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ABSTRACT: Wang Weijie (Ph. D): Mechanics of Bipedalism in 
Relation to Load-Carrying: Biomechanical Optima in Hominid 
Evolution 

The acquisition of bipedalism is the `Rubicon' of hominization. Using 
kiniesiological recording, rigid-body dynamic modelling, calculations of energy 
transformation of segment and body centres of mass, computational optimization 
and dynamic modelling at the musculoskeletal level, I compare the mechanics of 
loaded and unloaded erect and bent-hip, bent-knee (BHBK) bipedal walking in 
humans, common chimpanzees, and early hominids including Australopithecus 
afarensis and Homo erectus. 

Experiments show that BIIBK walking has the lowest effectiveness 
irrespective of criterion, suggesting that selection would have favoured early 
adoption of erect walking. In loaded BHBK walking, moments at the knee are 
larger and last longer than in erect loaded walking, and moments last almost 
through the whole of stance. As a result, total joint power is almost 1.5 times 
greater in BIIBK loaded walking, and energy recovery two times lower. Thus, 
selection against BHBK walking would probably be increased by load-carrying. 
Comparison of humans with chimpanzees shows that the parameters of chimpanzee 
joints are less effective. Larger peak moments act at the knee, and larger powers at 
the hip. Among various modes of human walking, comfortable walking has the best 
effect on energy transformation and BHBK walking the worst. Chimpanzees had 
the least effective transformation. Considering positive work done as the effort 
output from the body to power walking, BHBK walking expends more work done 
than erect walking. Positive and negative work may play different functional roles. 

Simulated ground reaction forces (GRFs) during erect walking by AL-288-1 
and WT-15000 are very similar to GRFs measured during erect walking for living 

adults, suggesting that both fossil species had human-like gaits. WT-15000 has 

smaller joint powers and moments than AL-288, and androids with a relatively 
short trunk tended to walk with higher mechanical effectiveness. Selection may thus 
have operated to increase the length of the lower limb relative to the trunk. Using as 
dual criteria a match between upper and lower limb swing time, and ability to carry 
loads in the hand, AL-288 could only have carried weights of 15%-50% upper limb 
weight while maintaining swing symmetry, but WT-15000 and modern humans 
weights 3 times upper limb weight. Carrying ability of chimpanzees is worse than 
that of AL-288- 1. The intermembral index of modern humans, at 68-70, is around 
the smallest, and optimal for hand-carrying. Under reduced selection pressure for 
hand-carrying, we might expect humans to evolve a longer upper limb, to improve 
unloaded swing symmetry. 

The results from musculoskeletal models show that total of muscle forces 
and powers in BHBK is larger than in erect walking. 

All other things being equal, if achievement of minimum motive power was 
a selective criterion, human stature might tend to increase slightly in the future but 
at a lower rate. If mobility and loaded stability were the selective criteria, there 
should be no size increase. 
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CHAPTER 1 INTRODUCTION 

Even a journey of a thousand miles begins where you are standing 

Chinese Proverb 



1.1 The evolution of bipedalism 

1.1.1 Reasons for the acquisition of bipedalism 

The origin and evolution of bipedalism has been discussed ever since Darwin 

(1871) and remains a topic of hot debate. There are many different views about the 

reasons for the acquisition of bipedalism, summarized by in Table 1.1, taken from 

Rose (1991). 

However, while speculation as to the reasons why bipedalism was acquired is an 

amusing pastime, it is less appropriate for scientific enquiry than are the sequential 

changes in anatomical structure and function that lead to one, and only one, of the 

three lineages of living African great apes performing efficient bipedal walking, and 

habitually using bipedal walking rather than any of the other alternative modes of 

progression. Humans cannot fly unaided, but can run, climb, jump, hop, swim and 

walk quadrupedally. How did human evolution lead to the selection of bipedal 

walking among all these alternatives? Since walking is a mechanical process, where 

work is done on the external environment to propel the body, these questions needs 

to be answered from a mechanical perspective. 
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SELECTION FOR HOMINID BIPEDALISM 

AGENT OF 
SELECTION 

FORELIMB SOCIAL FEEDING OTHER 
PRE-EMPTION BEHAVIOR 

INFANT THREAT ARBOREAL 1WLKING ON 
CARRIAGE DISPLAY GATHERING SNOW OR MUD 
1,2 0,10 19 35 

IFOOD TERRESTRIAL IODINE 

-CARRIAGE AGGRESSION *OATHERING ýDEFICIENCY 
3,4 11 20-24 ' 30 

TOOL AQUATIC BIOMECHANICAL 
-CARRIAGE EVASION GATHERING -INEVITABILITY 
5,6,7 12 26,26,21 31 

(TOOL ARBOREAL L BINATION 
I. THROWING VIGILANCE PREDATION OF FACTORS 
8 13,14,15 28 38-41 

SEXUAL TERRESTRIAL 
DISPLAY PREDATION 
16,17 29,30,31 
NUPTIAL TERRESTRIAL 
GIFTS SCAVENGING 
18 32,33,34 

Fi& 3. - Rckoci ca are reprueatadve, not exhaustive. 1, Eft 1934; 2, Iwamoto 1985; 3, Rem 1961; 4, Lovejoy 
1981; It Bosbole ew and Bladsc111953.6. Washburn 1967; 7, Maraca 1986; 8, Fifes, 1987.9, Living tone 
1962; 10, Wescott 1967; 11, Kostland 1920: 12, Reynolds 1931; 13, DO 1959; *14, Dsy, IM ; 15, Ravey 
1978; 16, Gutbrie, 1970; 17, Montgomery, 1988; 18, Parier 1981; 19, Rims 1990; 20, Da Brot 1962; 21, 
Jolly 1970; 22, Wrnnghsm 1960; 23, Rose 1984; 24 Wnndam 1986; 25, Hardy 1960; 26, Morgan 1982; 27 
Veeiheegea 1995; A Eickhoff 1988: 29.06t 1978,30, Maker 1984; 31, Curler 1913; 32, Sulsy 1975; 33, 
Sbilmmm 1986: 34, Sioclait e1 oL 1986; 35, Kholer 19; 9; 36. Maren, 1936,37, Reynolds 1995.33. Napier 
1963; 39, Sigmoa 1971; 40, Rose 1984; 41, Day 3986. 

Table 1.1 Reasons for the acquisition of human bipedalism, from Rose (1991) 
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1.1.2 The fossil record 

In order to investigate the evolution of bipedalism, we have one source of historical 

data: the fossil record. While fragmentary evidence of the postcranial skeleton of 

early hominids has long been available (see, e. g. Broom 1938 a and b, Broom and 

Schepers 1946,1950; Day and Leakey 1973) it is only within the last quarter 

century that reasonably complete fossil skeletons have been discovered. The two 

best known remain Australopithecus afarensis AL-288-1 ('Lucy') from the Hadar 

region of Ethiopia (Johanson et al 1982 and 1987) and Homo erectus KNM 

M 15000 from Nariokotome in Kenya (Walker and Leakey, 1986). The fossils have 

provided us with much information about the skeletons of early hominids a few 

million years ago (MYA). 

1.1.2.1 AL-288-1 Australopithecus afarensis 'Lucy' 

The 40% complete skeleton AL-288-1 dates to around 3.4-3.6 MYA, and bipedality 

is attested to by several diagnostic features, such as the unequal size of the femoral 

condyles, which would have produced a habitually adducted posture of the thighs. 

However, AL-288-1 had relatively long upper limbs and shorter lower limbs than 

modem humans, her phalanges were curved, and her trunk was shaped like a 

truncated cone, rather than being anteroposteriorly flattened as in ourselves (see, 

e. g. Jungers 1982; Jungers and Stern 1983; Wolpoff 1983a and b). Thus, while 

there is general agreement that the postcranial skeleton shows features adaptive to 
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bipedalism as well as to arboreal climbing, the mechanical nature of any such 

bipedalism has still not been agreed upon. Lovejoy (e. g. 1981), Latimer and 

Lovejoy (1989) and Latimer (1991) hold that this early hominid was an erect 

terrestrial biped, whose supposed adaptations to climbing were essentially 

anachronistic. On the other hand, Stern and Susman (1983) conclude that Lucy's 

gait was most likely characterised by a "bent-hip, bent-knee" (BHBK) posture 

(1983, page 312). The distinction has an analogue in the distinction between the 

kinematics of bipedal walking by common chimpanzees and that of humans: while 

humans walk with relatively straight knees and extended hips, common 

chimpanzees maintain flexed postures of the knee and hip joint, in which the leg 

rarely, if ever, passes behind the hip joint (Jenkins, 1972; Kimura et al., 1979 

Tardieu, 1987; Tardieu et al. 1993). The dynamics of human and common 

chimpanzee bipedalism are also distinctive: during chimpanzee bipedalism the 

vertical components of the ground reaction forces (GRFs) are described by an 

essentially flat-topped, single-peaked curve, while that of normal human walking is 

always two-peaked (Kimura et al. 1979; Kimura 1986; Alexander 1991; Li et al. 

1996). Distinctions in ground reaction forces in turn imply the possibility of 

differences in mechanical effectiveness. 

Cavagna and colleagues (1976) integrated ground reaction forces against the foot 

during human walking, and estimated from this the proportion of the external work 

done by the body 'recovered' by transformation of kinetic to potential energy and 

vice-versa. They found that while recovery is very variable, the greatest recovery 
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(48-70%) occurs at speeds around 1.4 m/s. falling off very steeply to about 5-10% 

over 2.8 m/s., and below 1.1 m/s. In a later paper, Cavagna et al. (1977) argued that 

exchange of potential and kinetic energies is made possible by the `inverted 

pendulum' mechanism of human striding gait. Alexander and Jayes (1980) 

characterised this type of bipedalism as 'stiff walking, and contrasted it with flexed- 

knee bipedalism as 'compliant' walking. They suggested (and see Alexander, 1992) 

that energy transformation should only obtain in 'stiff walking, where fluctuations 

in potential and kinetic energies are out of phase'. Alexander (1991) also proposed 

that the kinematic and kinetic characteristics of non-human primate gaits are 

functionally related; the flat-topped GRF curves of non-human bipedalism being the 

product of flexed-knee (compliant) gaits just as the two-humped GRF curves 

characteristic of human bipedalism are the product of straight-knee, "stiff' gaits. 

Indeed, Yaguramaki et al. (1995) showed that the shape of GRF curves is affected 

by posture, flexed-knee postures reducing the height of the second peak. Thus, we 

should expect that the flexed-knee, compliant bipedalism of common chimpanzees 

would lack effective energy transformation. However, Kimura (1996) used a 

method similar to that of Cavagna et al. (1976) to determine the ontogeny of 

recovery in bipedal walking by trained chimpanzees. He found, despite greater 

Several studies have investigated compliant effects in running and hopping: for example, 
McMahon ct al. (1986) showed that running with bent knees may increase oxygen consumption by 
up to 50%; Farley et at. (1991) found that the human body behaves as a simple spring-mass system 
at a wide range of hopping speeds, but ground contact time increased at subjectively preferred 
speeds, and Farley and Gonzalez (1996) have shown that in human running, the angle swept by the 
leg spring decreases at higher stride frequencies, while the stiffness of the leg spring increases 
sharply. However, the mechanics of energy conservation in running are very different from those in 
walking (Cavagna et al. 1977; Farley and McMahon 1992) savings being made by return of energy 
by elastic recoil of muscle-tendon springs, rather than by exchange of potential and kinetic energies. 
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variability than for Cavagna's humans, that recovery increases with age between 1 

and 5 years, the youngest obtaining 20% recovery or less, the eldest as much as 

70%, and argued that older chimpanzees are better able to sustain extended knee 

postures. 

Alexander and Jayes' (1980) distinction between compliant and stiff gaits was 

quickly applied to interpretation of Lucy's likely mode of bipedalism. As Schmitt, 

Stem and Larson (1996, p. 209) put it, Susman et al. (1984) "suggested that use of a 

compliant gait that included hip and knee yield during walking would result in 

reduced substrate reaction forces and that this in turn might explain the absence of 

anatomical evidence for human-like sacroiliac stabilization in AL-288-1". In an 

abstract, Schmitt, Stern and Larson (1996) returned to this argument, reporting that 

human subjects reduced vertical force by 10-25% of body weight during compliant 

walking, and suggesting that: "The use of a compliant gait could have facilitated 

the transition from a nonbipedal gait to a fully bipedal one" (p. 209). However, 

since the integral of vertical ground reaction forces on time is a constant for any 

given subject2, if the magnitude of any peak falls, the curve must therefore rise by 

the same amount somewhere else. Either the second peak will increase, or the 

valley in the curve will decrease. Only peak loads, or their timing, could be 

affected. Thus, "substrate reaction forces" are not "reduced" in compliant walking, 

but rather changed in timing. 

essentially, body weight. 
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Crompton et al. (1998) used predictive dynamic modelling to assess the mechanical 

effectiveness of AL-288-1 under both hypotheses, on the basis of data on segment 

proportions from the literature. They found that AL-288-l's proportions were 

incompatible with the kinematics of chimpanzee bipedalism, but compatible with 

the kinematics of either erect or ß1113K human gait. In the latter case, neither the 

ankle nor the knee joint would have contributed substantial mechanical work to 

propulsion of the body, and net energy absorption was predicted for these joints, 

which would have resulted in increased heat load. They thus concluded that such an 

ineffective gait is unlikely to have lead to selection for'bipedal' features in the 

postcranial skeleton. 

An unpublished thesis by Carey (1999) in the same laboratory has confirmed, from 

physiological measurements on modem humans, that 'BIIBK' walking does indeed 

lead to doubling or near-doubling of oxygen consumption and lactate production, 

and substantially increased core body temperature. 

1.1.2.2 KNMf iVT-15000 Homo erectus 

KNM WT-15000 dates to about 1.6-1.8 MYA (Walker and Leakey, 1986). This 

skeleton represents early African Homo erectus. Unlike Australopithecus afarensis, 
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Homo erectus is known from East and South-East Asia and southern Europe as 

well as East Africa. The skeleton of WT-15000 is 75% complete. It is characterised 

by a shorter trunk and longer leg than either AL-288-1 or modem humans, although 

the morphology of individual bones is rather similar to those of modern humans 

(Walker and Leakey 1986). 

Hunt (1994) suggested that early hominid bipedalism may have had its origin in a 

subset of the behaviours he has observed in chimpanzees in the wild. Hunt showed 

that bipedalism in chimpanzees occurs predominantly in the form of `postural' 

bipedalism, which chimpanzees adopt while reaching to feed from trees. In the 

chimpanzees Hunt observed, functional bipedal locomotion was a rare activity 

which consisted of relatively ungainly "shuffling between trees" (Wood, 1994 p. 

588). Hunt proposed that the "poor bipedal mechanics" (Hunt 1994 p. 198) of A. 

afarensis may be explained by an analogy to the 'postural bipedalism' of 

chimpanzees. He identified several functional features of the postcranial anatomy of 

A. afarensis which he believes could be linked with a postural rather than 

locomotor bipedalism, and went on to suggest that locomotor bipedalism (the 

`preeminent bipedalism' of Prost [Prost 1980, p. 1861), did not appear until the 

emergence of early African Homo erectus), between 1.9 and 1.8 million years ago. 

The latter suggestion receives support from comparative physiological studies by 

Wheeler, who suggests that the thermoregulatory benefits of larger body size 

(Wheeler, 1992) and the taller physique (Wheeler 1993), when linked with 
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increasing locomotor efficiency, allowed early African H. erectus to range more 

widely. 

Recently, there has been accumulating evidence, from Java and Georgia, that H. 

erectus had a much earlier dispersal in the Old World than had been conventionally 

accepted. In particular, work by Swisher and colleagues (Swisher et al. 1994) 

suggest that this species is as old in Java as it is in Africa. This early dispersal 

coincides with a period, between 3.6 MYA and 1.9-1.8 MYA, in which there was a 

major reorganization in the anatomy and function of the postcranial skeleton of 

early hominids, as witnessed by the contrast between the "mosaic" nature of the 

skeleton of Lucy (whose human-like knees go together with chimp-like thorax and 

arms, and an unique abductor mechanism at the hip) and the almost entirely 

modern-human aspect of the skeleton of WT-15000. 

Since, in studies of human evolution, stone tools remain our most direct evidence of 

early hominid ranging behaviour, we should expect such changes to be reflected in 

the pattern of distribution of stone tools across the landscape. A simple and robust 

measure of ranging behaviour can be derived from studying the distance between a 

given assemblage of stone tools and the source of the material of which the tools 

were made. Caution must be employed in interpreting such evidence. McGrew 

(1993) for example noted that chimpanzees, despite their small day- and home. 

ranges, can move material across a landscape in additive small journeys, and he 

concludes that early hominid transport may reflect a similar phenomenon. But the 
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manufacturers of both the Oldowan and Acheulean industries do appear to have 

transported raw materials. 

The best documented cases of Oldowan raw material transport are from Olduvai 

Bed I, where distances of 3km - 12 km have been established (Leakey 1971; Hay 

1976). East Turkana also provides instances of the importation of raw material onto 

flood plains of the ancient lake, over distances of up to 20 km. (Harris and Ilerbich 

1978). However, in Acheulean sites, evidence suggests that transport occurs more 

often - and over much greater distances. At Gadeb, in eastern Ethiopia, dated at 

about 1.5 MYA, several obsidian bifaces apparently document a transport distance 

of over 100 km (Clark 1980). At Olorgesailie, it was noted that occurrences of 

quartz brought over 40 km. At Kilombe, similarly, two obsidian bifaces appear 

among many hundreds made from local lavas, and the implication is again that long 

distance transport occurred (Gowlett, 1982). A later example from Arago, in 

France, suggests that artefacts were being transported systematically for distances 

of up to 30 km (Wilson, 1988). The archaeological record thus indicates that 

transport both becomes more common, and occurs over much greater distances, 

during the period in which early African H. erectus skeleton acquired its more 

modern-human looking postcranial morphology. 

Schultz (1937 and later) is the first man who carefully observed and compared the 

differences of body proportions between humans and high primates. His works has 
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brought many interesting topics which are worthy to be researched. 

1.2. Research Topic 

This thesis is therefore primarily intended to address the question of whether 

the acquisition of the longer-legged, shorter-trunked morphology of WT-15000 

does indeed increase mechanical effectiveness in load-carrying. 

1.2.1 Assumptions 

Natural selection acts at many different levels, and may favour adaptations which 

improve access to resources such as food or mates, or escape from predators, rather 

than directly enhancing speed or force. However, in this thesis, I shall assume that 

natural selection acts upon the locomotor system so as ultimately to enhance 

mechanical performance capabilities (Alexander, 1991) in behaviours which are 

adaptively important. Thus, I shall model the process of evolution of the locomotor 

system as a process of mechanical optimization, and consider the two alternative 

modes of bipedal walking in early hominids, erect walking and ̀ bent-hip, 

bent-knee' walking in these terms. Since we cannot know what the selective forces 

were on given species at given times, I shall make the further assumption, which I 

believe to be reasonable, that all other things being equal, natural selection will tend 
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to optimize the locomotor system so that forces and energy costs are reduced for a 

given level of performance. 

1.2.2 Scope 

Both the geometry (lengths, shapes and angles) of individual body segments and the 

way the segments are articulated, may influence the mechanics of bipedalism 

(Preuschoft 1970,1971a and b, 1978, Preuschoft and Witte, 1991). For example, if 

segments become longer, we might expect a longer step length. But if muscles 

joining these segments permit only limited excursions, step length may not change. 

Thus, the present study is concerned not only with segment proportions, but muscle 

attachments. 

The primary research tool shall be predictive dynamic modelling, incorporating an 

optimization approach, based on kinematic and kinetic data from humans and other 

living hominoids. 

However, with respect to the latter, many problems still remain concerning the 

comparative biomechanics of unloaded bipedalism in modern humans and our best- 

known relative, the common chimpanzee. We need much more knowledge, in 

particular, concerning joint angles, joint velocities, joint torques, joint power and 

required energy. We need to know how muscles in the lower limb work in erect 
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walking (NW) and bent-hip, bent-knee (BIIBK) walking. We need to know 

whether the skeletal proportions of early hominids, modem humans and 

chimpanzees are better suited to BHBK walking or to NW. And, most ambitiously, 

since details of postcranial morphology and the energetic costs of bipedalism alike 

depend on the capabilities of muscles and muscle groups, we should begin to 

estimate muscle forces for early hominids. 

1.2.3 Research Plan 

The research is divided into several logical stages. 

Firstly, I derive and implement a general program for gait analysis, capable of 

digitizing video sequences, calculating joint angles, joint velocities, joint moments 

and joint powers, analysing energy transformation and so on. 

Secondly, kinetic and kinematic signals is acquired using this program in a wide 

range of experiments, including investigations of human erect unloaded (NW) and 

loaded walking (NLW), human BHBK loaded walking (BLW) and common 

chimpanzee BHBK walking. Some data for unloaded walking were previously 

available in our laboratory and are reanalyzed with different ways, but most of the 

required experiments were performed de novo for this study by myself, and other 

members of our research group. 
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Thirdly, three kinds of models, including particle, multi-rigid-body and 

musculoskeletal models, will be built, employing appropriate mechanical methods. 

The kinematic and kinetic data will be applied to the different models according to 

the questions being asked. 

The order of work usually follows the scheme: 

1) digitization of video records to provide kinematic data; 

2) calculation of all fundamental parameters, including joint motion, joint angular 

velocity, joint moments, etc. 

3) energy analysis using a particle-mechanics approach; 

4) construction of androids (multi-rigid-body models) using the commercial 

dynamic modelling software ADAMS, and simulation studies using these models; 

5) analysis of muscle parameters, including muscle forces, velocities, lengths, 

moments and powers. 

Fig. 1.1 shows the primary research pathways. 
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CHAPTER 2. RESEARCH METHOD OVERVIEW 

Before starting work, you must ready your tools. 
Chinese Proverb 
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2.1. Basic biomechanics 

2.1.1 Mechanics and biological subjects 

Classical mechanics offers many effective methods, especially those derived from 

Newton's Laws, which enable us to solve some basic problems involved in 

kinematics and kinetics for biological subjects. When classical mechanics was first 

systematically applied to the analysis of biological subjects in the early 1970's ,a 
so-called 'new' biomechanics developed, which since has matured very quickly 
(Alexander 1968; papers in Alexander and Goldspink 1977; Alexander et al. 1992; 

McMahon 1984; Winter 1990,1991; Nigg & Herzog 1994) and applied in the 

analysis of human evolution (see, eg. Kimura 1986; Yamazaki 1985). In particular, 
Preuschoft (1971) addressed the consequences of body shape and posture for the 

mechanical stresses operating within and across segments. 

