcaneus Lateral sides of middle & distal 
phalanges of digits II - IV 

 Pedal Extensors 

Peroneus longus PL Lateral fibular head and shaft Base of hallucal MT, lateral 
surface of medial cuneiform 

Known as Fibularis 
longus in humans 

Adductor (hallux) 
& Everter 

(pronation) 

Peroneus brevis PB Distolateral surface of fibula Tuberosity of MT5 Known as Fibularis 
brevis in humans. A 

third Fibularis tertius 
muscle is also present 

Everter 
(pronation) 

Gastrocnemius GAS Medial and lateral epicondyles of 
the femur 

Calcaneal tuberosity  Plantar Flexor 

Soleus SOL Posterior head of fibula Calcaneal tuberosity  Plantar Flexor 
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Muscle Code Origin Insertion Notes Group 

Plantaris PLN Lateral epicondyle of femur Calcaneal tendon  Plantar Flexor 

Flexor digitorum 
longus 

FDL Posteromedial third of tibial shaft Plantar surface of bases of 
distal phalanges II – V 

 Pedal Flexors 

Flexor hallucis 
longus 

FHL Posterior head and shaft of fibula, 
interosseous membrane 

Plantar surface of bases of 
distal phalanges of digits I, II & 

IV 

In humans, only inserts 
upon the distal phalanx 

of digit I 

Pedal Flexors 

Tibialis posterior TIBP Proximal half of posterolateral 
surface of tibia, head and proximal 

half posteromedial surface of fibula, 
interosseous membrane 

Navicular, cuneiforms I, II & III, 
cuboid, plantar surface of 

bases of MTs II, III & IV 

 Plantar Flexor & 
Inverter 

(supination) 

Flexor digitorum 
brevis 

FDB Deep surface of PA & medial 
calcaneus 

Middle phalanges of digits II, III 
& IV 

Also to digit V in 
humans 

Pedal Flexors 

Abductor hallucis 
brevis 

ABHB Medial process of calcaneus Medial side of MTP joint 
capsule, with extension to base 

of proximal hallucal phalanx 

Simply Abductor 
hallucis in humans 

Abductors 

Abductor digiti 
quinti 

ABDQ Lateral process of calcaneus, deep 
surface of PA 

Lateral surface of proximal 
phalanx of digit V 

Also known as Abductor 
digiti minimi 

Abductors 

Abductor ossis 
metatarsi quinti 

AOMQ Lateral process of calcaneus, deep 
surface of PA 

Tuberosity of MT V Accessory of Abductor 
digiti quinti, variable in 

presence 

Abductors 

Flexor hallucis brevis FHB Medial head: medial cuneiform, 
plantar base of hallucal MT 

Lateral head: sheath of peroneus 
longus 

Medial head: medial side of 
base of hallucal MT and 

hallucal MTP joint capsule 
Lateral head: lateral side of 

base of hallucal MT and 
hallucal MTP joint capsule 

Not as extensive in 
humans 

Pedal Flexors 
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Muscle Code Origin Insertion Notes Group 

Adductor hallucis ADH Transverse head: heads & joint 
capsules of MTs II & III 

Oblique head: base of MT III 

Lateral side of base of proximal 
hallucal phalanx 

Slightly different 
arrangement in humans 

Adductors 

Lumbricales LUM From sides of long flexor tendons: 
1. Medial side of tendon to 

digit II 
2. Lateral side of tendon to 

digit II, medial side of 
tendon to digit III 

3. Lateral side of tendon to 
digit III, medial side of 

tendon to digit IV 
4. Lateral side of tendon to 

digit IV, medial side of 
tendon to digit V 

Dorsal expansions of extensor 
tendons over proximal 

phalanges of lateral 4 digits 

 Pedal Flexors 

Interossei dorsales I INTD Base of MT2 Medial side of proximal 
phalanx of digit II 

Abducts second toe Abductors 

 
There are other minor muscles of the foot that were not explored in depth, including Interossei plantares and Quadratus plantae. 

Table 6.1. Lower limb muscles: origin, insertion and action.
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Appendix II  Calculation of gorilla specimen; G1, body mass. 

The total lower limb mass and body mass data from all dissected gorilla specimens 

were log10 transformed and plotted as seen in Figure 2.4. 