In order to apply the theories of mechanics to biological subjects, we first have to 

measure them, to obtain necessary data. As our subjects are living creatures, most 

often humans, it is usually impossible (let alone unethical) to obtain internal forces 

directly, since this would require vivisection. However, given necessary data, such 

as kinematics and ground reaction forces (GRFs), some internal parameters, such as 
joint moments, may be derived indirectly, from data obtained non-invasively. In the 
last 25 years, however, the introduction of equipment and techniques such as high- 

speed videography, the force platform, electromyography (EMG) and magnetic 

resonance imaging, have enabled us to obtain much of the necessary data (Cavagna 

et al. 1976; see papers in Alexander and Goldspink 1977; Winter 1990,1991; Nigg 

and Herzog 1994 ) using dynamic analysis. 

2.1.2 Inverse and forwards dynamics 

In order to work out such internal parameters, we have noted that we may calculate 

from external kinematic (joint motion) and kinetic (forceplate) data. Calculation of 
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internal parameters, for example joint forces and moments, from external data is 

known as inverse dynamics (Winter 1990; Nigg and Herzog 1994; Alexander 1992; 

McMahon 1984). We generally require to assume that all segments are rigid. 
Inverse dynamics, as a modelling technique, usually requires verification of 

predicted results, such as mechanical energy costs, against appropriate real-world 

physiological data, which in this case would be metabolic energy costs, obtained by 

methods such as measurement of oxygen consumption (see, e. g. Chapter 1) before 

predictions may legitimately be used to explain biological cases. 

In contrast to inverse dynamics, we may consider the case where, as muscle activity 
in biological subjects is stimulated by signals from the central nervous system, 

central stimuli may elicit and control muscles and hence lead to an external action, 
from which external kinematic and kinetic results may be obtained. Predicting the 

latter parameters from input stimuli such as EMG patterns is known as forward 

dynamics (Hash, 1996 and 1998; Winter, 1990). 

In this thesis, I employ mainly inverse dynamics and partial forward dynamics. 

2.1.3 A purpose-written software'package: 'Gaitlab' 

Graphic analysis of motion is a basic tool in biomechanics. In other words, when 

analysing cinematographic film or video-recordings of a subject's behaviour, we 

may obtain the kinematic characteristics of the behaviour, such as displacement, 

velocity and acceleration at crucial points in the performance. With data from 

graphic analyses of motion data, many other kinematic parameters, such as angle, 

angular velocity and angular acceleration at joints, may easily be derived. 

If the mass distribution of a subject is given, with the addition of kinematic 

parameters, the location and displacements of the body or segment centre of mass 

(CM) can be calculated during the whole sequence of motion. Moreover, given both 

19 



Chan/or 7 Recparrh 1Nvlhndc 

kinematic data and ground reaction forces (GRFs) measured by forceplate, kinetic 

parameters for joints may be obtained, and the energy exchange in the body CM 

may be analysed. 

In order to perform such calculations reliably, I have designed and implemented my 

own software, called 'Gaitlab', which covers most aspects of basic kinematic and 
kinetic analysis (see Appendix A). The software includes modules which can 
digitize sequences of video, analyse GRFs from a forceplate, calculate joint 

parameters (joint angle, velocity, moment and power) and estimate the energy 

exchange during walking. Some new modules are being developed and added. 

2.2 Joint dynamics 

Joints play the key roles in the motion of biological subjects, and so, investigation 

of joint parameters is an important, if basic element of biomechanics studies 
(Winter, 1990; Nigg and Herzog 1994). 

Following Newton's laws, there are identical equations for each segment: 

F, =ma (2.1) 
M,, +Y FR, =PI (2.2) 

where: F1 represents all forces acting on a segment, including external forces and 

mass gravity force; Mo; the moment about the centre of a segment, produced by all 
forces; Ri the radius from the position on which a force acts to the centre of a 

segment; ß the angular acceleration about a segment centre of mass; and I the 

moment of inertia about a segment centre of mass (see Fig. 2.1). 
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FIGURE 2.1 Graphic definitions of measured or calculated parameters 

If these equations are applied to the sagittal plane for each segment, we can work 
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out the three unknown variables (F,,; Fry and Mo; ) at each joint from the equation 
groups for each segment. Thus, with the measured GRF, we can calculate all 
unknown variables centripetally from the most distal segment and joint, subject to 
the assumption that every segment may be treated as rigid. 

In Gaitlab, joint angles and angular velocity are obtained by stereophotogrammetric 

reconstruction of segment coordinates for succeeding video fields after application 

of a filter. Joint angles are defined as the angle between the proximodistal long axes 
of two adjacent segments. The origin of the local reference system is fixed at the 

most proximal joint, and the main reference system is defined as x: lateral, y: 

sagittal and z: vertical. 

The general processes are as follows: (1) recording frontal and sagittal video 
images, and converting them into useful data by digitization of segment landmarks 

while simultaneously recording GRFs; (2) computing all joint moments from the 

recorded data centripetally; And (3) calculating mechanical joint power as the dot 

product of the joint relative velocities and moments during a stride. 

There are many methods by which to compute the power of joints (see, e. g. 
Cappozzo, 1975; and Zarrugh, 1981). The main arguments in the literature have 
involved how to define segments and how to explain positive and negative power. 
This chapter does not discuss these methods (however, for some discussion see 
Chapter 6 ), but instead applies a standard method in biomechanics and mechanical 
engineering, that of Winter (1990): 

Mw 
Power= 1Ea, (2.3) 

N weight 

where weight: body weight; cr. angular velocity; N: the total of a sequence of 
frames. 
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Power may be expressed as absolute, negative, positive and mean power. To permit 
comparison of different subjects, moments were normalized by body weight and 
lower limb length, and joint powers normalized over a full stride and expressed in 

relation to body weight, and the average velocity of the body centre of mass (CM). 

23 Particle mechanics 

2.3.1 Assumptions 

It is said that `small is beautiful'. In this spirit, we attempt to use a method as 

simple as possible. One of the simplest is particle mechanics, in which a complex 

system is considered as a physical particle with mass. Generally, the whole human 

body is considered as a particle: the body CM its location, the body weight its mass, 

and all contact- and non-contact forces acting on the body are also considered to 

apply to the particle. On this basis, we may readily calculate the particle's 
displacement, velocity and acceleration and all other kinetic parameters. 

At the same time, very obvious errors will exist, since this technique ignores any 

rotations of segments, which can produce rather large changes of energy without 

necessarily affecting the CM: for example, when we lift weights by the hands and 

swing the arms symmetrically. 

2.3.2 Mork done and energy in particle mechanics 

Given external forces, such as GRFs, and treating the whole body as a particle, 
Newton's Laws may be written in the same way as those in the different planes: 
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Fs-mg=maz (2.4) 
Fr=may (2.5) 
Fs=mas (2.6) 

where F: GRFs acting on the subject and measured by forceplate; m: mass of the 

subject; a,: acceleration of CM. F is the total ground force, the sum of the GRFs 

after taking into consideration the phase of double support. The acceleration of CM, 

a,, can then be obtained. By integrating a, once more, we can obtain velocity (2.7) 

and displacement(2.8) : 

v(t) -v. Qd =f 
a"Ldt (2.7) 

s(t) -s(to) =f v(t)dt (2.8) 

where v: velocity; s: displacement. 

By the definition of mechanical energy, the translational kinetic energy and the 

gravitative potential energy of the CM of a subject are as follows: 

W= f Fds (2.9) 

KE= 2 
mvý (2.10 

PE=mgzc (2.11) 

where W: work done; PE: potential energy; KE: kinetic energy, vv: the velocity of 

CM, in the horizontal and vertical directions; z,: the displacement of CM in the 

vertical direction. 

From (2.4)-(2.10), we can calculate all variables during walking. The method has 

been applied in many situations (see, eg. Cavagna et al. 1976; Kimura 1996), and 
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will be employed in Chapter 5 and Chapter 6 of this thesis. 

2.4. Multi-rigid-body mechanics 

2.4.1 The segment rigidity assumption 

We may obtain more accurate results if a subject and its segments is considered as a 

system rather than as a particle. However, when considering body segments -- 
which not only move but also change shape -- it is important to make the 

assumption that every segment is rigid, in other words, that neither shape nor mass 

change under any external influences, such as forces, moments and impacts. This 

assumption, once made, enables us to apply almost all the methods of classical 

mechanics to biomechanical research. 

2.4.2 ADA1ifS. " A commercial dynamic analysis software package 

ADAMS (MDI 1995) was designed as a general package for the analysis of 

mechanical systems. ADAMS's mechanical calculation techniques rely primarily on 
Langrange methods (see ADAMS manual, 1995). It can calculate all mechanical 

parameters of a mechanical system, such as contact forces between parts, and joint 

moments, subject to the conditions users apply. 

In the module ADAMS-ANDROID, users create an android with all necessary 

segments, then apply sources of drive, e. g. joint motion functions or joint 

moments, to the android. The model can then simulate the motion of a real subject. 
If all inputted data satisfy theoretical mechanical requirements, the android can 

move in manner similar to normal motion of real humans; if not, the android will 
fail to do so, for example, falling down, jumping or rotating in strange ways. 

I apply the software to the reconstruction of the gait of early hominids in chapters 7 
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and 8. 

2.5 Computational simulation 

As early hominids lived several million years ago, and their behaviour cannot be 

investigated directly, computational simulation may offer one of the best chances of 

studying their behaviour. 

A wide range of simulation models exist in the biomechanics literature, from the 

simple (e. g. Alexander, 1980; Preuschoft and Witte 1991) to the complex (eg. 

Hase, 1996 and 1998). Computational simulation has been developed largely since 

the later 1970's, but Yamazaki (1985) was the first to have performed computer 

simulation of primate bipedal walking. Hase (1996 and 1998) made a major 

advance by applying a forward-dynamics model, driven by simulated nervous 

signals, to consideration of the mechanical pressures on the evolution of human 

bipedalism. However, the model has not been applied to the analysis of the fossil 

record. Crompton et al. (1998) however reported simulation studies of bipedal 

walking by AL-288-1 using ADAMS, and the present thesis builds on this approach 

using some additional techniques. 

2.6 Muscle mechanics 

The gross mechanics and electrical activities of muscles have of course been 

investigated by many authors (eg. Basmajian 1974; Joseph 1975; MacConaill and 

Basmajian 1977; Alexander 1984a; McMahon, 1984; Winter 1991), and the time 

sequence of muscle activity (Stem & Susman 1983) during bipedal walking has 

been particularly extensively investigated. However, the mechanical characteristics 

of muscles during gait, such as the forces they exert, have been less extensively 

investigated. 

Of all studies of the mechanics of muscle, the most famous is the modelling and 
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physiological study of Hill (1938,1950). The model describes muscle in terms of 

elastic and contractile elements, and in application the model has predicted 

experimental results very well (Hill, 1938; Hof and Berg 1981; Khalil and 
Martinez 1976; Olney and Winter 1985 ). However, too many parameters have to 

be determined to apply Hill's model to a multi-muscle systems, such as the lower 

limbs. 

Since the later 1970's, many authors have tried different approaches to he multi- 

muscle problem, which may be divided into two kinds: 1) inverse dynamics 

approaches, driving muscles from external kinematic and kinetic data (eg. Seireg 

and Arvikar, 1973; Hardt 1978a and b; Crowninshield 1978; Jacobs and Bobbert, 

1996; Patriarco et al. 1981) and 2) forward dynamics approaches: given muscle 

activity signals, parameters such as muscle forces, external kinematic and kinetic 

responses, are obtained (Hase 1996 and 1998; Hof and Berg 1981; Khalil and 
Martinez 1976; Olney and Winter 1985). In chapter 9, this thesis tries the former 

approach. 

2.7 Mathematical optimization 

2.7.1 Evolution and optimality 

It is arguable that the evolution of human bipedalism can be expected to follow a 

trajectory along which human motion becomes less costly and more effective. Here 

gains in effectiveness can be expected to include reduction of joint moments, 
increase of the ratio of the displacement of CM to work done, decrease of power 

expended at joints and so on. We may regard these changes as mechanical 

optimization of bipedalism, and propose a programme of research on its evolution. 

2.7.2 A mathematical method 
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In general, mathematical optimization may be described as follows. 

Object function: F(X) 

Subject to: a limited range of function F and variables X; 

The general approach to calculation is as follows: 

1) Given a initial value X('); 

2) Calculate aim value F(); 

3) Given Xw'w and calculate F('»; 

3) Decide whether the aim satisfies requirements; 
4) If answer to 3) is `no', optimally push X(» to X(2) 

4-1) Let X(')=>X(o) and F(')=>F'° 

4-2) Let X(2)=: >X(l) return 3) 

5) if answer to 3) is `yes' obtain optimum solution X. and aim value F0. 

In a particular problem, I need to modify the procedure to fulfill special 

requirements. 

2.8 Method selection and testing 

In a short chapter it is impossible to cover all relevant developments in 

biomechanics; neither can I apply all relevant techniques in this thesis. Depending 

on our aims, we must select given methods, best suited for solving our particular 

problem. 

The "best" method must further be verified by comparison of calculated results to 

real-world data, including physical and physiological experiments. If a result 

obtained by using a predictive technique is in agreement with the relevant 

experimental data, the technique may be considered as acceptable. 
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CHAPTER 3. 

EXPERIMENTS IN VARIOUS MODES OF 

BIPEDAL WALKING 

No experiment, no science. 
Chinese Proverb 
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3.1 General experiments 

3.1.1 Purpose of experiments 

The experiments assess the kinematic and kinetic characteristics of various modes 

of unloaded and loaded bipedal walking, with special reference to the distinction 

between erect and ̀ bent-hip, bent-knee' gaits. 

3.1.2 Methods 

The experimental setup is schematized in Figure 3.1. 

Cämera 1 

Camera 2 

Computer ............. Videosystem 

0 

....... 
"--- ................................ 

Mixer 

FIGURE 3.1 Schematic of biomechanical experiments 

30 



3.1.2.1 Obtaining kinematics 

An experimental lane was designed for bipedal walking in our laboratory. A 12 m 

modular walkway constructed sturdily of plywood was set up in a 30 metre long 

laboratory. Two Genlocked Panasonic F10 standard PAL (50 fields per second) 

video cameras were set up orthogonally, one in the frontal plane and one in the 

sagittal plane respectively. The signals from the video cameras were fed to a 

Panasonic Si production mixer for split-screen display and recording, and clocks 

superimposed. The output was fed to a Panasonic AG 6400 PAL video recorder. 

An high speed video system, loaned to us by the Joint Research Councils 

Equipment Loan Pool: a Kodak Motion Analyzer with two imagers, was used for 

studies of bipedal running, at 300 frames/second. 

Recorded video was captured using the digital framestore (Indy Video) of a Silicon 

Graphics Indy workstation, and separated into fields and saved as tagged JPEG 

files for analysis using `Gaitlab'. 

3.1.2.2 Obtaining ground reaction forces 

A forceplate (Kistler 9281B) was set flush with the surface of the walkway (see Fig. 

3.1) to record forces from any foot contact. The 8 channels of signal from the 4 

piezoelectric force transducers were amplified by a Kistler 9865B charge amplifier 

and then passed to the hard disk of a computer via an AD converter, under control 

of DIA-DAGO (GfS, Aachen) or Kistler Bioware software. The Kistler forceplate 

has a high natural frequency (over 500 Hz) and high accuracy (see Kistler 9821 B 

manual, 1995). To obtain information on the double support phase, fast-response 

LEDs were set within the field of view of at least one of the cameras, and so wired 

as to be illuminated instantly on any contact with the forceplate. 

31 



3.1.3 Data analysis 

My own purpose-written software program, 'Gaitlab' (see Chapter 2 and Appendix 

A) was used to analyze kinematic and kinetic data. The software displays digitized 

landmarks, reconstructed as 3D coordinates by photogrammetry as 2 or 3D stick- 
figure output and calculates parameters such as joint angle and angular velocity. In 

addition, Gaitlab resolves the multi-channel forceplate data into to the three main 

contact forces and other useful parameters (see Appendix A) and can display GRF 

vectors and stick-figures together to facilitate understanding of the relationship 
between the joint motion and external forces (see Chapter 2 and Appendix A for 

details). 

3.2 Human loaded walking 

3.2.1 Graphic analysis 

Subjects 

Unloaded walking 

The subjects were 8 adult men and women, aged 20-40, height 1.6-1.85 m. Every 

subject walked barefoot along the wooden walkway, inset with a Kistler forceplate 

and with two video cameras set along the frontal and sagittal axes (as described 

above) at four self-determined speeds, slow, comfortable, fast and B}IBK. When 
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walking normally, the subjects' hip angles ranged at will, from -20 to 45 degrees 

(thigh/trunk), knee angle from 0 to 60 degrees (crus/thigh) and ankle angle from -12 
to 26 degrees (foot/crus, see also Fig. 2.1). When walking BHBK, the subjects hip 

angles ranged from 23 to 69 degrees, knee angles from 35 to 92 degrees and ankle 

angles from -2.86 to 34 degrees. These experiments were carried out by all group 

members and are reported in part in Li et al. (1996) and Wang et al. (1996). 

Loaded walking 

The subjects were 6 adult males, who were required to walk in two ways, normal 

erect walking and ̀ bent-hip, bent-knee' walking with 10 or 20 kg loads carried in 

different modes: including around the neck, above the shoulder and under the arm. 
However, only the above-shoulder carrying has been analyzed in this thesis. They 

walked barefoot along same walkway setup, again at self-determined speeds. The 

statistics for subjects and speeds were as follows: mean height 1.730 m (SD 0.02), 

mean weight 73.69 kg (SD 8.5), mean velocity 1.45 m/s (SD 0.38). These studies 

were primarily carried out by myself. In both cases, joint coordinates and GRFs 

were assessed during one stride, at 50 Hz and 500 IHz respectively, and filtered 

using an Butterworth filter (cut-off frequency 8 to 10 IHz). Experimental procedures 

are illustrated in Fig. 3.2 a-c, and, for the loaded-walking experiment, subjects' 

general parameters: body weights, statures, and average velocities of the body CM, 

are listed in Table 3.1. 
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TABLE 3.1. Comparison of basic experimental conditions between 
normal loaded walking and bent-hip, bent-knee loaded walking (N = 8) 

NLW BLW 
mean sd mean sd 

Velocity CM (m/s) 1.3061 0.21 1.1418 0.20 
Cadence(step/min) 53.56 4.03 50.43 8.30 
DCM (m) 1.4588 0.17 1.3620 0.15 
------------------------------------------------------------------------------------ 
Notes: 
1. weight: 77.5±6.60, height: 1.785±0.06; 
2. NLW: normal loaded walking; BLW: BHBK loaded walking; 

With my application program 'Gaitlab' I obtained, first of all, some fundamental 

kinematic characteristics for the latter experiments, comparing loaded erect and 
BIHBK walking. Typical stick-figure representations are provided in Fig. 3.3 a-d 
(erect) and 3.4 a-d (BHBK) in each plane and in 3D, which representations reveal 

segment motion and joint traces. Some basic features are evident from these 

comparisons, as described below. 

3.2.2 Ground reaction forces (GRF) 

General patterns of GRFs in erect and B}IBK loaded walking are compared in Fig. 

3.5. 

3.2.3 Graphics and GRFs together 

Figs 3.6 and 3.7 show stick-figure representations together with GRF vectors. 

From these, it is apparent that when subjects walk BIIBK, the hip and/or knee will 

bear 

bigger moments. In contrast, in normal walking, the subject experiences lower joint 

moments. Further analysis of joint dynamics is carried out in Chapter 4. 
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FIGURE 3.2. a Normal rreci walking, (NW). 
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FIGURE 3.3. a All views (3D view) of normal loaded walking (NLW) 
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FIGURE 3.4. c Sagittal view of BLW. 
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FIGURE 3.4. d Frontal view of BLW. 
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3.3 Chimpanzee bipedal walking 

3.3.1 Subjects, Materials and methods 
Experiments on common chimpanzee locomotion were carried out in the North of 
England Zoological Society (Chester Zoo) and Midlands Zoological Society 

(Twycross Zoo), U. K. (Li et al. 1996). Chester Zoo's long-established population 

of 32 chimpanzees ranges freely on a large moated island. None are hand-reared, 

and voluntary, untrained bipedal walking could be recorded as they walked over the 

Kistler forceplate, inset in a one-tonne concrete block flush with the ground surface. 

Orthogonal camera angles could not be used, and so DLT reconstruction was 

adopted, a reference frame being filmed in situ over the forceplate before the 

chimpanzees were allowed out in the morning (see Li et al. 1996 for details). The 

best sequence was for a female chimpanzee of height about height 1.2 m, weight 25 

kg. (see Li et al. 1996 where the Chester data may also be compared with results for 

studies of the kinetics of common chimpanzee bipedalism in the literature. ) The 4 

subjects studied at Twycross, by comparison, were all hand-reared and led over the 

forceplate by the Director or a keeper (see Fig. 3.8, a female gorilla). Kinetics for a 

typical sequence of common chimpanzee bipedalism is shown in Fig. 3.9 and joint 

angles in Fig. 3.10. Experimental data on chimpanzee bipedalism are compared 

with human data previously reported in Li et al. (1996) in Figs. 3.11 and 3.12. From 

Figs. 3.8-3.11 it is immediately evident that chimpanzee bipedal walking is BHBK, 

and results in a smaller step length. GRFs in human BHBK walking are 

considerably more similar to those of chimpanzees than GRFs in human erect 

walking (NW). Detailed analysis will be carried out in later chapters. 

3.4 Human NW and BIIBK walking 

Based on recordings made for other projects by our group (Li. et al 1996), some 

data about human walking NW and BHHBK walking may be presented. The raw data 

includes video recordings and GRF measurements of erect walking at different 
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subject-determined cadences: slow, normal and fast, and in NW and BHHBK 

walking. 

Subjects' general parameters, including body weights, statures, and average 

velocities of the body CM, are listed in Table 3.4. Kinematic data, e. g. joint ranges 

of motion, are listed in Table 3.5. Detailed analysis of the experiments will be 

presented in Chapter 4. 

TABLE 3.4 Subjects and Experimental Conditions for normal walking 
--------------------------------------------------------------------------------------------- 

male (n=10) female (n=12) children (n=6) 
mean std mean std mean std 

height(m) 1.7310 0.02 1.6625 0.06 1.29 0.10 
weight(kg) 73.69 8.5 59.65 7.17 19.80 10.62 
CM velocity(m/s) 1.450 0.38 1.525 0.41 1.405 0.26 
cadence (steps/min) 

-------------------------- 

54.69 

----------- 

9.45 
--------- 

57.65 

------------ 

10.15 

--------- 

66.79 

-------------- 
12.41 

------------ 

Note: cadence here is equivalent to cycle time 

TABLE 3.5 Human BFIBK walking data (adults n=6) 

mean weight 68.18 kg (± 11.15) 
displacement 1.4725 m(± 0.1735) 
average velocity 1.2929 m/s (±0.2148) 
cycle_time 1.1500 s (±0.1108) 
cadence 52.5756 steps/min(f) 
------------------------------------------------------------------------------------ 
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Forces in chimpanzee bipedal walking 

15 15 

rn 
10 ----, 13110 

LL. 5 
-1 

5 
0 

-5 0 
0 50 100 -2 -1 012 

% of stance F trace 

FIGURE 3.9. Ground reaction forces in chimpanzee bipedal walking; in right sub- 
figure, the force trace is so short that it is looked as a point. 

Chimpanzee bipedal walking 
0.8 

0.7 - 

0.6 - 

0.5 , 11, 

E0.4 

0.3 - 

02 II. ý 
- 

0.1 

4. 
2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0. 6 

Vm 

FIGURE 3.10 Stick figure representation of chimpanzee bipedalism 

50 



100 -40 

90 -50 

80. -60- 

70 'D 
9 -70- 

n, w -80 
= 60 

-90 
50 

-100 
40 -110 0 20 40 60 80 100 0 20 40 60 80 100 

% of stride % of stride 

60 

40 Chimpanzee bipedal walking 

20 
1 

0 

z 
-20 

-40 

-60 0 20 40 60 80 100 
% of stride 

FIGURE 3.11 Joint angles during chimpanzee bipedal walking 

51 



CHAPTER 4. 

JOINT DYNAMICS OF LOADED AND 

UNLOADED BIPEDAL WALKING 

The lengths of ten fingers are different from each other. 
Chinese proverb 
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Abstract 

This chapter investigates whether there are any differences between erect walking 

and bent-hip, bent-knee walking, both unloaded and loaded, and includes a 

comparison between human and common chimpanzee gait. The primary method is 

known as joint dynamics, and involves calculation of joint parameters including 

angle and angular velocity, moment and power from experimental data. More 

specifically, we employed an inverse dynamics approach, where internal dynamic 

parameters such as joint forces and moments, are derived from known external 

conditions, such as kinematic data and ground reaction forces, GRFs. Although 

these parameters are calculated using rigid-body mechanics, the models represent 
biological entities. Results show that bent-hip, bent-knee (BHBK) walking has the 
lowest effectiveness whatever criterion is considered. Consideration of the 

requirement of larger muscles to sustain BHBK walking, resulting almost certainly 
in increased rotational inertia of the lower limb about the hip joint, suggests that 

selection would have favoured the early adoption of erect walking. As regards 
loaded walking, moments at the knee are larger and last longer in BHBK than erect 
loaded walking. In BHBK loaded walking, moments last almost through the whole 

stance phase. As a result of larger joint moments, the total power at the joints is 

almost 1.5 times greater in BHBK than erect loaded walking, and energy recovery 
is two times lower. Thus, results also indicate that selection against BHBK walking 

would be increased by load-carrying. Comparison of humans with common 

chimpanzees shows that kinematic and kinetic parameters of chimpanzee joints are 
less effective than those of humans. Larger peak moments act at the chimpanzee 
knee, and larger powers exist at the hip. 
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4.1 Comparison of Joint Parameters between Normal Erect Walking and 

BHBK Walking 

4.1.1 Methods 

Four self-determined modes of walking: fast, normal, slow and BEIBK walking 

were performed by our subjects, walking loaded and unloaded. Data-collection 

TABLE 4.1 General Statistics of Different Modes of Walking 
(N = 8, all subjects are adults) 
------ - ---------------------- - ----------------------------- 
Modes SW 

--- 
VCM (m/s) 

BW 0.3900 1.2261±0.23 

FW 0.4500 1.9329±0.14 

SW 0.3950 1.0388±0.11 

CW 0.4250 1.4703±0.13 

Note: 
SW- swing factor, swing time/cycle time in a stride; 
VCM- average velocity of the centre of mass over a cycle; 
BW = BliBK walking, FW = fast walking, SW = slow walking, CW = comfortable 
walking. 

methods were introduced in Chapter 2. The subjects were described in Chapter 3, 

and their basic statistics are listed in table 4.1. Parameters calculated for the lower 

limb are shown in Fig. 2.1. 

4.1.2 Results 
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4.1.2.1 Joint angles 

TABLE 4.2 Comparison of joint angles (degrees) in different modes of walking (N = 6, all 
subjects are adults) 

Gait Abs Angle Flex. Ext. Range 
Mean sd max min 

Nip 

FW 19.0579 0.3031 15.8593 -39.7273 55.5866 
NW 17.2225 0.2793 13.1139 -34.9322 48.0461 
SW 16.9192 0.2721 12.2577 -34.3236 46.5813 
BW 53.4964 0.3967 -26.8499 -73.8726 47.0227 

Knee 

FW 25.1315 0.3936 54.7692 4.3369 50.4323 
NW 26.5274 0.4459 60.7141 7.7125 53.0016 
SW 26.0427 0.4575 60.4801 6.5998 53.8803 
BW 68.2180 0.3049 91.7959 46.3649 45.4310 

Ankle 

FW 61.7252 0.1484 72.3711 52.4037 19.9674 
NW 61.1367 0.1709 72.6544 51.2370 21.4174 
SW 63.9020 0.1840 76.6291 53.7257 22.9034 
BW 49.0001 0.2591 67.6388 36.1250 31.5138 

Notes: 

Abs. Angle - average absolute angle; 
FW - fast walking; NW - normal walking; SW - slow walking; BW- BllBK walking. 

Joint angles in the lower limbs are listed in Table 4.2 and plotted in Fig. 4.1. 
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4.1.2.2 Joint Angular Velocity 

Joint angular velocities in the lower limbs are listed in Table 4.3 and plotted in 

Fig. 4.2. 

TABLE 4.3 Comparison of joint angular velocities (Deg. /s) in different modes of 
walking. 

Gait Abs AV Max Min Range 
Mean sd 

Hip 

FW 133.3557 1.5062 185.5858 -224.9803 410.5661 
NW 106.3883 1.3487 120.7235 -201.9687 322.6922 
SW 75.8000 1.1645 84.9731 -166.4859 251.4590 
BW 81.5458 1.1488 116.6531-180.3236 296.9767 

Knee 

FW 130.2162 2.1748 311.3974 -194.6587 506.0561 
NW 105.3097 1.8288 240.1511-208.5700448.7211 
SW 85.7020 1.5361 176.1317 -224.2355 400.3672 
BW 84.0022 1.5723 149.9408 -203.6716 353.6124 

Ankle 

FW 47.2443 1.0097 113.2141 -108.9467 222.1608 
NW 45.6856 1.0955 116.1323 -112.6117 228.7440 
SW 45.4696 1.0488 92.6973 -108.0074 200.7047 
BW 45.9240 1.0156 94.0598 -98.6697 192.7295 

Now 

Abs AV - Average absolute angular velocity over a cycle. 
Other abbreviations as in previous tables 
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4.1.2.3 Joint Moments 

Joint moments in the lower limbs are listed in Table 4.4 and plotted in Fig. 4.3. 

TABLE 4.4 Comparison of joint moments (Nm/kg) in different modes of walking. 

Gait Abs Moments MAX MIN Range 
Mean sd 

Hip 

FW 0.5928 0.0121 1.8313 -0.6518 2.4831 
NW 0.5005 0.0109 1.5363 -0.5554 2.0917 
SW 0.5425 0.0099 1.3372 -0.3314 1.6686 
BW 0.6028 0.0123 1.6189 -0.4854 2.1043 

Knee 

FW 0.2149 0.0043 0.5882 -0.4979 1.0861 
NW 0.2333 0.0055 0.6608 -0.1206 0.7814 
SW 0.3087 0.0063 0.7393 -0.0324 0.7717 
BW 0.4538 0.0100 0.2201 -1.2090 1.4291 

Ankle 

FW 0.3682 0.0103 1.2598 -0.0990 1.3588 
NW 0.4088 0.0118 1.4598 -0.0972 1.5570 
SW 0.4203 0.0120 1.4552 -0.0817 1.5369 
BW 0.4516 0.0121 1.2723 -0.1260 1.3983 

Notc: 

Abs Moments: average absolute moments over a cycle. 
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4.1.3 Commentary 

From Table 4.2 and Figs. 4.1 a-c, it is apparent that while in general, joint angles of 
the lower limbs in the three modes of erect walking are not significantly different 
from each other, those in BHBK walking are different from those in erect walking. 
The main differences are that 1) the hip and knee undergo much greater flexion in 
BHBK than in erect mode and 2) while the range of hip angles in B11BK walking is 

similar to that in erect walking, the range of knee angles is smaller and range of 
ankle angles larger in BHBK walking. 

From Table 4.3 and Figs. 4.2. a-c, it may be observed that BHBK and erect walking 
have similar angular velocities at the hip and ankle, but knee angular velocity is 

smaller in BHBK than in upright walking. 

From comparison of joint moments (Table 4.4 and Figs. 4.3. a-c), one of the most 

marked differences between BEIBK and upright walking is that the knee moment 
has a very large flexor torque. The range of knee moments in BHBK walking is 

double that in normal and slow walking. In BIHBK walking knee moments may 
reach twice their magnitude in fast walking and 10 times their magnitude in slow 
walking. The sign of the knee moments tells us that the muscles around the knee 
have to produce a very large extensor torque, to prevent collapse. However, in 

BHBK walking joint moments at the ankle and hip are similar to, or even slightly 

smaller than those in upright walking, though the hip has a rather larger flexion. 

4.1.4 Discussion 

BHBK walking requires a very large moment at the knee so to maintain balance. 

This moment appears to be so large that the angular velocity at the knee has to be 

decreased, implying that the . muscles around the knee are incapable of sustaining 

such moments while maintaining angular velocity at the levels seen in erect 
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walking. Thus, both the range of angles and angular velocity of the knee are smaller 
in BHBK. than in upright walking. From the viewpoint of the evolution of 
bipedalism, if early hominids indeed used to walk BIJBK as often proposed, they 

would have required particularly powerful knee extensors. Even so, there may have 

been little net benefit, as the rotational inertia of the lower limb about hip would 

almost certainly have increased as a consequence. Therefore, assuming that 

selection would so operate on the locomotor system as to enable hominids to walk 

effectively, it is more likely that an upright mode of walking would have been 

selected for. 

4.2 Comparison of erect and BIIBK loaded walking 

TABLE 4.5 Comparison of basic experimental conditions between normal 
loaded walking (NLW) and bent-hip, bent-knee loaded walking (BLW). 
(N =8) 

NLW BLW 
mean sd mean sd 

Velocity CM (m/s) 1.3061 0.21 1.1418 0.20 
Cadence(step/min) 53.56 4.03 50.43 8.30 
DCM (m) 1.4588 0.17 1.3620 0.15 

Note: 
1. weight: 77.5±6.60, height: 1.785±0.06; 
2. DCM - displacement of the centre of mass (m); 

4.2.1 Methods 
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TABLE 4.6. Comparison of joint angle (R) between NLW 
and BLW 
(N =8) 
-------------------- ------------------------ 

Hip 
------------------ 

Knee 
-------------------- 

Ankle 

mean sd mean sd mean sd 

Max (NLW) 0.4755* 0.10 1.1390* 0.12 -0.9035* 0.03 
Max (BLW) -0.1874* 0.41 1.4903* 0.11 -1.0608* 0.05 

Min (NLW) -0.6931 0.19 0.0906* 0.12 -1.3872* 0.19 
Min (BLW) -1.1436 0.59 0.7470* 0.13 -1.6839* 0.04 

Max Range (NLW) 1.1686* 0.16 1.0484*0.06 0.3854* 0.04 
Max Range (BLW) 0.9562* 0.24 0.7433*0.15 0.6232* 0.07 

* p<0.05. 

This section aims to investigate some aspects of loaded walking, contrasting erect 

and BHBK modes in terms of the kinematic and kinetic characteristics of the two 

modes. The experimental subjects were adult men. Kinematic and kinetic data were 

obtained as described in Chapters 2 and 3, and all required parameters: joint angle, 

angular velocity, moment, power at joints of the lower limb, and energy of the 

whole body, calculated using Newton's laws. 

4.2.2 Subjects and Method 

Details of method were as presented in Chapters 2 and 3. The subjects were 8 adult 

males who walked barefoot and wore tightly fitting swimming trunks, in NW and 

BNBK modes, while carrying 20 kg loads about the neck 16 sequences of video and 

kinetic data were available for this analysis. Digized data were filtered using a 

Butterworth filter ( cut-off frequency 10 hz). The parameters of the experiment for 

subjects and speeds are listed in Table 4.5. 
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4.2.3 Results 

4.2.3.1 Joint angles 

The range of joint angles is listed in Table 4.6 and shown in Fig. 4.4. The range, R, 

at the hip in normal loaded walking (NLW) was larger than in bent-hip, bent-knee 

loaded walking (BLW). A similar situation occurred at the knee. In contrast, the 

range at the ankle was smaller in NLW than in BLW.. A phase shift was observed 

at the hip, where maximum flexion was in mid-cycle in NLW, but later, at about 
60% of the cycle, in BLW (see fig. 4.4). Both maximum and minimum joint angles 

were significantly different, and the ranges also differ. 

From Fig. 4.4 and Table 4.6, it is apparent that not only were the maximum and 

minimum of the relative angles at the joints very different between the two modes 

of loaded walking, but also their time histories. The angular peak at hip in NLW 

occurred at mid-cycle (50%), but that for BLW later (60%). Since hip and knee 

ranges in BLW were smaller than those in NLW, ankle range was also larger, as 

required to maintain speed. 

4.2.3.2 Angular velocities 

A similar situation could be observed in angular velocities (Fig. 4.5): though the 

curves were similar, the magnitudes differ. The range of angular velocity at the 

knee was smaller in BLW than NLW, but the range of angular velocity at ankle was 
larger. This may result from a larger ankle angle. There was no significant 

difference at the hip. Phase shifting of angular velocities was not observed, which 

may indicate that joint angular velocity at the hip did not differ significantly. 

4.2.3.3 Joint moments 
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It was discovered that the moments at the knee were very different in BLW and 
NLW. The latter moment changes from negative (from 0- 30% cycle) to positive, 
but the former was always negative during stance (0-60% cycle). In addition, the 

magnitude of moments was much larger in BLW than NLW. Considering absolute 

moments, the value for BLW (0.8124) was almost 2.5 times larger than NLW 

(0.28), explaining why BLW is not normally employed. (Table 4.7 and Fig. 4.6). 

Moreover, the knee moment was negative, or extensor, to support the heavy joint 

load. Secondly, though ankle moments were similar, both range and maximum 

value were somewhat largerin NLW. In contrast, the range at the hip was smaller in 

NLW. Thus, the ankle is more influential in NLW, but the hip in BLW. 

4.2.3.4 Comparison of powers 

Commentary 

Powers differed greatly in the two modes of loaded walking modes (Fig 4.7 and 
Table 4.8). 1) almost every form of power is less in NLW than BLW. For example, 

absolute power at the hip was only 0.4451 w/kg for NLW, but for BLW it was 
0.5903. At the knee, the absolute power was 0.7736 for BLW, but only 0.4984 for 

NLW. Power used for BLW was 0.5903 + 0.7736 + 0.8217 = 2.1856 w/kg, but the 

amount used for NLW was 0.4451 + 0.4984 + 0.5052 = 1.4487. If absolute power 

may be considered as an index of the work done by the body, work was 1.5 times 

more in BLW than NLW. In Table 4.5, a new index, pd, is 
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TABLE 4.7 Comparison of moments at lower limb joints (Nm/kg) 
between NLW and BLW 
(N=8) 

Hip Knee Ankle 
Mean sd Mean sd Mean sd 

AM (NLW) 0.3972 0.15 0.2800' 0.07 0.4962 0.04 
AM (NLW) 0.4997 0.17 0.8124' 0.13 0.5786 0.14 

PM (NLW) 0.2996 0.18 0.1239 0.10 0.4807 0.04 
PM (NLW) 0.3834 0.14 0.0448 0.00 0.5608 0.16 

NM (NLW) -0.0976 0.04 -0.1561 * 0.12 -0.0155 0.00 
NM (NLW) -0.1163 0.03 -0.7676* 0.13 -0.0179 0.02 

MRM (NLW) 1.7238 0.73 1.2765* 0.16 2.1536* 0.28 
MRM (NLW) 1.9939 0.55 2.0459* 0.40 1.8649* 0.20 

MAX (NLW) 1.1662 0.72 0.51810.32 
MAX (NLW) 1.3439 0.40 0.3092 0.04 

2.0150" 0.25 
1.7059' 0.24 

MIN (NLW) -0.5577 0.05 -0.7584.0.44 
MIN (NLW) -0.6499 0.17 -1.7366.0.40 

-0.1386 0.03 
-0.15900.18 

Note: 
AM - average absolute moment; PM - average positive moment; 
NM - average negative moment; MRM - maximum range of 
moment; MAX - maximum moment; MIN - minimum momcnt)-BLW; 
" p<0.05. 

used to compare the two powers over the same distance. Pd is defined as absolute 

power divided by the distance travelled by the body centre of mass. Summing pd 
for all joints, we obtain 0.9898 for NLW but 1.6186 for IILW, so that the power 

spent per unit distance was only 60% of the value of BLW. 

Though almost all forms of power were larger in BLW, the increments of power 

differ between joints. The ratio of absolute power in BLW to NLW was greatest at 

the ankle, 1.6264 (0.8217/0.5052), versus 1.552 ( 0.7736/0.4984) at the knee and 

1.3250 (0.5903/0.445 1) at the hip, so that the ankle and knee play more important 

roles in BLW than NLW. 
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4.2.4 Discussion 

TABLE 4.8. Comparison of joint power (W/kg) between 
NLW and BLW 
(N=8) 

Hip Knee Ankle 
Mean sd Mean sd Mean sd Sum sd 

AP (NLW) 0.4451 0.22 0.4984 0.15 0.5052 0.23 1.4484* 0.20 
AP (BLW) 0.5903 0.16 0.7736 0.40 0.8217 0.37 2.1856* 0.34 

PP (NLW) 0.4153 0.22 0.1692 0.13 0.3572 0.24 0.9417 0.22 
PP (BLW) 0.5556 0.17 0.1856 0.08 0.4247 0.25 1.1659 0.23 

NP (NLW) -0.0297 0.02 -0.3291.0.03 -0.1480''0.04 -0.5068+ 0.12 
NP (BLW) -0.0347 0.01 -0.5880'"0.44 -0.3945.0.14 -1.0172.0.35 

MAX (NLW) 1.5336 0.45 1.1581 0.79 3.9548 2.18 6.6465 1.84 
MAX (BLW) 1.5769 0.22 1.5149 0.64 3.9256 1.82 7.0174 1.58 

MIN (NLW) -0.3201 0.20 -1.3462*0.25 -0.9742*0.50 -2.6405* 0.54 
MIN (BLW) -0.4900 0.22 -2.7618*0.22 -2.3159*0.93 -5.5677* 1.66 

PD (NLW) 0.2949 0.11 0.3436* 0.10 0.3513*0.18 0.9898* 0.13 
PD (BLW) 0.4421 0.16 0.5525* 0.22 0.6239*0.34 1.6185* 0.26 

PBV (NLW) 0.75780 
PBV (BLW) 1.41750 

Notes: 
1. AP - average absolute power; PP - average positive power; NP - average negative 
power; MAX -maximum power; MIN - minimum power. 
2. PD - absolute power/distance travelled by the centre of mass. 
3. PBV - absolute power/body weight and velocity of the centre of mass; 
*p<0.05. 

Further analysis of positive and negative powers indicates that positive powers are 

very similar in the two modes, and most differences relate to negative powers. 
During BLW, larger negative powers at the knee and ankle lead to an increase of 

absolute power. Thus, muscles may only be able to produce a limited positive 
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power for joint motion, or otherwise may only output limited maximum energy per 

unit time. 

In textbooks, negative power is characteristically described as resulting from work 
done by external forces, such as gravity. The work done will be absorbed by 

biological tissues but may later be released, rather like a spring. But tissues may 
differ in that they cannot be assumed to be completely elastic, but rather act 

primarily plastically, but with a small elastic range. Within the elastic range, storage 

and release of energy may occur in succession. But outside this range, tissues may 

easily yield. As we have observed from comparison of joint moments (Table 4.6 

and Fig. 4.7), knee moments are not only larger in BLW but last longer. Thus, 

moments may take muscle groups acting at the knee out of their elastic range, 
leading to more rapid exhaustion. 

In BLW, subjects automatically reduce their speed and cadence (see Table 4.5). 

While this suggests that BLW is more exhausting than NLW, lack of familiarity 

with the gait needs also to be taken into consideration. 

The angle of flexion is smaller in all joints for NLW than BLW, and the angle of 

extension correspondingly larger (Table 4.6 and Fig. 4.4): thus, joint ranges also 
differ. Thus, subjects adjust joint angles in order to maintain speed. However, 

despite differences in joint angle, differences in joint angular velocities were small. 

The main difference between NLW and BLW is thus in joint moments. The knee 

moment in BLW is larger and lasts longer, so that total joint power is almost 1.5 

times greater, or 40% more energy-expensive. Again, selection can be expected to 
have acted to eliminate BFHBK walking. 

4.3 Comparison between common chimpanzee and human bipedalism 
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4.3.1 Subjects and Method 

Many sequences of voluntary bipedalism were obtained over a forceplate set in the 

chimpanzee enclosure at Chester Zoo, of which one was of particularly good 

quality. Previous comparisons with data in the literature showed that the kinetics of 

the sequence were entirely typical (Li et at. 1996). The subject was a female adult 

TABLE 4.9 Comparison of joint angles (R) in chimpanzee and human walking 

Hip Knee Ankle 
max min range max min range max min range 

CW -1.75 -2.15 0.4 1.8 0.6 1.2 1.3 0.7 06 
BW 0.1 -1.0 1.1 1.2 0.6 0.6 1.2 0.7 0.5 
NW 0.5 -0.5 1.0 0.8 0.0 0.8 1.2 0.7 0.5 

Note: 
CW: chimpanzee bipedal walking; 
NW: human erect walking; 
BW: human BHBK walking. 

height 1.2 m, weight 25 kg, and age approximately 12 years. The data were 

compared with those for human subjects performing NW and BHBK walking in the 

laboratory, as described in Chapters 2 and 3. The statistics for human subjects were 

as follows: mean height 1.730 m( sd 0.02), mean weight 73.69 kg (sd 8.5), mean 

velocity 1.45 m/s (sd 0.38). Experimental data for chimpanzee bipedalism and that 

for two typical human subjects are given in Table 4.9 and Fig. 4.8. 

4.3.2 Results 

From Figs. 4.8 a-c, it is obvious that the chimpanzee used a form of BHBK gait, 

resulting in a smaller step length. Figs. 4.9 a-c indicate that GRFs in human BFHBK 
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walking were generally similar to these of chimpanzees, although there were some 

small differences. However, GRFs during human NW are quite different from those 
in chimpanzee bipedalism. 

4.3.2.1 Joint angles 

Results for joint angles in different walking by subjects are given are given in 

Fig. 4.8 and Table 4.9. 