The scaling exponent b predicted from this data was 0.84, with an R2 value of 0.97 

and the constant a equal to 0.0264. From the graph, the body mass of G1 was 

estimated using equation (2.1): 

baMy   

The total lower limb muscle mass of G1 was 1283 g, therefore the estimated total 

body mass of G1, using the equation above, was calculated to be 100.75 kg. This 

was rounded to 101 kg. 
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Appendix III  Tables outlining the scaling relationships for muscle 

mass, FL and PCSA to total body mass for individuals from this 

study. 

 

The data includes the estimated scaling exponent b, confidence intervals (CIs); 

highlighting the range of each scaling exponent, the R2 value; which indicates 

whether the data is a good fit, and two statistical analyses; P1 and P2. The first 

value, P1, denotes whether the slope of the linear fit is significantly different to 

zero; testing whether a relationship between body mass and each variable is 

present. The P2 value further explores whether the slope of the linear fit is 

significantly different from the expected slope; testing whether a geometric or 

allometric relationship is present. The expected slopes are the published scaling 

exponents, which are muscle mass to (body mass)1, FL to (body mass)1/3, and PCSA 

to (body mass)2/3 (Alexander et al., 1981). 
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Power relationship between individual muscle mass and total body mass presented per muscle group for specimens used in this current study. 

  n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

Total lower limb 11 1.82 (±0.04) ± 0.08 0.94 (±0.20) ± 0.46 0.70 <0.001 - 

Intrinsic foot n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

ADHT 11 -2.86 (±0.41) ± 0.92 0.63 (±0.22) ± 0.49 0.48 0.017 - 

ADHO 11 -2.50 (±0.36) ± 0.82 0.32 (±0.19) ± 0.44 0.23 - - 

FHBL 11 -3.85 (±0.60) ± 1.36 0.81 (±0.32) ± 0.72 0.42 0.032 - 

FHBM 10 -3.08 (±0.48) ± 1.11 0.55 (±0.25) ± 0.58 0.37 - - 

ABDH 11 -3.26 (±0.27) ± 0.62 0.87 (±0.14) ± 0.33 0.80 <0.001 - 

ABDHB 10 -2.71 (±0.52) ± 1.19 0.30 (±0.27) ± 0.63 0.13 - - 

EHB 11 -4.01 (±0.61) ± 1.39 0.93 (±0.32) ± 0.73 0.48 - - 

ABDDQ 10 -3.91 (±0.45) ± 1.04 1.06 (±0.24) ± 0.55 0.72 - - 

LUM2 11 -2.74 (±0.47) ± 1.07 -0.02 (±0.25) ± 0.57 <0.00 - - 

LUM3 11 -3.29 (±0.40) ± 0.89 0.29 (±0.21) ± 0.47 0.18 - - 

LUM4 11 -3.84 (±0.67) ± 1.51 0.56 (±0.35) ± 0.80 0.22 - - 

LUM5 10 -1.40 (±1.41) ± 3.26 -0.86 (±0.75) ± 1.72 0.14 - - 
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Plantar flexors n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

GAST 11 -1.72 (±0.62) ± 1.39 0.53 (±0.33) ± 0.74 0.22 - - 

SOL 11 -2.37 (±0.55) ± 1.25 0.88 (± 0.29) ± 0.66 0.50 0.014 - 

FDB 11 -3.50 (±0.24) ± 0.55 0.92 (±0.13) ± 0.29 0.85 <0.001 - 

FDL 11 -2.65 (±0.29) ± 0.65 0.73 (±0.15) ± 0.35 0.71 0.001 - 

FHL 11 -2.21 (±0.23) ± 0.52 0.66 (±0.12) ± 0.27 0.76 <0.001 ≤0.05 

TP 11 -2.65 (±0.64) ± 1.44 0.83 (±0.34) ± 0.76 0.40 0.036 - 

Plantar extensors n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

EHL 11 -3.09 (±0.46) ± 1.04 0.72 (±0.24) ± 0.55 0.49 0.016 - 

EDB 11 -3.07 (±0.45) ± 1.01 0.65 (±0.24) ± 0.53 0.46 0.023 - 

EDL 11 -2.75 (±0.40) ± 0.90 0.78 (±0.21) ± 0.48 0.60 0.005 - 

Everters & inverters n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

PLONG 11 -2.18 (±0.51) ± 1.15 0.55 (±0.27) ± 0.61 0.32 - - 

PBREV 11 -2.78 (±0.45) ± 1.02 0.69 (±0.24) ± 0.54 0.48 0.018 - 

TA 10 -2.68 (±0.36) ± 0.83 0.84 (±0.19) ± 0.44 0.70 0.003 - 

ABDHL 10 -2.83 (±0.54) ± 1.25 0.69 (±0.29) ± 0.67 0.41 0.018 - 

Table 6.2. Power relationship between individual muscle mass and body mass for individuals used in the current study. 
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Power relationship between individual muscle fascicle lengths and total body mass presented per muscle group for specimens used in the current study. 