Commentary 

When a chimpanzee walks bipedally, ranges of hip, knee and ankle angles differ 

from those observed in both types of human bipedal walking (Figs. 4.8.4.9 and 

Table 4.9). The range of hip flexion in the chimpanzee was only half that in either 

human BHBK or NW (Table 4.10), but the range of motion of the knee joint is 

relatively large: however, it fails to compensate for the small range of flexion at the 

hip, resulting in shorter strides in relation to stature (see below). In addition, during 

chimpanzee walking, two peaks were observed in the curves for hip angle, while a 

single peak occurs in humans. Thus, the chimpanzee was not able to walk as fast as 

humans because of relatively small angular ranges at the hip joint. Although in 

compensation the chimpanzee's knee moved through a relatively large range, a 

smaller stride length (about 0.5 m) results. If we use a coefficient, ss, to evaluate 

the relationship between stature and stride length, where ss = stride_length/stature, 

ss was 0.4 (0.5/1.2) for the chimpanzee; 0.8571 (1.5/1.75) for human BHBK 

walking and 0.9714 (1.7/1.75) for human NW. If ss may be used as an indication of 

the efficiency of bipedal walking, human walking is clearly more efficient. 
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4.3.2.2 Angular velocities 

Angular velocities at the chimpanzee hip were smaller than for humans, although 

angular velocities of the knee and ankle joints were similar to those seen in humans 

(Fig. 4.10-4.12 and Table 4.10. ). 

TABLE 4.10 Comparison of joint velocities (r/s) in chimpanzee and human 
walking 
---------------------------------------------------------------------------- 

Hip Knee Ankle 

max min range max min range max min range 
CW 1.5 -2.2 3.7 2.5 -6 8.5 3.2 -2.2 5.4 
BW 3 -3 65 -4 93 -2 5 
NW 3 -3 65 -3 8 2.5 -2.5 5 
---------------------------------------------------------------------------- 
abbreviations as Table 4.9 

Thus, the chimpanzee hip is less effective in bipedal walking than that of humans. 

4.3.2.3 Moments 

Table 4.11 shows that knee moments in the chimpanzee were relatively larger than 

those in human BHBK or NW (see also Figs. 4.10 - 4.12). The strong flexion of the 

knee is sufficient to account for this finding. In human upright walking, hip and 

ankle moments play the major roles in propulsion, while the knee only assists the 

other joints. In human BHBK walking, moment distributions were similar, but hip 
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and ankle moments are relatively large. 

TABLE 4.11 Comparison of joint moments (Nm/kg) in chimpanzee and 
human walking 

-------------- --------------------- ----------------------- ------------------------- 
Hip 

------- 
Knee Ankle 

max min range max min range max min range 
CW 3 -0.2 3 1.4 -0.5 1.9 1.2 -0.5 1.7 
BW 1.8 -1.8 3.6 0.2 -0.5 0.7 2.2 0 2.2 
NW 1.2 -1 2.2 0.8 -0.2 1.0 1.8 0 1.8 
-------------------------------------------------------------- 
abbreviations as Table 4.9 

4.3.2.4 Joint powers 

Almost all forms of powers at the chimpanzee's joints were larger than those in 

human NW or BHBK walking (Table 4.12 and Figs. 4.10 - 4.12), and absolute, 

positive and negative powers were all larger than in either human walking mode, 

so that the chimpanzee unquestionably did more work than did our human subjects 

during bipedal walking. 

4.3.3 Conclusions 

Thus, for the chimpanzee investigated, almost all joint parameters were worse than 

either human NW or BIIBK walking, resulting mainly from smaller angular range 

at the hip, but a bigger range at the knee. Secondly, the chimpanzee hip and knee 

were so flexed that the two joints are acted upon by larger peak moments, resulting 

85 



in greater joint power. Thus, an even stronger selective pressure can be expected to 

have operated against chimpanzee-like than human BHBK-like bipedalism in early 
hominids. 

TABLE 4.12 Comparison of power (W/kg) between chimpanzee and human BiiBK 
and upright walking 

Hip Knee Ankle 
sum 

AP(CW) 0.945 0.524 0.411 1.880 
AP(BW) 0.546 0.425 0.451 1.421 
AP(NW) 0.590 0.219 0.540 1.351 

PP(CW) 0.329 0.458 0.034 0.828 
PP(BW) 0.530 0.116 0.101 0.747 
PP(NW) 0.475 0.133 0.125 0.733 

NP(CW) 0.615 0.066 0.378 1.059 
NP(BW) 0.016 0.309 0.349 0.674 
NP(NW) 0.115 0.087 0.416 0.617 

MAX(CW) 1.964 2.954 0.442 
MAX(BW) 1.039 0.572 1.049 
MAX(NW) 1.828 0.836 1.524 

MIN(CW) -5.142 -0.481 -2.360 
MIN(BW) -0.234 -2.399 -1.210 
MIN(NW) -0.900 -0.589 -2.802 

Note: 
1. AP: average absolute power; PP: average positive power; NP: average negative 
power; MAX: maximum power; MIN: minimum power. 
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CHAPTER 5. ENERGY TRANSFORMATION IN 

BIPEDALISM 

It is a very light feeling to see someone carrying a very heavy load. 

Chinese Proverb 
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Abstract 

This chapter aims to investigate 1) whether there are different patterns of energy 

transformation in different gaits; 2) which gait may be better from the viewpoint of 

saving energy, and 3) what relationship may exist between the evolution of 
bipedalism and energy exchange. Human subjects were required to walk using 
different gaits, including BHBK walking and normal walking, and a recorded 

sequence of bipedalism by a common chimpanzee was used as a comparison. It was 
found that among various modes of human walking, comfortable walking has the 

best effect on energy transformation and BHBK walking the worst, on the same 

criterion. The chimpanzee had the least effective energy transformation. The results 
imply that if early hominids walked in the commonly-hypothesized BHBK mode, 

selection would have acted to eliminate it. 

5.1 Energy transformation in various gaits 

5.1.1 Gait selection 

As discussed in Chapter 1, energy consumption may have been an influence on the 

evolution of bipedalism. A particularly interesting aspect of energy consumption is 

the manner in which energy changes when humans walk bipedally. Whether a gait 
is, or is not, effective generally depends on whether, and to what extent it conserves 

the energy spent during motion. A similar problem is why, in everyday life, people 

select a particular, self-determined 'comfortable' velocity, not a slower or faster 

speed. 

It is known that the work done by muscles increases with the velocity of the centre 

of mass. Based on this point, it would be expected that a slower velocity should be 

better than any more rapid speed in conserving energy. But, in fact, people nearly 

always walk at a particular, `comfortable' speed, which is not their slowest pace. 
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Here we are concerned with two particular types of mechanical energy: kinetic and 

potential energies. When humans move, these two forms of energies are known to 

exchange during a gait cycle. The energy fluctuation represents the work done by 

the muscles and the body. 

This element of my thesis provides, and applies, a simple method by which to 

assess which mode of walking and which velocity might be optimal in terms of 

mechanical energy cost. The method is based on particle mechanics, and considers 

the effect of energy transformation between kinetic and potential forms as an 

assessable condition. 

5.1.2 Materials and methods 

5.1.2.1 General method 

The methods used here to appraise a given walking procedure are mainly of two 

kinds. One is based on the centre of mass (CM) and the other on the segments. 

Zarrugh (1981) applied a relatively complete approach when he measured a subject 
's mechanical efficiency in treadmill walking. He considered the total work done by 

the body to consist of all segment rotational and translational energy; measured 

metabolic power as body output, and obtained an efficiency by comparing the two. 

The approach satisfies mechanical theory. But in general, it is not very easy to do 

such complex work under simple experimental conditions, since some important 

parameters, such as the rotation of segments and the coefficient of mass, cannot be 

obtained easily and accurately. Furthermore, the measurement of metabolic power 

of a subject moving on a treadmill may interfere with normal motion. In addition, as 

Zarrugh himself indicated (1981, p. 158) his method only considers work done in 

terms of positive power, so that calculated efficiency may be less than is the case. 
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Cavagna and colleagues (1976,1977) defined a parameter "recovery" and 
investigated this parameter in the motion of many subjects. Their approach was 
based mainly on particle mechanics, where the whole system is considered as a 

particle with mass. The kinetic energy and potential energy in the body's CM can be 

obtained by integrating recorded ground reaction forces (GRFs), and then, 'work 

recovery' can be estimated. But the approach ignores the role of negative power, 

since all work done was computed absolutely (see Winter 1983; and Williams and 
Cavanagh 1983). In addition, under their definition, recovery at 'comfortable' speed 

reached nearly double that in slow or fast walking (Cavagna et al. 1976), which 

seems to be contrary to findings in physiological experiments. Nevertheless, as the 

method is very simple and requires fewer assumptions, it has been widely used to 

analyze different subjects, including humans (Winter 1990) and chimpanzees 
(Kimura 1996). 

Cavagna and colleagues (1976) found that human comfortable walking has high 

'recovery', but some animal motion has comparatively low'recovery': for example, 
Kimura (1996) studied the trends in displacement of the body centre of gravity 
during the ontogeny of chimpanzee bipedal walking and found that the energy 

recovery of younger chimpanzees is smaller than that of adults. 

5.1.2.2 Subjects and methods 

Subjects and general experimental methods are as described in section 3.1 of 
Chapter 3. A total of 280 trials were retained for analysis. The method used in this 

chapter (also see Chapter 2) is similar to Cavagna's (1977), being based on particle 

mechanics. 

In general, change of energies in a system is produced by the work done by internal 

and external forces. When work done is positive, biological tissues (e. g. muscles) 

output energy to make the body move. When work done is negative, biological 

92 



tissues may absorb and store some energy. Because it is still unclear how muscles 

absorb and store energy (Winter 1983; Williams and Cavanagh 1983), we have to 

estimate work done by calculating the range of changes in system energy: in kinetic 

energy (KE) in potential energy (PE) and their influence on each other. We define 

the range of change in KE and PE as the work done for maintaining the movement 

of the body CM, and the range of change in the sum of KE and PE as the work 

produced by biological tissues. By integrating forceplate data, we readily obtain the 

curves of KE and PE. Thus, we can investigate the dynamic trend of the two 

energies during walking. The method is described in detail in Chapter 2, and we can 

calculate the kinetic and potential energies of CM. according to equations 2.1 - 2.11 

in section 2.3, Chapter 2. 

5.1.3 Results 

Energy fluctuations in different modes of walking are presented in Figs 5.1 - 5.4. In 

Figs. 5.1-5.4, the curves start at the left heel strike (LIDS), then proceed through right 

toe takeoff (RTO), right heel strike (RIHS) and left toe takeoff (LTO), finishing at 

the second left heel strike. Because the double support factor differs between modes 

of walking, the duty factor may also differ. On average, RIIS is always at 50% of 

the cycle, as the right and left sides of the body can be taken to act symmetrically. 

In comfortable walking, RTO falls at a mean 7.5% and LTO 57.5% of a stride. In 

fast walking, RTO falls at 5% and LTO 55% of a stride. In slow and BIIBK 

walking, RTO falls at a mean 10%, and LTO 60% of a stride (see also Swing factor 

[SF] in Table 5.1). Note that in Fig. 5. I. b. - 5.4. b., in order to compare changes in 

the two energies, the curves of KE, and PE have been moved to the coordinate 

system of the sum of the kinetic and potential energy, KE+PE. 
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FIGURE 5.1. a Energy fluctuation in comfortable walking (N = 70 trials, - mean, 
-- mean ± sd) 

FIGURE 5.1. b The changes in KE, PE and the sum of PE+KE during 
comfortable walking. To compare three energies, PE and KE have been moved 
to PE+KE's coordination system. 
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FIGURE 5.3. a Energy fluctuation in slow walking (N = 70, - mean, -- meant sd) 

FIGURE 5.3. b The changes in KE, PE and the sum of PE+KE during slow 
walking. To compare three energies, PE and KE have been moved to PE+KE's 
coordination system. 

96 



0 10 70 00 40 60 e0 70 e0 YO 100 
1.6 

1 
. - -. -- -.. 

0.6 
-. _ .. ... _ ... ... _ .... 

0 , 
0 10 4 0 60 CO 70 e0 00 100 

e. e 

6 
0 10 20 30 40 60 00 70 00 90 100 

FIGURE 5.4. a Energy fluctuation during BIHBK walking (N = 70, - mean, -- 
mean t sd) 

5.75- 

6.7- '. 
rt tt 

it. t 

5.65 tt r% 
att 

i"_. 
r 

1I1ýI 6.8 ýtii "t tt 
iý 

r". 
ir 

ý, 5.55 ý"t tt ii ý't ýý ii 

týrIt. ý 

5.45 

5.4- 

5.351 
10 20 30 40 50 60 70 80 W 100 

% of strife 

FIGURE 5.4. b The changes in KE, PE and the sum of KE+PE during BIIBK 
walking. To compare three energies, PE and KE have been moved to PE+KE's 
coordination system. 

97 



At a glance, it is apparent that KE and PE in normal human walking tend to change 

alternately. In other words, KE increases while PE decreases and vice-versa. This 

condition may be described as energy transformation or energy exchange. In normal 

walking, the sum of the kinetic and potential energy, PE+KE, oscillates within a 

relatively smaller range than KE and PE ( see Fig. 5.1 . b-Fig. 5.3. b). But in BIIBK 

walking, the range of KE+PE is similar to that of KE and PE ( see Fig. 5.4. b). 

Range of fluctuation of energy 

To analyze the work done by the whole system (the body) for maintaining motion, 
the range of changes in energies, DE, was computed as follows. 

AE=max(E)-min(E) (5.1) 

AE represents the work done by the body to maintain the motion of the whole body. 

E may represent KE, PE or KE+PE. The larger AE, the greater the work done. 

Each form of DE has a different meaning. AKE, kinetic energy and APE, potential 

energy, indicate the energy for maintaining motion. However, A(KE+PE) signifies 
the energy output by the body, in other words, 0(KE+PE) is the work done by the 
body tissues. 

A total of 280 trials were analyzed. The results are shown in Fig. 5.1 - Fig. 5.4 and 
listed in Table 5.1 and 5.2. Analysis of variance (ANOVA) for the above tables 

shows that the significance of all terms is p<0.05. The statistical results in detail are 

FvcM 406.46, FoPE 192.18, FeKE 30.96, Fe(pE+KE) 41.77, F, 3.94 and F,, 16.80, Fo. o5. (3 76) 
2.65. 
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5.1.4 Discussion 

5.1.4.1 Calculated results for different modes of gait 

It is obvious from Table 5-1 and figs. 5-1. b - 5-3. b that there is energy 
transformation during human normal, slow, comfortable and fast walking. In other 

words, KE increases while PE decreases, and vice-versa. Because energy exchange 

exists, human expend less total energy n(KE+PE) (the range of change of the sum 

of the kinetic and potential energies) to produce greater energetic effectiveness, 

nKE and APE. This result is completely in agreement with Cavagna et. al (1976), 

though our approach is different from theirs. It is also very clear that there is little 

energy exchange in human BIHBK walking (Fig 5-4. b). Since energy exchange is so 

small, human BIHBK walking must expend more energy n(KE+PE) for less 

effectiveness in motion, AKE and APE (see Table 5.1). 

It may be meaningless to compare directly the change of the kinetic and potential 

energies, AKE and APE in different modes of walking, since AKE and APE of any 

subject vary proportionally with the velocity of CM. Moreover, as the velocity of 
CM in BHBK walking is relatively smaller, so AKE, and APE are also smaller than 

others (see Fig. 5.5 and Fig. 5.6). However, o(KE+PE) seems to be different from 

AKE and OPE. (Fig. 5.7). From Fig. 5.7, although the VCM is not high in BI! BK 

walking, n(KE+PE) is rather large (also see Table 5.1). 

To compare the effects of the energy transformation of different walking, we define 

two coefficients. One is 

AKE+PE (5.2) 
E(PE+KE) 

where, nKE and nPE are the range of changes in kinetic energy and the range of 

changes in potential energy respectively, and n(KE+PE) is the range of changes of 
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TABLE 5.1 Comparison of the effects of the energy transformation in different modes of 

walking 

SF VCM(m/s) &KE(J/kg) APE(J/kg) A(KE+PE)(J/kg) 

BW 0.3900 1.2261±0.23 0.2801±0.10 0.2548±0.12 0.3883±0.16 

FW 0.4500 1.9329±0.14 0.6475±0.15 0.4175±0.13 0.5204±0.13 

SW 0.3950 1.0388±0.11 0.3130±0.05 0.2650±0.09 0.2944±0.10 

CW 0.4250 1.4703±0.13 0.4850 ±0.08 0.3075±0.10 0.3529±0.09 

Note: 

1. BW - BIIBK walking; FW - fast walking;, SW - slow walking; CW - comfortable 

walking 

(N = 70 trials each) 

2. SF - swing factor, the proportion of swing time and total cycle time; 

the sum of the kinetic and potential energies. 

c is a dimensionless parameter representing the effect of energy transformation. The 

larger it is, the greater the energy exchange. From the function ( Tables 5.1 and 
5.2), c for comfortable walking is largest, 2.4790 and therefore comfortable 

walking is optimal. e for fast and slow walking is almost the same, at about 2.2. In 

contrast e is smallest in BHBK walking, 1.5241 (Table 5.2). It can be observed 

that the e parameter for BHBK walking is rather smaller than for other modes (Fig. 

5.8). 

To evaluate the effect of energy exchange on the velocity of the centre of mass, we 

have defined another coefficient as follows. 
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'1= 
V (5.3) 

where VCM is the average velocity of CM and , &E is the range of change the 

TABLE 5.2 Comparison of effects in diffcrcnt modes of walking (N = 70 trials each ) 

VCM &KE &PE &(PE+KE) 11 c 

BW 1.2261±0.23 0.2801±0.10 0.2548±0.12 0.3883±0.16 3.7638±1.70 1.5241±0.58 

FW 1.9329±0.14 0.6475±0.15 0.4175±0.13 0.5204±0.13 4.0075±1.23 2.2014±0.80 

SW 1.0388±0.11 0.3130±0.05 0.2650±0.09 0.2944±0.10 3.9041±1.24 2.2002±0.87 

CW 1.4700±0.13 0.4850±0.08 0.3075±0.10 0.3529±0.09 4.5449±1.49 2.4790±0.99 

(Abbreviations as for Table 5.1) 

Note: 

1. BW, FW, SW, CW: bent-knee walking, fast walking, slow walking and comfortable walking; 

2. VCM: velocity of the centre of mass ; 

3. eKE, ePE and e(KE+PE): the changed ranges of the kinetic energy, the potential energy and 

the sum of the kinetic and potential energy. 

4. 'i=VCM/n(PE+KE); 
5. e=(nKE+APE)/e(PE+KE). 

energy. 
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In this investigation, VCM is calculated from the length of a stride divided by its 

time duration, and , &E is the range of change of the sum of the kinetic and potential 

energy, n(KE+PE). il expresses the per unit energy effects on the velocity of CM. 

In fact, as E is calculated from the energy per unit mass, q has similar meaning to 

the general expression E/(mass*g*v) (Alexander and Goldspink 1975). Therefore 11 

is comparable among different modes of walking. The larger il, the better the effect. 

Among all modes of walking the largest value, 4.5449, is for comfortable walking, 

and the smallest, 3.7638, is for BIIBK walking (Table 5.2 and Fig. 5.9). The i for 

comfortable walking is more than 1.2 times that for BIIBK walking. 

5.1.4.3 Influence of positive or negative energy 

TABLE 5.3 Analysis of variance (ANOVA) of data from Tables 5.1 and 5.2 

F k P 
VCM 406.46 0.077 <0.05 
APE 192.18 0.049 <0.05 
AKE 30.96 0.054 <0.05 
A(PE+KE) 41.77 0.060 <0.05 
e 3.94 0.696 <0.05 
71 16.80 0.401 <0.05 
new-recovery 19.90 0.096 <0.05 

Note: 
1. F=s12/s22(see general statistics texts) 
1 . Fa os: c3.2761 2.65; 
2. k=k*(s2 /n)°'s used to decide the distance between groups (sec Bowker, 1959 p. 298) 
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If we explore the meaning of the two coefficients c and il something interesting may 

be found. Firstly, if we consider the change of negative energy (regarded as the 

absorption and storage of energy in biological tissues, e. g., muscles), we may 

introduce a proportional coefficient k (0<k<1), so that AE may be redefined as DEO- 

k). When all negative energy is absorbed, k reaches a maximum and DE(I-k) a 

minimum. If we assume that all biological organisms have the same function of 

absorption and storage, k should be a constant for all forms of energy at a given 

time, including KE, PE and KE+PE. Under this assumption, c in the function (5.3) 

is still correct: 

iKE(1-k) +OPE(1-k) 
b(PE+KE)(1-k) 

AKE+APE (5.4) 
E(PE+KE) 

Therefore, the function (5.3) cannot be influenced by the positive or negative signs 

of the energies. 

Coefficient TI has a special physical meaning. Its unit is 1/(mass*velocity). In other 

words, it expresses the degree of the change of my (mass x velocity). The larger it 

is, the smaller mv. The body obtains a maximum forward velocity for the minimum 

my change in'comfortable' walking. This would explain why humans choose 

'comfortable' walking as their usual mode. 

We may conclude that 1) human normal walking is energetically better than human 

BHBK walking; 2) comfortable walking is, energetically, the best of the three 

speeds. 

What are the main reasons which lead to the differences in the various modes of 

walking? We can usefully seek them in the GRFs exerted during gaits of normal 

subjects. 

103 



Chapter 5 Fnernv trangýrmatian 

0 

0 
O 

W 
a 

, 

Ce 
W 

_ 
0. 

C 

ö0. 
CL 

0. 

0. 

++ 

_ ++ 

v 
-vv vx 

+ý 

+ ++ 

+ 
++ #+ 

+ 
vP` 

xxx 

+ 
+ 

+$ 

++ + 

xw *ýö xxx ývw $++ 
'F+ 

+ 
v 

x jýYcýcxv výp 
V 

v *l+ 
v 

+vpý xitý 
Ax 

A 
xMvW ý` 

v 

ýk 

t++ 

xxx x 

v"v 
. 

v 
v 

$v 

6 O. a 4 4.2 4.4 i. s 1. e 2 2.2 

++ 

4. 2.4 

viloctty of th" contra of mess (ml. ) 

FIGURE 5.5 Comparison of the A(PE) of different modes of walking, where x- slow, *- 
comfortable, +- fast and V- BHBK. 

104 



0. 

a ýo 

'o. 
Y 

P0 

O 
C 
m 

. o. 

Y0. 

0. 

0. 

-r+ 

++ 
+ ++ 

* +++ 

v 
Xý x +ý 

xý 
ö výý+ 

xx) * 
;V ? ev 

xxv v 
ov vý 

vv 
0.11 "L 0 .60,6 1 1.2 1,4 1.6 1.8 2 2.2 2.4 2.6 

V"Iootty of the c. ntr" of mass (mis) 

FIGURE 5.6 Comparison of the A(KG) of different modes of walking, where x- slow, *- 
comfortable, +- fast and V- BHBK. 

105 



Chanter 
_S 

Pnergv 1, ran. tfnrn, Cation 

P 

7 

ýo. 

w u 
ä0. 

E 

~0. 

ö0. 

ä0. 

c 
v 
" 
F0. 

o. 

o. 

8 - + 

7 - 0 

v 

°++ 
40 

+ 

+ 
6 x 

x`ý' . t 
+ $+ 

+ 
S 

v °x 
v 

v 

v v 
w 

+ 
++t+ 

,v1; 
0 

x x 
I. * 

** 
+++ 

xx x 

x8 yk v* * 
+ 

+ 3 xx )c 
°cx 

R x 
+ + 

Z 
xxx xx 

x 
ýIr 

x 

v° 3co 

0. 
e 0.8 1 1.2 1.4 1. e +. e 2 2.2 2.4 2. 

Velocity of the e"ntf" of mess (mis) 
6 

FIGURE 5.7 Comparison of the A(PE+KE) of different modes of walking, where x- slow, "- 

comfortable, +- fast and V- BIHBK. 

106 



4. 

W 

CL 3 

W 
CL 
4 

uze 

I ., 

v 

x 
x 

+ 
x 
xx 

x xxx +ý ý' +w 

+ 
++ 

x 

>9E 
xXx 

x 

x* 

* 

+ 

+ 
+$ ++++ ° 

xx xpX 
0* 

#i 
+ 

+IF 

$+ 
ý++ 

i4' 
xxv xx 

px %xx 
*** 

* 

4* 

+ +}+ 
x x 

x 
x QJC xp 

+k 

°° 

p+ 
+F +ý* y+ 

p 

Vxx p°x 
++++ 

* xx ' ++ x ° xu °v .V 
v+ 

6 11.2 1 1.2 1. ý 1.6 1.8 2 2.2 2.4 2. 
Velocity of the contra or mess (mit) 

FIGURE 5.8 Comparison of the e of different modes of walking, where x- slow, *- 

comfortable, +- fast and V- BIIBK. 

107 



I 

I 

W 

$ 
W 
a 

> 

V 

* 

of 
0 fi 091 121416182222428 

Velocity of the centre of mess (m/s) 

FIGURE 5 .9 Comparison of the 11 of different modes of walking, where x- slow, +- 
comfortable, +- fast and V- BIiBK. 

xv*++ 

g+ 
+ x 

xv* 
+F 

ý` +}+ 
xVv 

v° 
xx°{+ ýc "p 

+ xXXx'Vx xv +++++ 
v 

g° °v 

108 



5.1.4.4 Possible reasons for differences in energy transformation 

There are two factors which may influence energy transformation during walking. 
One is the shape of the vertical force curves. With the depression in mid-stance 

portion of the vertical forces, the whole body acceleration in the vertical direction 

decreases to make the body CM rise, which may transfer kinetic energy into 

gravitic potential energy (see Fz for comfortable and fast walking in Fig. 5.10). But 

this may not be the main factor, since the shape change in vertical force is the 

greatest in fast walking, but the energy transformation in fast walking is not 

optimal. 

Another important factor is the phase relationship between KE and PE. When the 

sagittal force changes from negative to positive, the forward acceleration changes 

from negative to positive ( see Fy GRFs in Fig. 5.10). Thus, the velocity of the 

body CM always reaches a minimum at mid-stance. On the other hand, when the 

vertical force reaches a minimum, the displacement of the body CM reaches its 

maximum. In normal (erect) walking, the kinetic energy reaches a minimum and 

the potential energy reaches a maximum at the same time (see Figs. 5.1 .b to 5.3. b). 

Therefore energy transformation is rather good in normal walking. But in BIIBK 

walking, the change in the two energies does not occur at a suitable phase. Since in 

BHBK walking the minimum vertical force occurs in the later part of stance, not at 

mid-stance, the maximum potential energy also occurs in the later part of stance 

(see BHBK walking in Figs. 5.4. b and 5.10). 
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5.1.4.5 Comparisons with the literature 

Let us compare the results of this paper with those of other authors. Zarrugh (1981) 

found that 1.7 m/s is the most effective velocity for a subject, while Cavagna et al. 
(1976) determined the most effective velocity to be 1.1 m/s in terms of recovery of 

work. This chapter reports an optimum velocity of 1.47 m/s, if `comfortable' 

velocities are averaged. It is difficult to say which of the three alternatives is most 

correct, since every method has its special characteristics. Considering that the 

subjects in this research were normal people in general life roles, we feel that 1.5 

m/s might be a suitable value. 

Kimura (1996) found that 'recovery' in common chimpanzees increases with 

maturation: adult chimpanzees (> 5 year olds) have better recovery than infants. His 

calculations gave recoveries in the range 10-60%, commonly 30%, close to those of 
humans (as in Cavagna et al. 1976). If recovery in quadrupedal running was not 

greater than that in bipedal walking, chimpanzees might have been expected to 

select the latter motion a long time ago, given the same ecological needs as 
hominids. However, the recovery decreases with the velocity of the CM, e. g., 40% 

at 0.5 m/s to 20% at 1 m/s, so that chimpanzees only walk effectively at lower 

speeds. Kimura stresses the ability to maintain extended hindlimbs as a vital basis 

for energy economy in bipedal walking. From our results, and in my opinion, the 

mode of walking may be a more dominant factor. Although humans have strong 
hindlimbs which can be maintained in extension more or less indefinitely, they get 
little better energy transformation in BIIBK walking than do chimpanzees. 

5.1.4.6 ,4 new 'recovery' 

In order to compare our results with those of Cavagna and other authors, we may 
define 
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'recovery ' as: 

recovery= 
(APE+AKE)-A(PE+KE) (5.5) 

(APE+AKE) 

where all components are defined as previously. 

With data from Table 5-1, we obtain recovery. of 55.47% for comfortable walking; 
51% for fast walking; 49% for slow walking and 27.41 for BHHBK walking, in 

agreement with Cavagna (1976) and Kimura (1996). 

5.2 Comparison of chimpanzee bipedalism and human walking 

Using the chimpanzee GRFs presented in Chapter 3 and the above method, it 

appears that energy transformation of the CM is nearly absent in our chimpanzee 

(Table 5.5. and Fig. 5.11). On the other hand, energy transformation in both human 

erect and BHBK walking are better than that of our chimpanzee (Figs. 5.1. b - 
5.3. b). To compare the effect of energy transformation, we modified the method of 
Cavagna et al. (1976) to compute energy recovery as equation 5.5. The results 
(Table 5.4) show that human upright walking is the best of the modes of walking 

examined. 

Kimura (1996) observed that chimpanzees do obtain partial energy transformation 

in bipedal walking, at least as adults and at slow speeds. But in general, upright 

walking has better energy exchange than does BHBK walking. We may surmise 
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TABLE 5.4 Comparison of energy transformation in chimpanzee and human 

walking 

VCM DCM APE AKE APKE RC 

(m/sli) (m/1 1) (J/kg) (J/kS) (J/kg) % 

CW 1 0.816 0.172 0.559 0.726 8 
13W 0.625 0.800 0.254 0.280 0.388 37 

NW 0.850 0.918 0.417 0.647 0.520 51 

Note: 

CW: N=1; NW: N= 20; 13W: N=20. 

VCM: velocity of the centre of mass /11; 

DCM: distance of the centre of mass /11; 

ii: stature; 
RC: rccovcry = ((APE+AKE)- APKE)/ (APE+sKE); 

that our chimpanzee was less effective in bipedal walking than Kimura's because 

she was not trained to walk upright, and therefore uses a BIIBK mode, which limits 

joint motion range and results in worse biomechanical effects. 
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5.3 Conclusions 

We may confidently conclude that human erect walking is considerably more 

effective in terms of energy transformation than BIIBK walking, while comfortable 

walking is the best of all erect modes of walking. Finally, according to the method 

of this paper, the optimal walking velocity may be about 1.5 m/s. 
The results of this section support the proposition that if early hominids used to 

walk BHBK, selection would act strongly in favour of its replacement by erect 

walking, to decrease energy expenditure. From the perspective of energy 

transformation, dynamic effects in chimpanzee walking are far worse than in both 

human upright walking and human B11BK walking. Thus, we would expect that if 

there was a stage in which human ancestors walked like modern chimpanzees, 

selection would favour adoption of more human-like BIIBK walking or upright 

walking. 
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CHAPTER 6. WORK DONE DURING 

BIPEDALISM 

Moderation is a virtue 
Confucius 
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6.1 ABSTRACT 

The goals of this section were twofold: 1) to compute work done in different modes 

of walking, and 2) to investigate a fundamental concept in biomechanics: the 

meaning of positive and negative signs for work, power and energy. I calculated 
different forms of work and power using two different approaches: particle 

mechanics and joint dynamics. In BIHBK walking, positive work done was always 
larger than negative work done. If positive work done is considered as the effort 

output from the body to power walking, it may be concluded that BIHBK walking 

expends more work done than does normal upright walking. It is suggested that 

positive and negative work may play a different functional role in both modes of 

walking. 

6.1 Introduction 

Work, power and energy are so important that they are often used as criteria for 

evaluation of motion and for building principles of motion. Thus the meaning of 

their signs has considerable significance for the interpretation of results of 

calculations. Taking the case of level bipedal walking (or any cyclical/endurance 

motion, such as running, cycling or rowing), if total work is assessed by the sum of 

positive work (PW) and negative work (NW), such total work may be small or nil. 

Should we conclude from this that the human body has done no work ? Of course 

not. But how then should we interpret sign in biomechanics? 

Many authors (eg. Cappozzo, 1975; Alexander 1977,1980,1984; Apkarian 1989; 
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Winter 1979,1983,1988 and 1990; Williams and Cavanagh 1983; Schenau and 
Cavanagh 1990) have argued that in biomechanics both positive work and negative 

work should be considered as work done by the body, and have therefore calculated 

work and power in terms of absolute values. Whatever activity is being performed, 

energy will always be expended: when a man walks down stairs, consumption of 

oxygen can still be recorded. This concept has been widely employed in 

explanations of different effects of motion. Some authors (Zarrugh 1981; Cavagna 

et al. 1976 and 1977) consider only the positive component of energy changes. 
Others (such as Eng and Winter 1990) divided work done into two components: 

generated and absorbed. Various definitions of positive work and negative work are 

available (McMahon 1984 and 1985), and physiological studies (Taylor et al. 1980, 

1985; Cavagna et al. 1976 and 1977) have determined the relationship of velocity 

and metabolic work. Whatever definition of positive and negative sign is used, 

calculated mechanical work and powers are never completely in agreement with 

physiological data. 

If we consider positive and negative work or powers to have the same sign, their 

physical meaning should be the same. In fact, positive and negative work express 

completely different phenomena, at least in terms of the direction of effect of 
forces. As some authors have put it, negative power indicates absorption and 

storage of energy (Winter 1983; Eng and Winter 1995) and negative work done 

includes phenomena similar to the braking of a car (Alexander 1980). Moreover, 

when positive and negative powers are considered in terms of absolute values, their 

total may be rather too large. Sometimes it may be even larger than metabolic 

values, which latter should reflect the real energetic expenditure of organisms. 

This section endeavours to review the problems outlined above, with reference to 

data from a large series of experiments, mainly concerning humans walking in 

different modes. We calculate different forms of work and power from two 

alternative perspectives: considering the entire body as a particle; or considering the 
joints as the source of drive. 
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6.2.1 Subjects and methods 

The subjects and experiments were described in Chapter 3. Methods for calculation 

of work done was shown in section 2.3, Chapter 2. 

To determine the meaning of the sign of power and work, we calculated each in 

different forms. Firstly, particle mechanics is used in computation of work done on 

the centre of mass (CM). In this approach, the whole body is treated as a system, 

the composition of which is unknown, and to investigate which we can only 

observe its external responses. Thus, we estimate work done about the system 

according to equations 2.3- 2.9. In other words, once we obtain GRFs, we can 

calculate accelerations, velocities, displacements and work done using particle 

mechanics. 

Calculations of joint power were described in 2.2, Chapter 2 and Chapter 4. Joint 

powers were calculated for the lower limb joints since their sign will influence our 

understanding of mechanical effects in walking. Joints, forces and directions for the 

sagittal plane are shown in Fig. 2.1. 

The method of calculation of powers is that in Winter (1990) and standard 

engineering texts book (see equations 2.1.2.3). 

To facilitate interpretation of the meaning of positive and negative signs, all forms 

of work done and powers were then calculated and compared. 

6.2.2 Rcsults 

Results for work done during different modes of walking arc shown in Fig. 6.1- 6.2 

and Table 6.1. 
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TABLE 6.1 Comparison of work done in forward direction 
in different modes of walking. 

- ------ - -- - ------------------------------- 

Work done (J/kg) 

modes ch sl no fa be bb be 
PW 0.721 0.515 0.965 1.659 0.996 0.357 1.025 0.326 

NW -0.438 -0.446 -0.897 -1.360 -0.089 -0.612 -0.001 -0.548 

ch = walking like chimpanzee; sl = slow normal walking; no = normal 
walking at a comfortable speed; fa = fast normal walking; b= acceleration 
from standing; e= deceleration to standing; bb = flexed-knee acceleration 
from standing; be = flexed-knee deceleration to standing; PW = positive 
work done; NW = Negative work done. 
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FIGURE 6.1 Comparison of work done in different modes of walking. 

FIG. 6.1 Note: ch = walking like a chimpanzee; sl = slow normal walking; no = 
normal walking at a comfortable speed; fa = fast normal walking. + or -= positive 
or negative work done. 
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finishing procedure. 

FIG 6.2 Note: Comparison of work done in different modes of starting and stopping. 
Note: b= acceleration from standing; e= deceleration to standing; bb = flexed-knee 
acceleration from standing; be = flexed-knee deceleration to standing; 
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6.2.3 Discussion 

From Fig 6.1 and 6.2, it is apparent that chimpanzee-like walking has very large 

values for positive work done in comparison to negative work. A similar case is 

found in fast normal walking. Of all modes of walking, normal walking at a 

comfortable speed has the smallest difference between positive and negative work 

done. 

As indicated above, since ground reaction forces (GRFs) before and in the middle 

of a gait cycle are negative and displacement always positive, negative work is done 

in the half-cycle when the body receives resistance from ground, that is'braking'. 

On the other hand, positive work done expresses 'propulsion'. The results of 

experiments on starting and stopping arc shown in Fig. 6.2, where it is very 

apparent that starting needs much positive work and stopping much negative work. 

In a physical sense, if a person begins walking from a standing start, he needs to 

expend much energy in order to accelerate himself. Thus, positive work done is 

generally accepted to mean that the body is outputting energy. I Iowever, the 

meaning of negative work in this case is debatable. 

Some might argue that negative work done means that the body is absorbing, or 

storing energy; others simply that less energy is being expended. Whatever 

viewpoint we take, we can agree that negative work done can be bendicial, since 

either energy expenditure is being reduced or energy can be returned to the body. 

From this viewpoint, normal walking, among all modes, is most mechanically 

effective, as it has the smallest difference between the two forms of work. So far, 

we seem to be reaching the conclusion that the more the negative work, the more 

effective is walking. For a moment, let us consider a related problem: joint power, 

which is another form of work done, expressing work done per unit time. Joint 

power was calculated according to general text books and Winter (1988), and is 

shown in Table 6.2. 
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TABLE 6.2. Comparison of power (W/kg) at joints between loaded normal 
walking and loaded flexed-knee walking. (N = 8, male adults only. ) 

Hip Knee Ankle 

mean sd mean sd mean sd sum sd 
AP(n) 0.4451 0.22 0.4984 0.15 0.5052 0.23 1.4484* 0.20 
AP(b) 0.5903 0.16 0.7736 0.40 0.8217 0.37 2.1856* 0.34 

PP(n) 0.4153 0.22 0.1692 0.13 0.3572 0.24 0.9417 0.22 
PP(b) 0.5556 0.17 0.1856 0.08 0.4247 0.25 1.1659 0.23 

NP(n) -0.0297 0.02 -0.3291*0.03 -0.1480* 0.04 -0.5068* 0.12 
NP(b) -0.0347 0.01 -0.5880*0.44 -0.3945* 0.14 -1.0172* 0.35 

MAX(n) 1.5336 0.45 1.1581 0.79 3.9548 2.18 6.6465 1.84 
MAX(b) 1.5769 0.22 1.5149 0.64 3.9256 1.82 7.0174 1.58 

MIN(n) -0.3201 0.20 -1.3462* 0.25 -0.9742*0.50 -2.6405* 0.54 
MIN(b) -0.4900 0.22 -2.7618* 0.22 -2.3159*0.93 -5.5677* 1.66 

PD(n) 0.2949 0.11 0.3436*0.10 0.3513*0.18 0.9898* 0.13 
PD(b) 0.4421 0.16 0.5525*0.22 0.6239*0.34 1.6185* 0.26 

AP = absolute power; PP = positive power; NP = negative power; Max = 
maximum power; MIN = minimum power; PD = absolute power/ distance 
travelled by the centre of mass; n= loaded normal walking ;b= loaded 
bent-knee walking *= p<0.05 

From Table 6.2, focussing on the sign of powers, negative power at the knee seems 

rather large in bent-knee walking. This results mainly from large moments at the 
joints. The large negative power may indicate that much energy is being absorbed 

and stored around the knee. On the other hand, lower positive power at knee 

indicates that the knee plays a smaller propulsive role. According to our 

conclusions from analysis of the whole body in the last section, the muscles around 

the knee may play only a'braking' role during flexed-knee walking. However, 
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during normal walking (Table 6.2), both the amount and the sign of power about the 
knee show that muscle function partly in propulsion, and partly in braking. 

Up to now, if we ignore whether muscles are actually shortening or contracting 
isometrically it appears that it is the proportion of positive and negative work or 

power that plays an important role in energy consumption. When the ratio of 

positive and negative values approximate 1 (although positive power should always 

remain larger than negative power), walking may be optimal. 'Comfortable' walking 
is a good example of this. When the ratio is far greater than 1, the body will output 

much energy but not absorb or store adequate energy. When the ratio is far less than 

1 negative work (or power) greatly exceeds positive work (or power) the body may 

absorb too much energy and locomotion cannot continue, or tissues may even fail. 

Therefore, an ideal motion may be defined by an optimum ratio of positive to 

negative work, slightly larger than 1, such as our 'comfortable' normal walking. 

6.2.4 Conclusions 

From the above experiments, calculation of work and power, and analysis of 

results, three conclusions may be reached: 

(1) whatever we understand by sign, positive work done is always larger in BIlBK 

walking than that in normal walking. This suggests that B11BK may need more 

energy output from the body than does normal walking. 

(2) in general, positive and negative signs do express different physical meanings in 

biomechanics. Positive signs of work and power often indicate that the body is 

producing or outputting energy. This offen takes the form of propulsion of the body. 

Negative signs of work and power indicate that the body may be absorbing or 

storing energy. The energy may be released in the next demi-cycle, as in walking, 

or may not be completely released, as in flexed-knee walking or stopping 
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(3) in general cyclical motion, e. g. level walking or loaded walking, an optimum 

ratio of positive and negative work, viewed from the perspective of particle 

mechanics, may be near to 1. Even when considering individual joints, a similar 

case may be observed. 

6.3 Dynamic analysis of stability in human loaded walking 

6.3.1 Introduction 

While the biomechanics of unloaded walking have been extensively addressed (eg. 

Alexander 1980; Winter 1990; Cappozzo 1975; Williams and Cavanagh 1983) few 

authors have addressed the effects of loading. Taylor et al. (1970,1980) 

investigated the loaded walking of animals, but have done so only by by 

physiological methods. 

During loaded walking, we would expect both the velocity and height of the body 

centre of mass (CM) to be important factors influencing the stability of the whole 

body. If loads are placed on the shoulder or fastened about the lumbar spine, there 

will be an upwards or downwards shift, respectively, in the whole body CM: an 

upwards shift is obviously likely, at some point, to lead to instability. Similarly, we 

might expect greater velocities, at some point, to lead to instability. However, 

where would the onset of instability occur? 

If we take as our whole body system a subject bearing a load, GRFs acting on the 

body will result in angular accelerations at the CM. The product of the angular 

acceleration and the moment of inertia of the whole body can be used as a suitable 

criterion of the stability of loaded walking, where stability of the whole body will 

decrease with the increase in that product. 

6.3.2 Methods and Procedures 
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The method was as follows: 

1) We represented the whole body (subject and load) by a simple three-segment 

model, made up of two lower limbs (leg-foot) and one upper body (head-trunk- 

arm, IITA); 

2) Subjects, loaded in one of three different ways, were required to walk along the 

experimental pathway at self-determined 'slow', 'comfortable', 'fast' speeds as 
described in Chapters 2 and 3. 

3) We applied dynamic equations to the models. According to Newton's Laws, the 

system (three-segment-model) and external forces acting on the system have the 

relationship: 

F=may (6.1) 
M=1ß (6.2) 

where m- mass, including subject's own weight and the load carried; I- the 

moment of inertia of the whole system; a, - acceleration of CM; ß- angular 

acceleration about CM. Using GRFs from forceplate records, we can then calculate 
the velocity and displacement of the CM. As different known loads were applied at 
different known heights, different heights of the CM are also known. 

4) Obtaining joint motion from the analysis of motion sequences allowcd us to 
input both kinematics and GRFs and thus calculate the angular acceleration and 

moments about the CM. In these calculations, reaction forces from both feet were 

taken into consideration, by introducing a suitable duty factor. 

5) Force curves were divided into those associated with slow, comfortable and fast 

modes of walking according to the general shape of the GRF curves, and stability 

calculated under the three situations. 
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6) From the above, I established possible optimal areas at different velocities and 
heights of the CM. 

6.3.3 Results 

Results (see Figure 6.3-6.5) show that there are different dynamic responses for 

different modes of walking. 

In general, taking the stability of the centre of mass as our criterion, stability in 

loaded walking decreases with an increase in the height and velocity of the CM. 

However, a lower height of the CM does not always satisfy the criterion of stability. 
Neither does a greater height of CM always lead to reduced stability. If CM is low 

but velocity is higher, a decrease in stability will also result (see Fig. 6.3.6.5). 

Rather, it is apparent that different modes of loaded walking each have a 

characteristic height/velocity area, beyond which stability decreases. From Fig. 6.3- 

6.5, comfortable walking provides a larger stability area and fast walking has a 

smaller stability area. The differences of stability areas result from the differences 

of GRFs: thus, modes of walking tend to have their own characteristic areas of 

stability. 
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FIGURE 6.3. Simulation of the stability zone of loaded comfortable walking 
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FIGURE 6.4. Simulation of the stability zone of loaded slow walking 
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FIGURE 6.5. Simulation of the stability zone of loaded fast walking 
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6.3.4 Conclusions 

For different modes of loaded walking, there are characteristic areas wherein 

optimum stability may be obtained and beyond which the stability of human 

walking may decrease. 
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CHAPTER 7. 