Intrinsic foot n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

ADHT 11 0.45 (±0.27) ± 0.62 0.14 (±0.14) ± 0.33 0.10 - - 

ADHO 11 0.25 (±0.33) ± 0.74 0.18 (±0.17) ± 0.39 0.10 - - 

FHBL 11 0.41 (±0.36) ± 0.81 -0.06 (±0.19) ± 0.43 0.01 - - 

FHBM 10 -0.28 (±0.31) ± 0.81 0.36 (±0.16) ± 0.37 0.39 - - 

ABDH 10 0.29 (±0.22) ± 0.52 0.18 (±0.12) ± 0.27 0.22 - - 

ABDHB 10 0.60 (±0.18) ± 0.42 -0.04 (±0.09) ± 0.22 0.03 - - 

EHB 11 0.13 (±0.23) ± 0.51 0.26 (±0.12) ± 0.27 0.35 - - 

ABDDQ 10 0.16 (±0.14) ± 0.32 0.11 (±0.07) ± 0.17 0.21 - - 

LUM2 11 0.67 (±0.30) ± 0.68 0.03 (±0.16) ± 0.36 <0.01 - - 

LUM3 11 0.73 (±0.37) ± 0.85 -0.02 (±0.20) ± 0.45 <0.01 - - 

LUM4 11 0.67 (±0.41) ± 0.92 0.02 (±0.22) ± 0.49 <0.01 - - 

LUM5 10 0.75 (±0.31) ± 0.71 -0.02 (±0.16) ± 0.38 <0.01 - - 
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Plantar flexors n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

GAST 10 0.11 (±0.17) ± 0.40 0.37 (±0.09) ± 0.21 0.68 0.003 - 

SOL 10 <0.01 (±0.38) ± 0.87 0.34 (± 0.18) ± 0.45 0.27 - - 

FDB 11 0.73 (±0.22) ± 0.50 <0.01 (±0.12) ± 0.26 <0.01 - - 

FDL 10 0.56 (±0.22) ± 0.51 0.13 (±0.12) ± 0.27 0.14 - - 

FHL 11 0.59 (±0.22) ± 0.49 0.15 (±0.11) ± 0.26 0.16 - - 

TP 11 <0.01 (±0.18) ± 0.41 0.30 (±0.10) ± 0.22 0.52 0.013 - 

Plantar extensors n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

EHL 10 0.57 (±0.27) ± 0.61 0.24 (±0.14) ± 0.33 0.26 - - 

EDB 11 0.40 (±0.20) ± 0.46 0.11 (±0.11) ± 0.24 0.11 - - 

EDL 10 0.83 (±0.35) ± 0.81 0.09 (±0.19) ± 0.44 0.03 - - 

Everters & inverters n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

PLONG 11 0.21 (±0.15) ± 0.35 0.29 (±0.08) ± 0.19 0.58 0.006 - 

PBREV 11 0.21 (±0.22) ± 0.49 0.28 (±0.12) ± 0.26 0.39 0.039 - 

TA 10 0.45 (±0.23) ± 0.53 0.26 (±0.12) ± 0.28 0.36 - - 

ABDHL 10 0.43 (±0.20) ± 0.47 0.31 (±0.11) ± 0.25 0.50 0.021 - 

Table 6.3. Power relationship between individual muscle fascicle length and body mass for individuals used in the current study. 
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Power relationship between individual muscle PCSA and total body mass presented per muscle group for specimens used in the current study. 