RECONSTRUCTION OF THE BIPEDALITY OF 

EARLY HOMINIDS 

A desire to know nature is the source of research. 
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ABSTRACT 

The acquisition of bipedalism is one of the definitive characteristics in the evolution 

of early hominids. Using ADAMS-Android (MDI, 1995) I built androids of the 

early hominids Australopithecus afarensis AL-288-1 `Lucy' (c. 3.6 Mya) and homo 

erectus WT-15000, the Nariokotome youth (c. 1.8 Mya), simulated their walking 

and evaluated its biomechanical features. Model segment lengths were taken from 

the literature for AL-288-1 but measured from a cast of WT-15000 and values for 

segment mass distribution were estimated by reference to living humans. Joint 

motion functions derived from real subjects were applied to the models. An 

optimization method was developed to make the androids walk as perfectly as 

possible. Results show that simulated ground reaction forces (GRFs) arc very 

similar to GRFs measured for living adults. WT-15000 has smaller joint powers and 

moments than AL-288, and it was generally the case that androids with a relatively 

short trunk, such as WT-15000 tend to walk with higher mechanical effectiveness. 

This suggests that selection may have operated to increase the length of the lower 

limb, or decrease that of the trunk, during the period of interest (c. 4 Mya - 1.5 

Mya). 

7.1 Introduction 

The fossil record shows that hominid body proportions vary at different periods of 
human evolution (Schultz 1937 and later). This would imply that their bipedal 

walking may also have been different at different periods. So far no direct evidence 

of the manner of walking of early hominids has been discovered: even the Lactoli 

footprints (Leakey, 1979) tell us little as they may have been made by any of three 

or even four possible contemporaneous hominid species. To investigate the 

locomotion of extinct species, we can however reconstruct their body parameters, 

such as proportions, as physical systems and then examine the behaviour of these 

physical systems under various alternative hypotheses of behaviour. By a process of 
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elimination, we may ultimately determine which behaviours are possible, and which 
the most likely. 

In this chapter, I reconstruct early hominids as mechanical multi-rigid-body models, 

place the models in an environment and let the models walk, driven by motion files 

representing alternative hypotheses of behaviour. The simulated walking is 

evaluated on the basis of the criterion of mechanical parameters including joint 

moments and powers. By comparing the walking of various alternative models, we 

examine the relationship between gaits and the change in body proportions between 

Australopithecus afarensis and early African Homo erectus. 

7.2. Simulation experiments 

7.2.1 Reconstruction of models of fossil species and construction of human models 

When subjects are early hominid fossils, it is, of course, difficult to get accurate 
data on weight, limb lengths and mass distribution. Estimated segment parameters 

vary according to authors' methods (see, eg. Jungers 1982,1988; McHenry 1988; 

and Feldesman and Lundy, 1988). 

To obtain the segment lengths of WT-15000, all available elements of a'cast made 
by the Kenya National Museum were scanned accurately using a Cyberware 3030 

lliREZ Laser Scanner and the skeleton reconstructed with reference to estimates in 

the literature (McHenry 1988,1992; Jungers, 1988,1982; and Ohman et al., 

submitted ms. ). For AL-288-1, I followed the quite consistent estimates of segment 
lengths, etc. in Jungers et al (1988) and Johanson et al. (1982). The model 

parameters are listed in Tables 7.1 and 7.2, but in summary were: AL-288-1 stature 

1.05 m, body weight 30 kg. Because the mass distribution of early hominids is 

probably impossible to reconstruct precisely, mass distributions have been 
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TABLE 7.1 Models' size and mass 

model time weight stature leg length 
(mya) (kg) (m) (m) 

al-288 3.6 
a1-333 3.6 

wtl5ka 1.8 
wtl5k_d 1.8 

male w 
malcjt 
male di 

30.3 1.05 0.500 
77.9 1.60 0.732 

48.0 1.60 0.812 
49.8 1.40 0.812 

76.0 1.75 0.885 
82.2 1.80 0.900 
29.6 1.40 0.680 

calculated based on human data from Chandler (1975) (sec Table 7.2). After body 

proportions and total mass have been determined, mass distribution may be worked 

out from the relative mass and relative moments of rotation of segments (Chandler 

et al., 1975 and Jensen 1989). In spite of arguments about the stature, weight and 

sex of the fossils, it is generally accepted that AL-288-1 had a relatively long trunk 

and short lower limbs, although the significance of (Jungers 1982; Jungers and 
Stern 1983; Schmid, 1983). 

A single model of AL-288-1 was available from previous work (Crompton ct al. 
1998) and a similar model of the more fragmentary putative male Australopithecus 

afarensis skeleton AL-333 was also constructcd. Wc also built an inertial model of 
the best known skeleton of early Homo, the Nariokotome skeleton, KNM WT- 

15000. This proved to be less straightforward, although (or perhaps because! ) a cast 

of the complete skeleton was available to us. Some discussion of the procedure is 

therefore necessary here, although the work was a collaboration outside the 

immediate scope of this thesis (Ohman ct al. submitted ms. ). 

We laser-scanned each skeletal element individually, and proceeded to 

136 



reconstruction of the skeleton from the resulting individual solid models. As part of 

this process, we compared the elements of the skeleton with those from an age-and 

sex-matched human skeleton of known stature at time of death, for which vertebral 
body heights were virtually identical to WT-15000. It was apparent from the 

comparison that the published reconstruction of the WT-15000 skeleton (Model A 

in Figure 7.1 . a) was internally inconsistent: when the distance between superior and 
inferior articular facets were used to estimate vertebral column length, and the latter 

added to the other bony elements, the error of our estimate for the stature of the 

human skeleton was <0.2%. However, when we applied the same method to WT- 

15000 we obtained an estimated stature (Figure 7.1. a Model D) some 15 cm shorter 

than those in previous reconstructions (Ruff and Walker 1993) based on long bone 

regressions alone. As part of a collaborative study, the original fossil specimens 

were then examined at Kenya National Museum, confirming these findings. 

However, these studies also indicated that the individual suffered from degenerative 

disease of the vertebral column. Nevertheless, as this is the only known specimen of 

this species, we currently have no way of knowing to what extent the shortness of 

the trunk in both the old (Model A), and even more the new (Model D) 

reconstruction of WT-15000 is typical of the species, or an artifact of disease. 

All four models of fossil species were then compared to two models of two modem 

male adults, one the author, a Chinese of normal fitness (male w), the other a 
European athlete (malejt), and to a model of a 12 year old modem human Chinese 

male (male di) (see Table 7.1). 

A simple environment, a horizontal plane was selected, to load the androids' 

walking and produce GRFs. Reconstructed androids look like in Fig. 7.1. b. 

U2 Joint functions 

To drive the models, joint motion functions were derived from kiniesiological 
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experiments on real subjects as in previous chapters (Chapter 2- 3). The lower limb 

joint functions used are shown in Fig. 7.2. 

FFIGURE 7.1. a: Models `a' (left) and'd'(right) of the Nariokotome youth, WT 
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TABLE 7.2 Segment lengths and mass distributions 

length mass 
(mm) (kg) 

AL 288-1 
Body weight 30.2999 
head 125 2.121 
trunk 380 13.51 
upper arm 239 1.090 
forearm 224 0.575 
hand 170 0.273 
thigh 281 3.454 
calf 235 1.454 
foot 200 0.244 

KNM-WT 15000 
Body weight 49.8 height 1.40 
D 
head 114 3.11 75.69 
trunk 417 25.95 21 R_24 
uppcr arm 319 1.44 
forearm 255 0.84 
hand 154 0.29 
thigh 432 5.08 
calf 380 2.06 
foot 208 0.65 

CM lxx Iyy 
(mm) (kg. cm2) (kgcm2) 

height 1.05 
63.00 31.44 
205.96 1756.25 
105.63 55.70 
93.18 22.49 
69.36 4.50 
129.54 230.96 
95.41 63.42 
51.51 12.27 

162.58 
105.61 
78.64 
169.20 
157.62 
116.63 

A 48 kg 1.60 m 
hcad 114 3.11 
trunk 610 25.95 
uppcr arm 319 1.38 
forcarm 255 0.81 
hand 154 0.29 
thigh 432 5.03 
calf 380 1.98 
foot 238 0.62 

75.69 
218.24 
162.58 
105.61 
78.64 
169.20 
157.62 
116.63 

73.33 
3695.28 
138.38 
46.78 
8.88 

977.98 
252.04 
20.26 

73.33 
7621.28 
138.38 
46.78 
8.88 

977.98 
252.04 
25.26 

31.44 
1756.25 

55.70 
22.49 
4.50 

230.96 
63.42 
12.27 

70.24 
2398.34 
132.04 
45.21 
7.17 

1013.44 
252.05 
18.43 

70.24 
4946.34 
132.04 
45.21 

7.17 
1013.44 

252.05 
23.43 
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7.2.3 Dynamic simulation 

The androids' walking was analyzed dynamically to produce simulated kinetic data. 

If an android could walk, which means that it satisfied the dynamic equilibrium 

conditions of multi-rigid-body mechanics, and if the GRFs between the android and 

ground were similar to the forces measured by forceplate from real subjects' during 

the experiments from which the motion functions were derived, I considered the 

experiment successful. For successful experiments, the simulated data were used to 

compute all mechanical parameters, including joint moments and powers by multi- 

rigid-body mechanics, mainly based on Langrange equations. 

In fact, as many sources of error exist in the whole procedure of reconstruction, 

success in the first simulation was very difficult to achieve. To obtain success 

reliably, we had to consider additional. methods. 

7.3 A Computational Method for Complex Simulations 

7.3.1 A general complex problem 

When building any model of a whole body, we often face and have to solve the 

problem of complexity. Such a model includes many essential data: body weight, 

stature, segment lengths and mass distribution. Since many parameters existed in 

the segments and joints of a model, many coefficients needed to be adjusted so that 

the model might walk similarly to a real human. Such multi-variable problems may 

not permit simple solution. To address this problem, I defined a object function 

which expresses the level displacement over which a model can walk. The object 

value is influenced by given joint motion and segment parameters. 

In mathematical terms, the problem may be described as below. 
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object function f(X, G) (7.1) 

subject to X; X<Xb 

Ga<G<Gb 

where X are segment parameters and G motion functions, and X,, Xb, G,, Gb arc 

constraint conditions or boundary conditions. 

This problem is the same as that which I need to solve when building an android to 

simulate human motion. The model may include many variables X, such as limb 

length, mass distribution and joint rotation. Sometimes we cannot obtain the exact 

value of the variables, but we can know their range (a, and Xb). Similarly, the 

model may include many functions G, for example, joint motion. As there arc 

always experimental errors, we cannot obtain exact joint functions. But a range of 
joint motion may be determined. 

An hypothetical distribution of an object function is shown in Fig. 7.3, where the 

object function is multi-peak and has two variables. We need to search for a pair of 
finite points, or coordinates where the object function obtains the best value, i. c. the 

highest peak. How can we find them? 

7.3.2 The Finite Points Method 

The basic idea of The Finite Point Method ( FPM) is that in a complex mechanical 

model meaningful solutions may exist in some finite areas or at finite points 
(coordinates, see peaks in Fig. 7.3). Though the points may be not the best ones, 

they make the model physically 'sensible' and may be used to interpret an actual 

experiment. (Some might consider using optimization methods, but as an object 
function is generally not single-peak for convex-domain], see Fig. 7.3, optimization 

methods cannot be used directly in this situation). 
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The FPM procedure can be described as follows: 

1) we assume that an object function might have some values at finite points where 

the object function may obtain a meaningful solution (e. g., one of peaks in Fig. 7.3); 

2) we divide the domain of variables into meshes with finite points and calculate 

object values at the finite points; 
3) we compare the object values at the finite points and select better points, which 
have physical meaning; 
4) In a much more restricted area, around such meaningful points, I use an 

optimization method and obtain an accurate solution (e. g. around one of the peaks 
in Fig. 7.3). Comparing the solutions, e. g., the meaningful areas of the peaks in 

Fig. 7.3, we select the best one, e. g. the highest peak in Fig. 7.3, which is that which 
has physical meaning for the model. The best solution may be considered as the 

final solution for this object function. 

7.3.3 Optimization procedure 

I designed an optimization method as follows. 

In order to obtain a successful result f, we have to adjust many variables: 

x;, i=l.. m, and gJ, j=1.. n where xi are segment parameters and gi are joint function 

data. We express the problem mathematically as follows: 

max f(X,.. x, g1.. g) ý7.1ý 

subject to X a<Xj<xb; i=1.. m 

g;: g; <gn 
. 1=1.. n 

where x;,, x; b, gj, and gib are constraint conditions. 

In mathematics, this an optimization problem. To solve equation 7.1, the 
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optimization procedure was performed as below. 

1) Given a possible x, (0) i=1.. m and g, (0) j=1.. n, and an assessment value 6; 

2) Simulate calculation with dynamic analysis to get a P°); 

3) Calculate Wax;, i= 1.. m or aflagg, j= 1.. n 
if af/ax, (0)>0 or aflag, (0)>O, then progress xi(0) or gß() to xi(') and g, (') in a suitable 

direction; 

if af/ax, (0)<0 or af/agj(°)<o, then keep x, (0) or g, (0) to x, (') or gg(') ; 
4) Simulate calculation by dynamic analysis to get a P; 

5) Compare P and f o) 

if absolute (f l)-f(°))> S; x, (0)<=xi('), gj(0)<=g, -(')and f 
°k-4't; return to 3) 

else if absolute (040) < S; end. 

FPM cannot guarantee that we always get correct solution, because an object 
function is not always as good as is Fig. 7.3. However, the method is powerful 

enough that we can always know whether a problem can or cannot be solved. 

7.4 Results 

7.4.1 Simulated Ground Reaction Forces (GRF) 

Simulated GRFs (Fig. 7.4) were obtained and in general the patterns were all very 

similar to forces measured by forceplate during real normal human adult 
bipedalism, suggesting that the gait of AL-288 and KNM WT-15000 was indeed 

likely to have resembled that of modern humans. 
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7.4.2 Joint parameters 

Joint moments and powers were used as the means of evaluating which simulations 
were 'better'. They seem to be a reasonable criterion, since joint moments may 
indeed be involved in our subjective assessment of "saving" or "wasting" energy, 
since humans, in general, choose a form of motion which spends as little energy as 
possible while obtaining as great a displacement possible; while joint power is 

related to work and energy consumed by walking. According to biomechanical 

theory (see, eg. Winter, 1990), joint power shows how much work biological tissues 
have to do (ie, how much energy they have to produce per unit time) to maintain a 
form of gait. How much power a form of motion expends determines whether it is 

or is not an energy-saving form of motion. 

All forms of powers were calculated and are compared in Tables 7.3 and 7.4, taking 
into consideration the special biomechanical meaning of positive and negative work 
(Alexander, 1980; Zarrugh, 1981; and Winter, 1990). Joint moments and powers of 
AL-288, WT-15000 and the other models arc shown in Figs. 7.5-7.6. 
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TABLE 7.3 Comparison of average absolute powers (W/BV) in various 
models 
------------------- 

al-288 
------------- 
wtlSk-d2 

----------- 
male-jt 

----------- 
di 

------------------------ 
male-w 

ankle 0.6007 0.4300 0.6054 0.3167 0.8626 
Knee 0.3105 0.2561 0.2867 0.3514 0.4453 
hip 0.3809 0.2558 0.4024 0.3511 0.5019 

sum 1.2921 0.9419 1.2945 1.0192 1.8098 
------------------------------------------------------------------------------ 
Note: W/BV: Watts/ (Body Weight and Velocity). 

TABLE 7.4 Comparison ofJoint Peak Moments (Nm/13L) in different models 
-------------- --------------------------------------- ---------------- 

al-288 wtl5k-d2 male jt di male-w 

hip 1.21 -0.26 0.68 -0.15 0.99 -0.24 1.05 -0.12 1.14 -0.56 
knee 0.41 -0.70 0.11 -0.70 0.32 -0.74 0.13 -1.05 0.60 -0.71 
ankle 1.73 -0.01 1.14 -0.02 1.60 -0.02 1.03 -0.01 1.93 -0.04 

sum 3.35 -0.97 1.93 -0.87 2.91 -1.00 2.21 -1.18 3.67 -1.31 

7.5 Discussion 

7.5.1 Comparison of various models 
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In general, WT-15000 has smaller moments and powers than AL-288 (see Table 7.3 

and 7.4). 

Although a typical value for the weight of a modern male is 80 kg, much heavier 

than any likely values for AL-288-1 and KNM WT-15000, both the joint moments 

and powers for the male humans are relatively small. This suggests that humans 

have reached a better adjustment of body segment proportions than did their 

ancestors. Although humans have become taller and heavier, they need to spend 
little more energy per unit weight and per unit velocity for moving their body. 

Moreover, as modern man is taller than was Homo erectus, s/he can walk more 

quickly than could that early hominid. 

7.5.2 A possible explanation for the differences among models 

Why are there such differences among the models? One reason may be the ratio of 

the upper body to the lower limb lengths (RUL). The increase in trunk length 

results in the increase of the segment's principal moments of inertia. According to 

the theorems of moments of momentum, if lower limb lengths remain constant 

while the trunk increases in length, moments at hip have to increase to maintain the 

stability of the upper body. Thus, a relatively small proportion of the upper body 

(head and trunk) to lower limb length may be beneficial for bipedalism. This 

observation is in agreement with Jungers and Stern (1983) and Preuschoft and Witte 

(1991). 

During the earlier evolution of hominid bipedal ism there seems to have been a 

tendency to decreasing RUL. If common chimpanzees can be taken to represent the 

ancestral condition, where occasional BI1BK walking occurs, they indeed have 

longer and bulkier trunks, RUL approximately 1.4 - 1.6. AL-288 (c. 3.6 Mya ) has 

a relatively long trunk, compared to her short lower limbs; her RUL may be 

approximately 1.1 - 1.2. Either upright or B11BK walking on the ground may have 
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accompanied arboreal quadrupedalism in her repertoire. Considering the four 

models of WT-15000 compared in Ohman et at. (submitted ms. ), the RULs arc 

0.8916,0.8091,0.6539 and 0.6539, clearly smaller than AL-288's. WT-15000 (1.8 

Mya) might thus have evolved relatively longer lower limbs, or a smaller RUL, 

than AL-288-1, in order to obtain high mechanical effectiveness during walking. 
For modem humans, however, the RULs are approximately 1 (adults) and 1.2 - 1.4 

(children). From the above, it may be suggested that there was a tendency of 
decreasing RUL from 4 Mya to 1.8 Mya, to enhance effectiveness in walking. 
Since 1.5 Mya the tendency might have changed to an increase in RUL, perhaps as 

an effect of brain size increase, or a change in selective pressures. From the 

biomechanical viewpoint, a relatively large upper body is disadvantageous for 

bipedal walking, as our analysis of WT-15000 and AL-288-1 shows. It is possible 

therefore that an optimum RUL might be selected for, unless selection for other 

qualities acted more strongly. 

While, according to Witte et al. (1991) a longer trunk may act to compensate for 

accelerations and decelerations of the lower limb which might reduce stability of 

the whole body, in this study we have not examined the fate of the model at the 

level of individual segments, and we cannot, therefore evaluate this possibility 

without further experiments. 

7.6 Conclusions 

From a comparison of energy expenditure at the lower limb joints, we may thus 

conclude that KNM WT-15000 walked more effectively than did AL 288-1. A 

smaller ratio of the upper body to the lower limb is a major factor in this difference 

in performance. However, in view of the much greater absolute body size the 

relatively larger RUL of modern humans is not associated with a marked deficit, 

perhaps as the result of a better match of limb proportions to the joint motion 

patterns employed in these simulations. 
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CHAPTER 8. RECONSTRUCTION OF THE 

LOADED WALKING ABILITIES OF EARLY 

HOMINIDS 

Working changed man. 

Chinese Proverb 
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8.1 Fossil limb lengths, swing frequency and load carrying 

ABSTRACT 

This section analyzes the relationship between the intermembral index and hand- 

carrying. Using as dual criteria match between upper and lower limb swing time, and 

ability to carry loads in the hand, AL-288 could only have carried loads of 15%-50% 

the weight of the upper limb while maintaining swing symmetry, but WT-15000 and 

modern humans weights 3 times heavier than the upper limb. The carrying ability of 

chimpanzees is worse than that of AL-288-1. The intermembral index of modem 
humans, at 68-70, is around the smallest, and is optimal for hand-carrying under our 

criterion. Under reduced selection pressure for hand-carrying, we might expect humans 

to evolve a longer upper limb, to improve unloaded swing symmetry. 

8.1.1 Proportions of upper limbs in fossils 

The intermembral index, (humerus + radius length) x I00/(femur + tibia length), is 

different in different hominid fossils: it is 88 (80-90) for AL-288-1 (3.6 Mya), 70 for 

WT-15000,68-70 for modern humans, all of these having shorter forelimbs than other 
living hominoids (the index is 100-110 for chimpanzees (bonobos around 102, 

common chimpanzees around 107), around 120 for gorillas and 140-145 for orangutans 
(Coolidge, 1933; Zihlman and Cramer, 1978, Napier and Napier, 1967 and Aiello and 
Dean, 1990). This phenomenon suggests that changes in the intcrmembral index (IM I) 

may be implicated in human evolution, particularly in the evolution of bipcdalism. 

What selective pressures could have lead to changes in IMI during human evolution, 

and how do changes in IMI affect mechanical performance? As shown by Prcuschoft 
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and Witte (1991) possible answers may be sought in mechanical principles relating to 

the symmetry of motion, since swing times or frequencies of the upper and lower limbs 

should be equal to each other for optimal efficiency in walking, although slight 
differences would be tolerable. However, Preuschoit and Witte (1991) did not fully 

consider the effects of load-carrying, and I therefore give this aspect particular 

attention. 

8.1.2 Method: similarity of frequencies 

8.1.2.1 Frequency of a free limb 

Ignoring the constraints of joint shape and musculoligamentous attachments, a limb 

hanging freely at a joint should act like a pendulum. If raised from its position of rest 

and then released, a limb of given proportions will swing with a given natural 
frequency. This effect is well understood and may be exploited, for example, to 

measure the rotational inertia of a limb (see, eg. Crompton et al. 1993). This pendulum. 
like motion is of course a vital energy-saving mechanism, since little muscle activity is 

needed to sustain it. In real life, the swing frequency of a limb may be adapted for a 

given special behaviour and may therefore differ from the frequency of a free 

pendulum. Experimental results for human bipedal walking, for example, indicate that 

there is a tendency for departure from the natural frequency of the upper limb near the 

transition between slow and normal walking rates (Webb ct al. 1994). Webb et al. 
(1994) investigated the relationship between the stride frequency (SF) and the natural 

pendular frequency (NPF) of the upper limbs, and found that the relative stride 

frequency ( RSF, the ratio of SF to NPF) is in the neighbourhood of 1: in single-swing, 

slightly larger I (average 1.1, see Webb [1994] Fig. 9. a ), and in double swing smaller 

than 1 (average 0.7 ). This may mean that in most cases, where single swing occurs, 

humans prefer a slightly higher stride frequency than the NPF. 
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This is understandable, since theoretically, the stride frequency in NPF ( RSF =1 ) 

should be optimal for the upper limbs. But human limbs, as biological structures, 

cannot be equivalent to ideal pendulums; further, stride frequencies in human walking 

are determined by many factors, including physiological and psychological ones. From 

the experiments of Webb et al. (1994), RSF in single swing is close to 1, which 

suggests that in some situations, humans prefer a RSF near the NPF. 

While humans might, theoretically, be expected to walk at a particular speed, which is 

both fast and efficient, in practise, we tend to walk slower or faster than this theoretical 

optimum. The statistical average speed may be either higher or lower than the 

theoretically optimal value, but this does not, of course, imply that the theoretical value 
is not actually optimal. 

Isere, however, I am concerned only with the coordination of the upper and lower 

limbs. Whatever the value of SF, in single swing (which predominates in normal life) 

efficiency requires that upper limb frequency matches that of the lower limbs. When 

analyzing the models of fossil species, I assume that carrying a light object in the hands 

may contribute to this matching of the frequency of the upper and lower limbs. I select 
the NPF value for our analysis because of its general importance and to simplify the 
dynamic equations expressing the motion of the swing limb. I do not, however, imply 

that humans only walk at NPF. 

With respect to "double swing", my function actually gives a similar tendency to that 

seen in single swing ( see Fig.! ), but double swing is really outside of the scope of this 

thesis. 

Thus, notwithstanding the work of Webb ct al. (1994), in order to save cncrgy the 

swing frequency of a limb should remain as close as possible to its natural frequency, 
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and this chapter is based on this assumption, pending verification and clarification of 
the finding of Webb et. at. (1994) 

In general, the natural swing time (1/frequency) of a limb is determined by 

T mjZ=2n (8.0) 

f=2n mg4 (8.1) 

z 
also T=2n L (8.2) 

9Z 

Where T- swing time for a complete ycle (s); f- frequency, (11z) or 11s; L- limb 

length (m); I- rotational inertia about the centre of rotation; c-a parameter related to 
limb shape; m- mass of the limb; g- the gravity constant; Z- the distance from the 

centre of mass to the centre of rotation. From equation (8.1), we can sec that swing 
time is proportional to rotational inertia. From (8.2), it is apparent that swing time will 
be primarily mainly decided by the length of the limb. 

8.1.2.2 Why humans have small inlermembral indices 

From the viewpoint of the symmetry of motion, a IMI of 100, where upper and lower 

limbs have the same length, should therefore be the most beneficial for bipedal 

walking. The upper and lower limbs will move in completely reverse phase. Is the IMI 

of chimpanzees then actually nearly ideal, and why is the IMI of modem humans 

smaller than 100? 
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When the IMI is larger than 100, the swing time of the upper limb will be greater than 

that of the lower limb. As Preuschoft and Witte (1991) show, this is not beneficial for 

bipedal walking. The larger the IMI, the worse the effect on motion. Equally, if the IMI 

is smaller than 100 (the length of upper limb is shorter than the lower limb), the swing 

time of the upper limb may be less than that of the lower limb, neither is this beneficial 

for bipedal walking. If, however, we consider the consequences of holding an object in 

the hand, we may, in fact, then benefit from a smaller IMI. Holding something in the 
hand increases the rotational inertia of the upper limb, and therefore the swing time of 

the upper limb may come to approximate that of the lower limb. Thus, the upper limb 

may move symmetrically but in opposite phase to the lower limb. If there is selection 
in favour of an ability to hand-carry, an IMI less than 100 is likely to be evolved. 

This may explain why human IMIs are smaller than those of other hominoids. Human 

IMIs, and by extension, those of some early hominids, may have become adapted for 

carrying, while the IMI of other hominoids may be adapted to the symmetry of motion 
(and/or, to a greater or lesser extent, to a longer reach in arboreal grasping and 

climbing). If symmetry of motion is considered as a criterion, however, it is also true 

that striding quadrupedal mammals would be expected to have aIMI around 100. From 

this viewpoint, chimpanzees (IMI 102-107) are better adapted for quadrupedalism than 

gorillas (around 120) or orang-utans (around 140). 

If we agree that a smaller IMI will benefit loaded bipedal walking, how heavy loads arc 

the most suitable for AL-288-1, WT-15000, chimpanzees and modem humans ? Lct us 

calculate swing time for different IMIs. 

8.1.2.3 Carrying weight and frequency 

To simulate an IMI close to 100, we may let the hands hold a weight such that swing 
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time of the upper limb will be equal to that of the lower limb. From (8.1) and (8.2), we 
have the relationships, when T, =T2 

Ii +Ic 
= 

li 
(8.3) 

(ml +mc)gZM m2gZ2 

where mi and m2 - masses of upper limb and lower limb, respectively and m,, - the mass 
held by the hand; Z� Z2, Zn - the distances of the centre of mass (CM) to the centre of 

rotation, such as the shoulder or hip; 1,, I2,1, - the rotational inertia of the upper Iimb, 

the lower limb and the object carried. For a loaded upper limb, CM should be: 

Zn= mjZ1 +m L1 
(8.3.1) 

mt+mo 

If we treat limbs as simple bars, the rotational inertia will be 1/3 mass x square of 
length, thus (8.3) will be: 

3 
mlLi +mi 

12 

(8.4) 
+m, )gZ,, m2 42 . 4) 

where L� L2: upper and lower limb lengths. 
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From (8.3) and (8.4), we get (8.5): 

3m1L1 2 +mA 
3m22 

(8.5) 

2 
im, L, +m`Ll 

2 M2L2 

Simplifying (8.5), we get (8.6): 

3mi+m Ll =2L, (8.6) 

ml+Me 
3 

Letting L, /L2=Lp, m jm, =Mp, we obtain (8.7) and (8.8). 

L =1 
P 

(8.7) 
p 1+3Mp 

M= 
LP-1 

(8.8) 
P 

3L 

MP is, as above, the ratio of the mass held by a hand to the mass of the upper limb, and 
Lo is the proportion of the length of the upper limb to that of the lower limb, that is, the 
IMI /100. Since Mp must be larger or equal to zero, thus L. has to be larger to or equal 
to 2/3 (0.6667) and smaller or equal to 1, that is, 2/3<Lp<l. 
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8.1.3 Calculated results 

Given LP from 0.67 - 1, we obtain a plot of LP, IMI against weight carried with hands 

(see Fig. 8.1). 
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FIGURE 8.1 Relationship between the intermembral index and carrying 
weight by hands 

164 



8.1.4 Discussion 

Given data for fossils, modem humans and other living hominoids, we can obtain 
different suitable carrying weights for different subjects (see Fig. 8.1). It is obvious that 

if the IMI of AL-288-1 is between 80-90, s/he could only carry a weight of 50%-15% 

of the weight of the upper limb, while maintaining swing symmetry between upper and 
lower limbs, but WT-15000 (IMI 70) and modern humans (IMIs 68-70) could carry 3-8 

times the weight of the upper limb. Chimpanzees have an IMI about 100-108 and their 

carrying ability is the worst: theoretically able to carry nothing without disturbing 

swing symmetry in bipedal walking. Newborn humans, incidentally have a similar IMi 

to chimpanzees (Aiello and Dean, 1990) and would thus have similar problems with 
loaded bipedal walking. 

If we require similarity of swing time of the upper and lower limbs, and maintain hand- 

carrying ability as the second criterion, from equation (8.8), it is clear that the IMI of 

modem humans has obtained an optimum, 68-70, which could not be reduced without 
detriment to either performance criterion. Freed from selection to hand-carry, but under 

continued selection for swing time symmetry, the IMI should increase towards 100, 

that is, the length of the upper limb should increase in length: reduction in hindlimb 

length would of course reduce maximum stride length. 

8.2 Loaded gait of fossil species AL-288-1 and KNM WT-15000 

ABSTRACT 

In this section, I compare several modes of loading: static loading, hand carrying, and 

carrying over the shoulder in AL-288-1, WT-15000 and modem humans. Research 

methods differ according to mode. Results indicate that 1) AL-288-1 would have had 
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the best static loading stability and modem humans the worst; 2) in contrast modem 
humans have the best hand-carrying ability while that of AL-288-1 would have been 

the worst and finally 3) WT-15000 would have had the best capabilities for over-the- 

shoulder carrying of light loads, while the abilities of AL-288-1 and modem humans 

for over-the-shoulder carrying are similar. From simulated dynamic parameters, such as 

moment and power at joints, it is discovered that AL-288-1 would perform loaded 

bipedal walking with the lowest mechanical effectiveness of all models. AL-288-1 

spends nearly more 1.4 times power than KNM WT-15000 and modem humans. On 

the other hand, KNM-WT 15000's performance is excellent during loaded walking, 
having similar or better dynamic response than that of modern humans. In other words, 

a shorter trunk and longer leg may be advantageous for lightly loaded bipedal walking. 
Maximum loads for AL-288-1 might be about 10 kg and for KNM W7-15000 up to 20 

kg. 

8.2.! Method 

The method applied in this section is similar to that in Chapter 7. I constructed 

representations ofAL-288-1, KNM WT-15000 and modern humans as androids, multi- 
rigid-body mechanical models under ADAMS (MDI, 1995), and simulated loaded 

bipedal walking for different gaits, including loaded upright walking (NLW) and 
loaded BIIBK walking (LBW). A computational method was used to make the 

androids walk as well as possible (see Chapter 7). However, joint functions (see Fig. 

8.2) used to drive models are of course derived from experiments on loaded walking of 

real subjects. Calculated results are normalized by models' body weight rather than the 

sum of body weight and load. We then evaluated its biomechanical features as in 

Chapter 7. 
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8.2.2 Results 

8.2.2.1 Simulated ground reaction forces 

Simulated GRFs (Fig. 8.3) were derived, and in their general pattern were very similar 
to the forces measured by forceplate studies of real human adults in loaded walking, 

suggesting that the gait of AL-288-1 and KNM WT-15000 was indeed similar that of 

modern humans. 

As previously, joint moments and powers were considered as criteria for evaluating 

whether models were effective during loaded walking. Joint power, work done per unit 
time, is related to energy consumed by gait, and shows how much work biological 

tissues have to do to maintain a form of gait. The amount of power required indicates 

whether the form of gait is energy-effective. Joint moments and powers of all models 

are shown in Figs. 8.4 - 8.5, and all forms of powers are compared in Tables 8.3 and 
8.4. Power normalized by weight and velocity, or weight and displacement is presented 
in Figs. 8.6 a-c. 

Different values for joint moments and powers were derived for different models, 
despite the use of identical motion functions ( Fig. 8.6 a- c). Considering joint 

moments and powers alone, KNM WT-15000 requires the least joint power, and is thus 

the most mechanically effective on this criterion. AL-288-1 however spends almost 1.4 

times more joint power than either KNM WT-15000 or modem humans. 
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FIGURE 8.3. a. Simulated ground reaction forces, Fx: AL 288-1 under different loads. IIW: 
body weight. 
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FIGURE 8.3. b Simulated ground reaction forces Fz: AL 288-I. 
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FIGURE 8.4. b Simulated joint moments: AL 288-1, at knee 
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FIGURE 8.4. e. Simulated joint moments: KNM-WT 15400, at knee 
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FIGURE 8.41. Simulated joint moments : KNM-WT 15000, at ankle 
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FIGURE 8.5. d. Simulated joint powers for KNM-WT 15000, at hip 
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To facilitate comparison of the different models, we needed to normalize joint powers 

to create dimensionless parameters. Various approaches exist: 1) normalization by 

body mass (kg), speed (m/s) of CM and forward acceleration (m/s2) (see Fig. 8.6. a); 2) 

normalization by body weight (kg and gravity) and speed of CM in m/s (Alexander, 

1992) (see Fig. 8.6. b). This is a classical method, but it uses the gravity constant, g, to 

replace horizontal acceleration; and 3) normalization by body mass (kg) and 
displacement (m) of CM ( Taylor et al. 1980; and Cavagna et al. 1976) (see Fig. 8.6. c). 
This method is easily understood and widely used, but it does not provide a 
dimensionless measure of power. I favour instead method 1, which does provide a 
dimensionless measure of power, and as the acceleration due to gravity acts only in a 

vertical direction, replaces it by the horizontal acceleration of the CM. The figures 

show that the three methods may lead to different results., but whatever the method 

used, the WT 15000 model uses less power than other models, when carrying light 

loads (less than 15% body weight), although its curve converges with those of modem 
humans at loads of 20-30% body weight and exceeds them above 35% body weight. A 

curious finding is that AL-333 uses less power than all other models with the exception 

of the modem human athlete: this is however a fragmentary fossil and the 

reconstruction is relatively unreliable. 
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FIGURE 8.6. a Comparison of power between different simulations, normalised by body 

mass (kg), speed (m/s) of CM and forward acceleration (m/s2). 

A1288-bk: AL-288-1 in BHBK walking; a1333-b: AL-333-1, a male Ausiralopiducus afarensis, 
1.5 m height and 80 kg weight; wt15k-d2: WT 15000 short-stature model; wtl5k-a: WT 15000 

tall-stature model; male_w: male human adult height 1.75 m, weight 76 kg weight; di: male 
child, 12 years old, 30 kg, 1.4 m height; male, -jt: male adult human athlete, 1.8 m height, 80 kg 

weight. 
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FIGURE 8.6. b Comparison of power between different simulations. normalization by body 
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8.2.2 Reasons for differences between models 

One of main reasons for the differences may be the ratio of the upper body to lower 

limb length. A longer trunk will increase the segment principal moments of inertia, and 

according to the theory of the moment of momentum, when lower limb lengths remain 

constant, but the trunk increases in length, moments at hip have to increase to maintain 

upper body stability. This possibility is in agreement with the discussion in Preuschoft 

and Witte (1991). 

8.2.3 Conclusions 

The results show clearly that WT-15000's proportions offer a strong advantage over 
AL-288-1 in load carrying, while the disadvantages of 131113K walking for AL-288-1 

reported by Crompton et al. (1998) are greatly increased when loads arc carried. 
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CHAPTER 9. MUSCULOSKELETAL MODELS 

OF FOSSIL SPECIES AND THE EVOLUTION OF 

BIPEDALISM 

I fa load is increased the optimum frequency remains the same: t (the load is 

too great for that frequency to be kept up it is better to change gear. 

A. V. Hill (1950) 

182 



Abstract 

This chapter attempts to predict the pattern of muscle forces in erect and II11lK 

walking in modem adults, and the early hominids AL-288-1 and WT-15000 based 

on a simplified model of the musculoskeletal geometry of the lower limb. Despite 

its preliminary nature, the model predicts the general pattern of muscular activity in 

human erect and BHBK walking as revealed by EMG, quite well, and it may 

therefore be regarded as a reasonable representation of biological reality. The model 

shows that muscle forces are larger in BIIBK walking than in erect walking, and 
have to output more power. Muscle moment arms and velocities will be smaller in 

BHBK than in erect walking, and muscle length ranges will also be relatively small. 
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9.1 Introduction 

So far, we have investigated the bipedalism of early hominids using particle 

mechanics or multi-rigid-body models. A study of the biomcchanics of the 
locomotor system cannot however be complete without an attempt to study the 

motive source of the locomotor system, the muscles. At this stage, such a study, 

which is attempted in this chapter, can only be tentative and exploratory. 

Many have tried to calculate muscle forces, using a variety of techniques including 

mathematical optimization (Morrison 1970; Seircg and Arvikar 1973; Khalil et al. 
1976; Hatze 1977; Crowninshield 1978; Hardt 1978,1978a and Hase 1996) or from 

EMG data (Hof and Berg 1981; Patriarco et al. 1981; Olney and Winter 1985; 

Jacobs et al. 1996). 

A range of studies of nonhuman primate muscle mechanics also exist (eg. 

Kumakura 1989; Hirasaki et at. 1996) but few if any have investigated the 

relationship between muscle force and gaits for early hominids. In this chapter, I 

attempt to reconstruct muscle forces and powers in early hominids during bipedal 

walking. 

My approach is as follows. 

1) We apply data on muscle attachments in modem humans to the available data on 
lengths of bones in early hominid skeletons, and use the resulting geometry to build 

musculoskeletal models of the early hominids AL-288-1 and WT-15000. In this 

study, we confine our attention to the lower limb. 

2) Joint motion and joint moments from different gaits are input to the models, and 

using mathematical optimization, muscle forces arc calculated. 
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3) Calculated muscle forces are verified by comparison with EMG data measured 
from living human subjects during bipedal walking. If the calculated muscle forces 

have similar activity patterns to EMG data, the calculated muscle forces are treated 

as realistic. 

4) We compare muscle parameters, including forces and powers calculated for 

musculoskeletal models for AL-288-1, WT-15000 and modem humans walking in 

Table 9-1 Skeletal dimensions of early hominid fossils and a small modern human sample 
----- ------- - ------------------- - --- - -- 

Measurements (cm) 

PW P1! FL FIIW FKW TL TKW TAW FOL 11A PKW 
Subject 

AL288 8.53 17.47 28.1 2.7 2.4? 23.0? 3.1 2.4 ? 2.6? 2.0? 

Wt15k 11.5 20.1 42.8 4.4 5.8 34.8 4.8 3.7 ? 3.0? 2.0? 

A/W 0.74 0.87 0.66 0.61 0.41 0.80 0.66 0.65 ? 

Modern Adults: 

male 11.0 19.0 42.0 4.3 6.0 35.0 4.5 3.5 23.0 3.25 2.0 

Femalcl 10.5 19.0 41.0 4.0 5.5 35.5 5.0 3.5 21.0 3.0 2.0? 
Fcmalc2 10.0 19.5 41.0 4.1 5.5 36.5 4.5 3.5 21.0 3.5 2.0 

Definitions of measurements arc graphically defined in Figure 9.1 
Question marks indicate estimated measurements. A/W: ratio of data in AL-288 and WTI Sk. 

different gaits. 
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9.2 Musculoskeletal models of fossil species 

9.2.1 Assumptions 

For the purposes of this exploratory study, we have not attempted to measure 

muscle attachments directly from fossil specimens, as high-resolution 

measurements of the original 

-- ---------- 

FHW 
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Femur 

Pelvis 

\-; -----I---- 

Pw 

14 

! FKW 

;. F; PKW 

Tibia " TKW 

' TAW 

------------"---- 
Foot 

FOL 

FIGURE 9.1 Measurements of lower limb 
bones in the sagittal plane. See Table 
9-1 for abbreviations. 

specimens would be necessary. 
We assume instead not only that 

the internal geometry of muscles 

of fossil species (which we can 

never know) would have been 

similar to that of modem humans, 

but that the attachments to bones 

would have been at the same 
locations and proportions of the 

bone lengths as it is in living 

humans. We further assume point 

origins, and measurements for 

our models were made only in the 

sagittal plane. 

9.2.2 Measurements used 

The measurements made on 
bones arc shown and graphically 

defined in Fig. 9.1 and tabulated 

in Table 9.1. Data fron the 

literature (Johanson et al. 1982) 

was used almost exclusively for 
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AL-288-1, but a complete cast 

was available for WT-15000 in 

our laboratory, and direct 

measurements could be made. 
Data was also obtained by 

measurement of modem adult 
human and chimpanzee skeletons 
in the Departmental museum. 
Where bones are missing in the 

fossils, estimates were made by 

reference to modem humans and 

chimpanzees. Where there is a 
large difference between the two, 

the human case was adopted. 

9.2.3 Muscle attachments 

Pelvis 

ILA 
.ý _ RIF 

Femur 
ý' 

_.. vs 

GA -------- - Pat. Ua 

Tibisº TA -_- 
so- 

Foot 

FIGURE 9.2 Main muscle groups and 
attachments in musculoskeletal 
models. 

To simply our model, only seven 

main muscles and muscle group were considered : rcctus femoris (RF), vastus 

lateralis/medialis (VS), Biceps femoris/semitendinosus/semimcmbranosus (11A), 

gastrocnemius (GA), gluteus maximus (GU), tibialis anterior (TA) and soleus (SO) 

(see Fig. 9.2). The muscles/muscle groups were chosen as among those which play 

major roles during bipedal walking. Names of muscles/muscle groups represent 

only broad functional units, which reduces the error resulting from inaccurate 

attachments. 

9.3 Calculation of muscle parameters 

9.3.1 Local reference frames 
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To compute muscle force 

and power, kinematic 

parameters of muscles 
including length, velocity 

and moment arms, must first 

be calculated. To do so, we 
have defined reference 
frames at the hip, knee and 

ankle joints, with two 

reference frames at each 
joint: a proximal frame, 

fixed at the proximal 

segment, and a distal frame 

fixed at the distal segment 
(see Fig. 9.3). For example, 

at the hip there is a reference 
frame fixed at the pelvis, and 

another at the femur. In this 

way, we may conveniently distaionship 
between the proximal and 

frames. 
calculate muscle motion as a 

joint rotates a given relative angle. 

9.3.2 Muscle length and velocity 

The distal frame enables us to utilize relative joint angles between segments, which 

are relatively easy to obtain in actual experiments on walking. In the distal frame, 

muscle attachments of course maintain unchanged attachments. The whole distal 

frame rotates about the same centre as the proximal frame (see Fig. 9.3). Under 

these conditions, coordinates in the two frames have a relationship as follows: 
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p1=Rp2 (9.1) 

where p, and p2 are coordinates in the proximal and distal reference frames 

respectively, and; R is the rotation matrix; 

coso sing 
R= (9.2) 

-sing cosO 

where () - relative joint angle between two reference frames; 

If we define a muscle attachments in a frame (segment), we can easily calculate the 

attachments' coordinates from the other reference frame. }{owever a segment 

rotates, we can calculate muscle lengths in either the proximal system or the distal 

system. 

For example, if a muscle, such as VS, originates on point p, on femur, passes 

through point p2 on the patella (which we have assumed to be fixed on the femur) 

and inserts on point P3 on the tibia, the muscle length should be the sum of the 

distance of p, - p2 and P2 - p3. 

Lm =D(pl, p2) +D(p2, RP3) (9.3) 

where Lm - muscle length; D- distance between two points; R- rotation matrix. 

decided by the relative angle between the two frames; 
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The method is very convenient for calculating muscle parameters. If the local 

coordinates of each muscle and the relative joint angle are given, a multi joint 

muscle's length can easily be calculated. For a biarticular muscle, over both joints, 

we apply (9.3) twice to calculate total muscle length. 

Once the muscle lengths in each time interval of a sequence of walking are worked 

out, muscle contraction or stretching velocity can be computed: 

vm =" (9.4) 

where vm- muscle velocity (m/s) and dt - time interval. 