Intrinsic foot n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

ADHT 11 -0.33 (±0.56) ± 1.28 0.48 (±0.30) ± 0.68 0.22 - - 

ADHO 11 0.26 (±0.45) ± 1.01 0.12 (±0.24) ± 0.54 0.03 - - 

FHBL 11 -1.29 (±0.37) ± 0.84 0.85 (±0.20) ± 0.45 0.67 0.002 - 

FHBM 10 <0.01 (±0.59) ± 1.35 0.25 (±0.31) ± 0.71 0.08 - - 

ABDH 10 -0.48 (±0.27) ± 0.62 0.63 (±0.14) ± 0.33 0.71 0.002 - 

ABDHB 10 -0.42 (±0.59) ± 1.36 0.37 (±0.31) ± 0.71 0.15 - - 

EHB 11 -1.14 (±0.72) ± 1.37 0.64 (±0.32) ± 0.73 0.31 - - 

ABDDQ 10 -1.02 (±0.36) ± 0.82 0.89 (±0.19) ± 0.43 0.74 0.001 - 

LUM2 11 -0.78 (±0.72) ± 1.64 0.11 (±0.38) ± 0.87 0.01 - - 

LUM3 11 -0.89 (±0.46) ± 1.04 0.23 (±0.24) ± 0.55 0.09 - - 

LUM4 11 -1.24 (±0.66) ± 1.50 0.40 (±0.35) ± 0.79 0.13 - - 

LUM5 10 0.06 (±0.69) ± 1.59 -0.48 (±0.36) ± 0.84 0.18 - - 
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Plantar flexors n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

GAST 11 0.12 (±0.67) ± 1.51 0.65 (±0.35) ± 0.80 0.28 - - 

SOL 11 0.49 (±0.54) ± 1.23 0.54 (± 0.29) ± 0.65 0.28 - - 

FDB 11 -1.12 (±0.39) ± 0.89 0.84 (±0.21) ± 0.47 0.64 0.003 - 

FDL 10 -0.34 (±0.33) ± 0.74 0.63 (±0.18) ± 0.40 0.61 0.007 - 

FHL 11 0.17 (±0.26) ± 0.60 0.48 (±0.14) ± 0.31 0.56 0.008 - 

TP 11 0.30 (±0.62) ± 1.40 0.49 (±0.33) ± 0.74 0.20 - - 

Plantar extensors n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

EHL 10 -0.82 (±0.56) ± 1.30 0.54 (±0.30) ± 0.70 0.28 - - 

EDB 11 -0.48 (±0.40) ± 0.89 0.51 (±0.21) ± 0.47 0.40 0.037 - 

EDL 10 -0.40 (±0.37) ± 0.86 0.57 (±0.20) ± 0.46 0.50 0.022 - 

Everters & inverters n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

PLONG 11 0.57 (±0.49) ± 1.11 0.24 (±0.26) ± 0.59 0.08 - - 

PBREV 11 -0.03 (±0.44) ± 1.01 0.40 (±0.24) ± 0.53 0.24 - - 

TA 10 -0.31 (±0.45) ± 1.03 0.64 (±0.24) ± 0.56 0.46 0.03 - 

ABDHL 10 -0.02 (±0.68) ± 1.57 0.24 (±0.37) ± 0.84 0.05 - - 

Table 6.4. Power relationship between individual muscle PCSA and body mass for individuals used in the current study.
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Appendix IV   Tables outlining the scaling relationships for muscle 

mass, FL and PCSA to total body mass for individuals from this 

study, plus published data. 

 

The data includes the estimated scaling exponent b, confidence intervals (CIs); 

highlighting the range of each scaling exponent, the R2 value; which indicates 

whether the data is a good fit, and two statistical analyses; P1 and P2. The first 

value, P1, denotes whether the slope of the linear fit is significantly different to 

zero; testing whether a relationship between body mass and each variable is 

present. The P2 value further explores whether the slope of the linear fit is 

significantly different from the expected slope; testing whether a geometric or 

allometric relationship is present. The expected slopes are the published scaling 

exponents, which are muscle mass to (body mass)1, FL to (body mass)1/3, and PCSA 

to (body mass)2/3 (Alexander et al., 1981). 
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Power relationship between individual muscle mass and total body mass presented per muscle group for specimens used in the current 

study, plus published data. 

 n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

Total lower limb 14 -1.24 (±0.24) ± 0.52 0.70 (±0.13) ± 0.28 0.70 <0.001 ≤0.05 

Intrinsic foot n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

ADH 13 -2.32 (±0.29) ± 0.64 0.45 (±0.16) ± 0.35 0.43 0.015 ≤0.01 

FHB 14 -3.46 (±0.34) ± 0.74 0.83 (±0.18) ± 0.40 0.64 0.001 - 

ABDH 14 -2.80 (±0.31) ± 0.67 0.64 (±0.17) ± 0.36 0.55 0.002 - 

EHB 13 -2.89 (±0.72) ± 1.58 0.40 (±0.39) ± 0.85 0.09 - - 

ABDDQ 13 -3.64 (±0.38) ± 0.85 0.93 (±0.21) ± 0.46 0.65 0.001 - 

Plantar flexors n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

GAST 20 -2.26 (±0.27) ± 0.57 0.83 (±0.15) ± 0.31 0.63 <0.001 - 

SOL 21 -2.60 (±0.33) ± 0.69 0.99 (±0.18) ± 0.38 0.61 <0.001 - 

FDB 18 -3.22 (±0.35) ± 0.74 0.77 (±0.19) ± 0.40 0.51 0.001 - 

FDL 21 -1.92 (±0.27) ± 0.56 0.39 (±0.15) ± 0.31 0.27 0.016 ≤0.001 

FHL 21 -2.32 (±0.27) ± 0.57 0.67 (±0.15) ± 0.31 0.51 <0.001 ≤0.05 

TP 20 -2.88 (±0.27) ± 0.56 0.96 (±0.15) ± 0.31 0.70 <0.001 - 
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Plantar extensors n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

EHL 21 -3.25 (±0.37) ± 0.78 0.82 (±0.20) ± 0.43 0.46 0.001 - 

EDB 12 -3.48 (±0.70) ± 1.52 0.84 (±0.38) ± 0.82 0.29 0.047 - 

EDL 21 -2.75 (±0.45) ± 0.94 0.75 (±0.25) ± 0.52 0.33 0.007 - 

Everters & inverters n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

PLONG 21 -2.73 (±0.22) ± 0.47 0.84 (±0.12) ± 0.26 0.71 <0.001 - 

PBREV 19 -3.06 (±0.26) ± 0.54 0.84 (±0.14) ± 0.30 0.67 <0.001 - 

TA 20 -2.43 (±0.18) ± 0.37 0.78 (±0.10) ± 0.21 0.78 <0.001 ≤0.05 

Table 6.5. Power relationship between individual muscle mass and total body mass for specimens used in the current study, plus published data. 
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Power relationship between individual muscle fascicle length and total body mass per muscle group for specimens used in the current 

study, plus published data. 

Intrinsic foot n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

ADH 13 0.45 (±0.24) ± 0.54 0.11 (±0.13) ± 0.29 0.06 - - 

FHB 15 0.04 (±0.20) ± 0.43 0.17 (±0.11) ± 0.23 0.16 - - 

ABDH 13 0.25 (±0.17) ± 0.38 0.20 (±0.09) ± 0.21 0.30 - - 

EHB 14 0.23 (±0.18) ± 0.39 0.21 (±0.10) ± 0.21 0.29 0.046 - 

ABDDQ 13 0.46 (±0.25) ± 0.54 -0.04 (±0.13) ± 0.29 <0.01 - - 

Plantar flexors n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

GAST 20 0.62 (±0.15) ± 0.32 0.14 (±0.08) ± 0.18 0.14 - - 

SOL 20 0.54 (±0.20) ± 0.41 0.09 (± 0.11) ± 0.23 0.04 - - 

FDB 18 0.45 (±0.22) ± 0.46 0.14 (±0.12) ± 0.25 0.09 - - 

FDL 19 0.67 (±0.15) ± 0.33 0.10 (±0.09) ± 0.18 0.07 - - 

FHL 20 0.34 (±0.10) ± 0.21 0.28 (±0.06) ± 0.12 0.59 <0.001 - 

TP 20 -0.28 (±0.17) ± 0.36 0.47 (±0.09) ± 0.20 0.58 <0.001 - 
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Plantar extensors n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

EHL 20 0.54 (±0.15) ± 0.31 0.24 (±0.08) ± 0.17 0.32 0.010 - 

EDB 14 0.44 (±0.20) ± 0.43 0.09 (±0.11) ± 0.24 0.06 - - 

EDL 20 0.84 (±0.13) ± 0.27 0.09 (±0.07) ± 0.15 0.08 - - 

Everters & inverters n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

PLONG 21 0.28 (±0.08) ± 0.16 0.26 (±0.04) ± 0.09 0.66 <0.001 - 

PBREV 20 0.17 (±0.14) ± 0.30 0.33 (±0.08) ± 0.17 0.48 0.001 - 

TA 20 0.81 (±0.17) ± 0.37 0.07 (±0.10) ± 0.20 0.03 - - 

Table 6.6. Power relationship between individual muscle fascicle length and total body mass for specimens used in the current study, 
plus published data.
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Power relationship between individual muscle PCSA and total body mass per muscle group for specimens used in the current study, plus 

published data. 

Intrinsic foot n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

ADH 13 0.33 (±0.42) ± 0.93 0.28 (±0.23) ± 0.50 0.12 - - 

FHB 16 -0.28 (±0.92) ± 1.98 0.44 (±0.49) ± 1.05 0.05 - - 

ABDH 13 0.08 (±0.35) ± 0.76 0.34 (±0.19) ± 0.41 0.24 - - 

EHB 14 -0.64 (±0.58) ± 1.26 0.41 (±0.31) ± 0.68 0.12 - - 

ABDDQ 13 -0.95 (±0.41) ± 0.90 0.85 (±0.22) ± 0.48 0.58 0.002 - 

Plantar flexors n Log10 a (± SE) CI (log10 a)± b (± SE) CI(b)± R2 P1 P2 

GAST 20 -0.15 (±0.26) ± 0.54 0.79 (±0.14) ± 0.30 0.64 <0.001 - 

SOL 21 -0.05 (±0.26) ± 0.54 0.82 (± 0.14) ± 0.29 0.64 <0.001 - 

FDB 18 -0.88 (±0.58) ± 1.22 0.66 (±0.31) ± 0.66 0.22 0.049 - 

FDL 19 0.26 (±0.22) ± 0.47 0.34 (±0.12) ± 0.26 0.31 0.013 ≤0.05 

FHL 20 0.47 (±0.21) ± 0.44 0.30 (±0.11) ± 0.24 0.28 0.016 ≤0.01 

TP 21 0.34 (±0.35) ± 0.74 0.47 (±0.19) ± 0.41 0.24 0.025 - 
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Plantar extensors n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

EHL 21 -0.93 (±0.34) ± 0.72 0.63 (±0.19) ± 0.40 0.37 0.007 - 

EDB 14 -0.40 (±0.32) ± 0.71 0.47 (±0.18) ± 0.38 0.38 0.019 - 

EDL 20 -0.19 (±0.23) ± 0.47 0.45 (±0.13) ± 0.27 0.41 0.003 - 

Everters & inverters n Log10 a 

(± SE) 

CI 

(log10 a)± 

b 

(± SE) 

CI(b)± R2 P1 P2 

PLONG 21 -0.05 (±0.24) ± 0.50 0.57 (±0.13) ± 0.27 0.50 <0.001 - 

PBREV 19 -0.25 (±0.19) ± 0.39 0.51 (±0.10) ± 0.22 0.59 <0.001 - 

TA 21 0.17 (±0.26) ± 0.55 0.47 (±0.15) ± 0.30 0.35 0.004 - 

Table 6.7. Power relationship between individual muscle PCSA and total body mass for specimens used in the current study, plus published data. 
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Appendix V   Left versus right lower limb muscles masses for 

chimpanzees (n = 6). 
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Muscle C1 C2 C3 C4 C5 Ind.2 

GAST 21.4 17.5 14.5 14.1 7.2 6.9 15.6 16.7 17.7 16.8 5.4 4.8 

SOL 17.3 17.2 14.8 14.2 7.5 7.7 21.3 19.3 13.5 12.3 5.6 4.3 

TRICEPS SURAE 38.7 34.7 29.3 28.3 14.7 14.6 37.0 35.9 31.2 29.1 11.0 9.2 

EHL 1.3 1.7 1.2 1.3 0.6 0.6 1.8 1.7 1.4 1.1 0.3 0.4 

EDL 2.8 2.7 4.3 4.8 1.6 1.8 4.3 4.5 3.2 2.9 1.2 1.3 

FDL 2.6 2.8 3.0 2.8 1.8 1.7 3.4 3.7 2.9 3.1 1.0 1.0 

FHL 5.4 5.8 6.7 7.1 4.3 4.5 6.4 5.6 7.8 7.4 2.1 2.4 

TA/ABDHL 7.8 7.2 6.9 6.8 4.2 4.0 9.1 8.7 7.2 6.9 4.2 3.3 

PBREV 1.7 2.2 2.5 2.5 1.1 1.1 3.1 3.3 2.3 2.1 0.8 0.7 

PLONG 5.1 6.4 5.1 6.1 2.4 2.5 7.4 6.6 4.0 4.1 2.1 1.6 

FHB - - 10.6 9.6 12.0 11.6 20.7 18.6 19.5 17.2 - - 

FDB 1.2 1.1 1.1 1.1 0.7 0.7 1.2 1.2 0.9 0.8 - - 

Table 6.8. Muscle masses in the dominant and non-dominant limbs of Pan troglodytes. Muscle masses are in grams, with the dominant leg values 
presented in the respective second column for each individual.
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Appendix VI  Individual tendon data for great apes. 
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MTU Species 
Muscle fascicle 

length (cm) 

Muscle pennation 

angle (degrees) 

Muscle PCSA 

(cm2) 

Tendon length 

(cm) 
Tendon CSA (cm2) 

Tibialis anterior B1 7.36* 24* 5.24* 7.3* 0.16* 

C4 8.06, 9.44 31, 28 10.53, 8.87 8.5, 8.6 0.2, 0.2 

C5 7.88, 8.56 25, 23 8.2, 8.34 7.4, 6.7 0.17, 0.22 

G3 12.2 18 10.45 9.4 0.42 

G4 8.52* 21* 7.05* 8.7* 0.24* 

Tibialis posterior O1 4.26 20 4.81 11.0 0.22 

B1 3.34, 3.24 40, 24 12.98, 16.33 12.0, 11.8 0.25, 0.23 

C4 3.58, 3.36 40, 41 26.77, 29.47 10.2, 9.6 0.35, 0.49 

C5 3.3* 42* 16.38* 6.7* 0.33* 

G2 4.28* 39* 27.18* 15.0* 0.31* 

G3 6.58, 4.4 36, 40 18.38, 28.47 13.3, 17.0 0.61, 0.53 

G4 3.68* 26* 13.11* 7.3* 0.47* 
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MTU Species Muscle fascicle 

length (cm) 

Muscle pennation 

angle (degrees) 

Muscle PCSA 

(cm2) 

Tendon length 

(cm) 

Tendon CSA (cm2) 

Extensor hallucis 

longus 

O1 13.24 0 0.66 11.5 0.047 

B1 7.5, 8 18, 8 1.09, 1.16 14.2, 14.2 0.047, 0.06 

C4 11.84, 12.62 13, 18 2.24, 2.02 12.0, 12.5 0.08, 0.09 

C5 11.88 18 1.57 12.0 0.076 

G2 - 21* - 14.7* 0.16* 

G3 13.74, 13.7 15, 18 2.26, 1.74 13.8, 14.8 0.19, 0.11 

G4 9.82* 17* 1.56* 12.3* 0.1* 

Peroneus longus O1 6.12 25 4.79 16.0 0.16 

B1 4.88, 5.46 23, 23 9.98, 8.66 12.0, 11.3 0.2, 0.23 

C4 5.9, 6.16 27, 27 17.34, 14.81 13.5, 13.5 0.28, 0.27 

C5 4.84, 4.36 33, 15 10.30, 12.95 13.9, 13.2 0.21, 0.17 

G2 7.6* 27* 16.6* 19.8* 0.33* 

G3 7.88, 7.3 31, 24 9.43, 9.76 18.3, 20.7 0.32, 0.31 

G4 5.9* 26* 8.13* 15.0* 0.25* 

Table 6.9. Individual tendon data for great apes. Left side values are presented first, or denoted by * if only one value present. 
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Appendix VII Raw muscle architectural data presented for 

each individual great ape. 
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MTU Species 
Muscle fascicle 

length (cm) 

Muscle pennation 

angle (degrees) 
Muscle PCSA (cm2) Tendon length (cm) Tendon CSA (cm2) 

Tibialis 

anterior 

B 7.4 24 5.2 7.3 0.16 

C 8.8C4, 8.2C5 30C4, 24C5 9.7C4, 8.3C5 8.6C4, 7.1C5 0.20C4, 0.20C5 

G 4.3G2, 12.2G3, 8.5G4 39G2, 18G3, 21G4 27.2G2, 10.5G3, 7.1G4 15.0G2, 9.4G3, 8.7G4 0.31G2, 0.42G3, 0.24G4 

Tibialis 

posterior 

O 4.3 20 4.8 11.0 0.22 

B 3.3 32 14.7 11.9 0.24 

C 3.5C4, 3.3C5 41C4, 42C5 28.1C4, 16.4C5 9.9C4, 6.7C5 0.42C4, 0.33C5 

G 4.3G2, 5.5G3, 3.7G4 39G2, 38G3, 26G4 27.2G2, 23.4G3, 13.1G4 15.0G2, 15.2G3, 7.3G4 0.31G2, 0.57G3, 0.47G4 

Extensor 

hallucis 

longus 

O 13.2 0 0.7 11.5 0.05 

B 7.8 13 1.1 14.2 0.05 

C 12.2C4, 11.9C5 16C4, 18C5 2.1C4, 1.6C5 12.3C4, 12.0C5 0.09C4, 0.08C5 

G 13.7G3, 9.8G4 21G2, 17G3, 17G4 2.0G3, 1.6G4 14.7G2, 14.3G3, 12.3G4 0.16G2, 0.15G3, 0.10G4 

Peroneus 

longus 

O 6.1 25 4.8 16.0 0.16 

B 5.2 23 9.3 11.7 0.22 

C 6.0C4, 4.6C5 27C4, 24C5 16.1C4, 11.6C5 13.5C4, 13.6C5 0.28C4, 0.19C5 

G 7.6G2, 7.6G3, 5.9G4 27G2, 28G3, 26G4 16.6G2, 9.6G3, 8.1G4 19.8G2, 19.5G3, 15.0G4 0.33G2, 0.32G3, 0.25G4 

Table 6.10. Architectural data for muscles and tendons taken from dissection. O = orangutan (individual O1), B = bonobo (individual B1), 
C = chimpanzee (individuals C4 and C5), G = gorilla, (individuals G2, G3 and G4). 
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Appendix VIII Estimated tendon stress and strain 

presented as averages for each species group. 
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Species n 

Estimated Stress (MPa) and corresponding estimated strain (%) 

Extensor hallucis longus Peroneus longus Tibialis anterior Tibialis posterior 

Stress Strain Stress Strain Stress Strain Stress Strain 

O 1 4.20 0.3 - 9.23 0.6 2.9Ϯ 1.89 0.1 - 6.68 0.5 2.5Ϯ 

B 1 6.34 0.4 0.6Ϯ 13.10 0.9 4.1Ϯ 9.94 0.7 3.1Ϯ 18.18 1.2 5.3Ϯ 

C 2 6.61 ± 1.42 0.4 1.4Ϯ 18.11 ± 3.17 1.2 5.1Ϯ 13.63 ± 1.77 0.9 3.1Ϯ 19.08 ± 3.47 1.3 8.3Ϯ 

G 3 4.30 ± 0.64 0.3 1.6Ϯ 9.36 ± 0.42 0.7 4.5Ϯ 8.25 ± 0.63 0.5 4.1Ϯ 11.14 ± 4.22 1.0 5.5Ϯ 

Table 6.11. Average values of the estimated, maximum tendon stress as calculated from muscle architectural data. Corresponding estimated strain was 
calculated using 1.5 GPa as the Young’s modulus of tendon, and values of Young’s modulus as recorded during tendon testing, denoted by (Ϯ). All values 

presented are ± standard deviation (SD) where applicable. O = orangutan, B = bonobo, C = chimpanzee and G = gorilla.  
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Appendix IX  Individual plantar aponeurosis data for great apes. 

Specimen Mass (g) Length (mm) CSA (cm2) 

B1L 2.8 137 0.18 

B1R 2.6 125 0.18 

C1L 6.9 118 0.52 

C1R 7.1 130 0.48 

C2L 4.9 142 0.31 

C2R 5.5 127 0.39 

C3R 

C4L 

3.3 110 0.27 

C4L 3.8 115 0.30 

C4R 4.9 120 0.37 

C5L 4.3 110 0.35 

C5R 4.9 118 0.37 

G1L 5.5 143 0.34 

G2L 10.1 161 0.56 

G3L 15.1 191 0.70 

G3R 16.2 180 0.80 

G4L 10.2 143 0.64 

O1R 4.9 141 0.31 

Table 6.12. Individual plantar aponeurosis data for great apes. 
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Appendix X  List of abbreviations and glossary. 

Primates – to encompass all species of the order Primates. 

Non-human primates – all species of the order Primates except humans. 

Great apes – to encompass the four genera of non-human great apes; chimpanzee, 

gorilla, orangutan and bonobo. 

AI – Architectural index 

BMD – Bone mineral density 

CI – Confidence interval 

COP – Centre of pressure 

COS – Cosine (of an angle) 

CSA – Cross-sectional area 

CT – Computed tomography 

DF – Degrees of freedom 

E – Young’s modulus of tendon 

EFOV – Extended field of view 

EMG – Electromyography  

FL – Fascicle length 

FLF – Fibre length factor 

FMAX – Maximum isometric force of contraction 

Instron – Apparatus designed to evaluate the mechanical properties of a material 

MLA – Medial longitudinal arch 

MPa – Megapascal 

MRI – Magnetic resonance imaging 
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MT - Metatarsal 

MTP – Metatarsophalangeal (joint) 

MTU – Muscle-tendon unit 

PA – Plantar aponeurosis 

PCSA – Physiological cross-sectional area 

PP – Proximal phalanx 

SD – Standard deviation 

SE – Standard error 

TLC – Tendon length change 

UTS – Ultimate tensile strength  
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