Contraction is defined as positive muscle force, and eccentric action of a muscle as 

negative muscle force. Similarly, 

contractive muscle velocity is 

defined as positive and eccentric 

velocity as negative. When a muscle 
force and a velocity have same 
direction, positive power is 

produced, otherwise, negative 

power. 

where P. - muscle power (W); F. - 

PM =F. -vM (9.5) 

muscle force (N) and vm- muscle 

velocity (m/s); 

9.3.3 Moment arm of muscles 
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If the muscle's local coordinates (on bones) and relative joint angle are given, the 

overall `muscle fibre direction' (line of action) may be calculated. Thus, the 

muscle's moment arm about a joint can be worked out. Firstly, we have two vectors 

v, (p,, P2) and v2(po, ps). (Fig. 9.4) When the two vectors come to lie at right angle, 

their dot-product should be 0. Secondly, po must be on the same line as p, and p2. 
Thus, we have condition functions 9.6.1 and 9.6.2. 

0=v1(pl, P2)'v2(Pj, P0) (9.6.1) 
AL CPO) =4 (P1) 4(P2) (9.6.2) 

am =D(pi, Pu) (9.6) 

where, p, and p2 are two points on a muscle; pp is the instant centre of the joint; P. is 

a point shared by vectors v, and v2; fL is a line function decided by p, and p2; a, �- 
muscle moment arm (m); v, -a vector between two points on the muscle; v2 -a 

vector between po and p,. 

Generally, p,, P2 and p, are given, then po can be calculated by 9.6.1 and 9.6.2. Thus, 

a moment arm can be calculated according to equation 9.6. 

9.4 Calculation of Muscle Force 

9.4.1 Mathematical Optimization 

While muscle forces are undoubtedly responsible for producing joint moments to 

drive segment motion, it is less clear how many muscles work together to produce 

joint moments. Various authors ( Ilardt 1978; Cowninshield 1978; Jacobs and 

Bobbert, 1996; Patriarco 1981; Seireg and Arvikar 1973) have tried to solve the 

problem using optimization approaches, and the present study takes a similar 

approach to the problem as in these papers, building on their achievements. 
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I assume that in order to produce joint moments, the muscles around a joint work 

optimally to distribute their forces so that the total muscle force reaches the 

minimum necessary. With the help of mathematical optimization, we can express 

the problem as follows. 

Object: minimum E(c, -F,,, f(t)) 
subject: Fm(t)"Am(t)=M(t), Fm1(t)A, 1=1.. n (9.7) 

where, F. -a vector of muscle forces; Am - matrix of muscle moment-arms; M-a 

vector of joint moments; c- coefficients 

Equation (9.7) implies that the joint moments at three joints will be distributed 

among muscles in order to produce a minimum total of muscle forces. 

Or: 

Object: minimum E(v,,, ý(t)"F,,,, 
(t)) 

subject: Fm(t)Am(t) =M(t), Fm, (t) i 0,1=1.. n (9.8) 

Where Fm vector of muscle force; Am - matrix of muscle moment arms; NI -a 

vector of joint moments; vm, - muscle velocity in muscle i; n- total number of 

muscles. Equation (9.8) indicates that the joint moments at three joints will be 

distributed among muscles in order to produce the minimum total of muscle 

powers. Because of its physiological meaning, equation (9.8) may be a better 

expression of the relationship than equation (9.7). 

In this chapter, there are 7 muscles and three joints under consideration. Therefore, 

M (in 9.7 and 9.8 ) includes hip, knee and ankle moments. Matrix Am includes the 

seven muscles' moment arms about the three joints. From the above, muscle 

moment-arms can be calculated. Further, the earlier chapters provide us with 

abundant joint moment data. 
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To solve equations 9.7 and 9.8, the Linear Program, a method of mathematical 

optimization (see general mathematical textbooks), is applied. Results for an 

example case are given in the next section. 

9.5 Calculated Example Results 

9.5.1 Normalisation of parameters 

We assume that AL-288 and WT 15000 walked in several modes for which we have 

obtained numerous experimental recordings from real subjects. In previous 

chapters, we have calculated joint functions from video data, and joint moments 
from video data and forceplate data combined. To make our calculations more 

reliable, we input average joint functions obtained from 6 subjects to our 

musculoskeletal models. 

To input 'actual' joint moment to a model, we transfer a real subject's joint moments 

to the model's moments as follows: 

M=M, L (9.9) 
MA, 

where M- model's joint moment; m- model's body weight; L- model's leg length; 

mr - real subject's body weight; L, - real subject's leg length; M, - real subject's 
joint moment. 

Joint angles are of course dimensionless. Therefore when we input M and joint 

angles to a model, we will obtain the model's 'actual muscle forces'. 

9.5.2 Results for AL-288-1 

Fig. 9.5 and 9.6 give example results for erect (NOR) and I3EI1K (1KW'V) walking 
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for AL-288-1 respectively. 

We have further analyzed responses in other modes of gait, including normal 

walking (NOR), slow walking (SLO), fast walking (FAS), bent-knee walking 
(BKW), normal loaded walking (NLW) and bent-knee loaded walking (BLW). 

Since this chapter is only a tentative trial of our technique, we provide merely a 

summary of the main findings so far. 

9.5.3 Summary of calculated results 

1) muscle forces during BHBK unloaded and loaded walking arc much larger (up to 

4 times larger) than in during erect unloaded walking, at any speed, or for loaded 

erect walking. 

2) muscle velocities during BHHBK walking are less (30%-50% less) than during 

erect walking; 

3) the moment arms of the major muscles/muscle groups are less (by 20- 30%) in 

BEIBK gait than in erect walking; 

4) the length ranges of major muscles/muscle groups during 131113K walking are 

shorter (by 10%-20%) than those during erect walking; 

5) the powers required of the main muscles/muscle groups are larger during BllBK 

walking than during erect walking (by 40%-50%). 
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9.6 Discussion 

9.6.1 Comparison with physiological experiments and force platform data 

The pattern of total muscle forces (see Figs. 9.5. a and 9.6. a) in simulated erect and 
BHHBK walking are similar to ground reaction force patterns recorded in 

measurements of real erect and BHBK walking respectively. Moreover, the 

simulated muscle force curves are similar to results in experimental EMG studies 

carried out during human erect and BHHBK treadmill walking by another member of 

our research group (Carey, 1999). Thus, we can have some confidence in the 

validity of our findings. 

9.6.2 General discussion of results from musculoskeletal modelling simulations 

From Figure 9.5,9.6 and 9.7, it is apparent that BIIBK unloaded (BKW) and loaded 

(BLW) walking require larger muscle force and more power than erect walking, 

unloaded: NOR, SLO, FAS and loaded: NLW. Muscle forces may reach up to 4 

times their levels in erect walking (see Fig 9.7. c). During BKW and BLW, muscle 

moment arms in the main muscles/muscle groups HHA, GU, RF and VS arc from 

20% to 60% smaller than in erect walking, although a few muscles, such as GA, do 

obtain larger moment arms (see Fig. 9.7. b). Since the decrease in muscle moment 

arms occur in the main muscles which serve driving and balancing roles during 

walking, these muscles have to output rather large forces. At the same time, as 

muscles can only produce limited energy-per-unit-time (ie. power), muscle 

velocities have to decrease so that muscle output power can satisfy the kinematic 

requirements of the model. Therefore, during Bli1K walking muscle velocities are 
lower than during erect walking (Fig. 9.7. d). 
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9.7 Conclusions 

From the comparison of different modes of walking in AL-288-1, WT 15000 and 

modem adults, we may conclude that: 

1) muscle forces are larger in BHBK walking than in erect walking; 
2) muscles have to output more power in BHBK than in normal upright walking; 
3) muscle moment arms will be smaller in BHBK than in erect walking; 
4) muscle velocities are likely to be much smaller in BHBK walking because of 
biological limitations to muscles' output of mechanical power; 

5) muscle length ranges will be smaller in BHBK walking 

All these characteristics suggest that selection against BHBK walking would have 

been very strong, and it is only likely to have been adopted if overwhelming 

selective pressures would have been applied by other biological relationships. It is 

difficult to imagine what such overwhelming pressures could have been. 
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CHAPTER 10. SIZE, SHAPE AND POWER 

REQUIRED FOR MOTION: POSSIBLE CLUES 

TO THE EVOLUTION OF EARLY HOMINIDS 

Ang set of ideas consistent among themselves and centered on the explanation of a 
natural phenomenon - this is what we mean by a theory - is useful, even at the 

moment of its own demise, when it suggests the new investigations that will lead to 
its replacement by something better. 

Thomas A. McMahon (1984) 
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Abstract 

The fossil record suggests that hominid stature and weight has shown a tendency to 
increase, but it is possible that robusticity is decreasing. This chapter explores 

possible relationships between size, power required for motion (PRM) and cycle- 
time, deriving relationships which indicate that PRM per mass per velocity is 

proportional to robusticity, but inversely proportional to stature. The results 
derived appear to be in agreement with general findings of physiological 

experiments. All other things being equal, if achievement of minimum PRM was 

the selective criterion, human stature might tend to increase slightly in the future 

but at a lower rate. If mobility and stability under loading were the selective criteria, 

there should be no size increase. 

10.1 Changes in size in the fossil record 

10.1.1 Size and weight 

It is generally the case that hominids have overall become larger over time (Pilbcam 

and Gould 1974; Hill 1950), if 'size' is taken to be stature, diameter and body 

weight. For example, A. afarensis, AL-288-1 (3.6 Mya) had a estimated height 1.05 

m and weight of 35 kg (Jungers 1982), but H. erectus WT-15000 (1.8 Mya), a 13 

year old was 1.4-1.6 m high and weighed 40-50 kg though he was a only 13 year- 

old boy (Ohman et al. submitted ms. ). Typical values for modem human adult 

males are 1.75 m and 75 kg and for females 1.65 m and 65 kg. However, children 

with similar stature to AL-288-1 may have a weight around 10 kg. This suggests 

that modem humans may be more slender than were early hominids. Table 10.1 

collates approximate size values culled from the literature, but it must be 

emphasized that these are intended to be illustrative only, to serve as the dataset for 

an exploration of size relationships, and cannot purport to result from a detailed 

213 



Chan/, pr 10 Cif Cbnnn and Pnu, nr Rnmiirrmnnlc 

survey. 
If we assume that slenderness has been increasing over hominid evolution, we may 

Table 10.1 Approximate size values for hominids 

age d L mass V% 
(Myr) (m) (m) (kg) 

Australopilbeeus afarensis 

AL288 3.6 0.19 1.05 30.0 9.082 

AL333 3.6 0.26 1.42 78.0 9.312 

Australopitbecus africanus 

Sts14 2.6 0.18 1.07 27.0 8.376 

Paranthropus robustus 

Sk-82 1.7? 0.22 1.46 58.0 7.702 

Paranthropus boisei 

Ke738 1.9 0.20 1.39 42.0 7.055 
Ke993 1.5 0.25 1.33 64.0 9.305 
K1503 1.9 0.22 1.33 51.0 8.307 
K3728 1.9 0.19 1.43 40.0 6.599 

Paranthropus? 

K1463 1.5 0.26 1.75 93.0 7.432 

Homo habilis 

01162 1.8 0.23 1.09 44.0 10.399 

Homo erectus 

WT 15000k 1.8 0.20 1.45 45.0 6.855 

Modern humans 

Male 0.00 0.23 1.75 75.0 6.674 
Female 0.00 0.20 1.60 50.0 6.233 
Child-9 0.00 0.17 1.22 28.0 7.006 

Note: d- any characteristic diameter, such as chest girth; L- any characteristic length, such 
as stature; mass- weight of subject; RP- robusticity coefficient . d/L, slenderness. 
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investigate this phenomenon first of all by defining a coefficient of robusticity: 

Rp' (10.0) 

where L-a characteristic length, such as stature or leg length; d-a characteristic 
diameter, such as chest girth or leg diameter 

10.1.2 Tendency for Changing Robusticity 

From the illustrative data in Table 10.1, it is possible to plot an approximate least 

squares regression curve for size variation (Fig. 10.1). This appears to show that 

while hominid stature and weight have been increasing, Its, has been decreasing. 

Inspection of Fig. 10.1, suggests that there should be some fossils at 2-3 Mya where 
R. would be around 8.0. A possible candidate might be 011-62, where the R. on 
the basis of current reconstructions, is 10.4, a rather large value. 

More to the point of the present study, why should size and weight of hominids 

change? Do these parameters have any functional significance for bipedalism? 

fig 10.1 
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10.2 Dimensionless motive power and size 

10.2.1 Assumptions concerning material density 

I assume here that any given tissue will have the same density for different subjects 
at different times, approximately 1000 kg/m3. In this case there is a general relation 
between size and mass: 

irr2Lp=m (10.1) 

where r, L- characteristic radius and length; p- density; m- mass 

10.2.2 Muscle power 

Power required for motion is an important characteristic of locomotion. flow much 

power does muscle output during motion? A simple model of the lower limb is 

presented in Fig. 10 2, to clarify the relationship between internal forces produced by 

muscles and external forces from the environment. When there is a small change in 

the trunk/lower limb ('hip') joint angle, muscle length must also change. From Fig. 
10.2, the internal moment produced by muscles should be proportional to the 

external moments produced by ground reaction forces. We have a series of 

proportional relationships: 

Fmr«FgL (10.2) 

P «F 
Q (10.3) 

m m 
OL-r00 (10.4) 

r 
QO P CF (10.5) 

,. M 

where F,,, - muscle force; Fa - ground reaction force; At - small time interval; AO -a 
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small change of joint angle; P,,, - muscle power 

From equations (10.2) and (10.5), muscle power should be: 

Pm«FgL Q© (10.6) 

TrýDk 

hip AL da ;' 
I 

rau" 

ee 

ýnk1a , 

....... 

foot 

..................... 

FIGURE 10.2. Relationship between the increase of muscle length and 
the increase of rotation angle. L- leg length; i0 - angle; r -joint radius 
or moment arm; s- displacement. 
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10.2.3 Mechanical motive power 

In mechanics, a subject's power expenditure in moving should be: 

P=Fv (10.7) 

If we only consider the effective part of power expenditure, i. e. that directed 

forwards, horizontal and level, (10.7) may be shown : 

v=L 
Q© (10.8.1) 

P«F, L Q! (10.8) 

Equation (10.8) has a similar form to equation (10.6), so that ignoring the efficiency 

of muscle work done, all muscle power should be equal to, or at least proportional 

to, external mechanical power. 

10.2.4 Power expressed by fundamental variables 

Since any physical variable can be expressed by the fundamental variables, mass, 
length and time, we can express (10.6) and (10.8) in terms of the basic variables. 

According to Newton's Laws: 

F, «Ma (10.9) 
V2 -VI (S2-31)-(SI-Sd As 

At &t2 (Ot)2 
": dsaLAO 

:. F «ML00 (10.10) 
(At), 

where a- acceleration (see Fig. 10-2) 

From equations (10.8) and (10.10) we obtain a relationship between PRM and 

length, time and mass: 
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PoM(LA©)2 (10.11) 
(At)3 

To compare PRM between different sized subjects, we may define a dimensionless 

power parameter: P/(Mgv) ( Alexander, 1992), representing power expenditure per 

unit mass and per unit speed, and providing an expression of length, mass and time: 

Pd« P '! A0 (10.12) 
Mgv (&)2 

where g- gravity constant. 

Applying our assumptions to (10.12), in addition, we know that At « L2/d and o0 a 
L/d (McMahon 1975,1985), thus we arrive at a dimensionless power Pd expressed 

only in terms of length and mass: 

Pd«d«lp (10.13) 
L 

Or putting assumption (10.1) into (10.12) we obtain 

'd° 1 4M 
«M (10.14) 

L irpL3 Ls 

Equations (10.13) and (10.14) give the relationship of PRM, mass and size. 

Equation (10.13) implies that either an increase in stature or a decrease in the 

coefficient of robusticity will reduce power expenditure in moving a unit mass at a 

given speed. This is in agreement with observations from Table 10.1 and Fig. 1, 

showing that while stature has been increasing, the coefficient of robusticity 
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appears to have been decreasing. Equation (10.14) indicates that an increase in 

stature and a decrease in weight will result in a decrease in PRM. We can plot a 

graph (Fig. 10.3) which shows the relationship of the dimensionless power 

parameter Pd, mass M and characteristic length L. Note that both decrease of mass 
and increase in length may result in the decrease of PRM. 

Equation (10.13) suggests that decrease in itp and increase in stature lead to a 
decrease in PRM, and equation (10.14) further suggests that a decrease in mass and 
an increase in stature will also lead to a decrease in PRM. 

From equations (10.13)-(10.14) and Fig. 10.3, we may again suggest that an increase 

in stature and a decrease in the coefficient of robusticity will result in a decrease in 

PRM. 

It should be noted that we cannot simplify the above by saying that an increase in 

size will lead to a decrease in PRM. Size includes length, diameter and weight. 
From our results, either an increase in length or a decrease in diameter enable a 
decrease in power. The three variables, d, L and mass arc not independent and will 

tend to optimum proportions. 
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TABLE 10.2. a Comparison of dimensionless motive power 

subject ages dL mass Rp% Pd(14) P4(13) 
(Myr) (m) (m) (kg) 

Australopithecus afarensis 

AL288 3.6 0.19 1.05 30.0 9.082 4.848 0.086 
AL333 3.6 0.26 1.42 78.0 9.312 3.676 0.066 

Australopithecus africanus 

Stsl4 2.6 0.18 1.07 27.0 8.376 4.388 0.078 

Paranthropus robustus 

Sk-82 1.7? 0.22 1.46 58.0 7.702 2.957 0.053 

Paranthropus boisei 

Ke738 1.9 0.20 1.39 42.0 7.055 2.845 0.051 
Ke993 1.5 0.25 1.33 64.0 9.305 3.922 0.070 
K1503 1.9 0.22 1.33 51.0 8.307 3.501 0.062 
K3728 1.9 0.19 1.43 40.0 6.599 2.586 0.046 

Paranthropus? 

K1463 1.5 0.26 1.75 93.0 7.432 2.380 0.042 

Homo habilis 

01162 1.8 0.23 1.09 44.0 10.399 5.348 0.095 

Homo erectus 

WT15000 1.6 0.20 1.45 45.0 6.855 2.650 0.047 

Modern Humans 

Male 0.00 0.23 1.75 75.0 6.674 2.138 0.038 
Female 0.00 0.20 1.60 50.0 6.233 2.184 0.039 
Child-9 0.00 0.17 1.22 28.0 7.006 3.219 0.057 

222 



Chnnior 1/1 c%-,, p Chnnn and Pau-rr Rrnu1rrmrnlr 

TABLE 10.2. b Comparison of dimensionless power parameter 

subject ages d L mass Rp Pd(13) Pd(14) 

Australopitbecus afarensis 

A L2 883.6 100.00 100.00 100.0 100.0 100 .0 100.0 
AL333 3.6 138.66 135.24 260.0 102.5 75.8 75.8 

Australopitbecus africanus 

Sts 14 2.6 93.98 101.90 90.0 92.2 90.4 90.4 

Paranthropus robustus 

Sk-82 1.7 117.92 139.05 193.3 84.8 60.9 60.9 

Paranthropus boisei 

Ke738 1.9 102.84 132.38 140.0 77.6 58.6 58.6 
Ke993 1.5 129.78 126.67 213.3 102.4 80.8 80.8 
K1503 1.9 115.85 126.67 170.0 91.4 72.2 72.2 
K3728 1.9 98.95 136.19 133.3 72.6 53.3 53.3 

Paranthropus? 

K1463 1.5 136.38 166.67 310.0 81.8 49.1 49.1 

Homo habilis 
OH 62 1.8 118.86 103.81 146.7 114.5 110.3 110.3 

Homo erectus 

WT 15000 1.8 104.22 138.10 150.0 75.4 54.6 54.6 

Modern humans 

Male 0.00 122.47 166.6 250.0 73.4 44.1 44.1 
Female 0.00 104.58 152.3 166.7 68.6 45.1 45.1 
Child9 0.00 89.63 116.1 93.3 77.1 66.4 66.4 
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10.3 Power requirements of different subjects 

10.3.1 Power comparison 

Table 10.2 shows that AL-288-1 would have rather large Pd, but modem humans 

the smallest Pd. Figures 10.4. a and b, plotted from data in Table 10.2 show that 

modem humans also have the smallest PRM. The comparison in Fig. 10.4 shows 

the relationship between mass and length (from Jungers and Stem, 1983). 

10.3.2 Comparison with physiological results 

10.3.2.1 PRM 

Since muscle power and external power appear to have similar expression (see 

equations (10.6) and (10.8)), equation (10.14) should be in agreement with results 
from physiological experiments. Under assumptions of geometry similarity, elastic 

similarity and static stress similarity (McMahon 1975 and 1984), results can be 

TABLE 10.3 Comparison of dimensionless powers under different assumptions 

----------------------------------------- 
GS ES SS 

L «d" p= 1/3 2/3 1/2 
L cMk k= 1/3 1/4 1/5 
d «Mb b= 1/3 3/8 2/5 

Pd(l4)Ma-1/3 -1/8 0 
---------------------------------------- 
Note: GS - geometric similarity; ES - elastic similarity; SS - static stress 

obtained as below (Table 10.3). 
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From Table 10.3, if geometric similarity is applied to equations (10.13) and 
(10.14), dimensionless power should be proportional to M. 

Taylor et at (1970,1980 and 1985) measured metabolic energy consumption in 

animals of different size (from 3g to 3 tonnes), of different locomotor design 

(bipedal, quadrupedal and polypedal) and different locomotor behaviour (runners, 

walkers, hoppers, trotters and gallopers). They found that power per mass per 
velocity is proportional to Mß. 316. Full (1989) extended this research to smaller 

polypedal animals and found that metabolic power was proportional to M-0.31. 

These experimental results are thus in broad agreement with my prediction from 

equations (10.13) and (10.14) that dimensionless power is proportional to 

M'"3. Thus, equations (10.13) and (10.14) may be used as general expressions. 

10.3.2.2 Muscle force and external forces 

We may estimate mass-specific external force according to equation (10.10). From 

this equation, estimation of mass-specific external force is similar to estimation of 

accceleration, so that mass-specific external force has a similar expression to Pa. 

Therefore, equation (10.13) and (10.14) are also applicable to external forces. 

According to the assumption of geometric similarity, F/M will be proportional to 
M. 

Similarly, by equation (10.2), (and still under the assumption of geometric 

similarity), mass-specific muscle force F. is proportional to F1. Therefore mass- 

specific muscle force Fm/M « M. These results are good in agreement with 

Alexander (1985)'s data on maximum external forces and muscle forces for subjects 

ranging from 3 gm. insects to 3 tonne elephants and behaviours including walking, 

swimming, pulling, pushing, nipping and biting. Alexander found that both 

maximum mass-specific muscle force and maximum external force are proportional 

to M'"3, again confirming that the equations proposed here arc meaningful. 
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10.4 Size - shape relations in humans 

10.4.1 Possible predictions 

If human PRM was to decrease, and given weights M,, and stature L,, according to 
(10.13) and (10.14) we have: 

"f<- (10.15) 
Ls Ls fm 

Thus, on the basis of current values for male weight Mm = 75 kg and stature L,. = 
1.75 m, a height of 3m would be accompanied by a weight of a maximum 1000 kg. 

This is clearly unrealistic, and such a weight could not possibly be supported by the 
lower limbs! (However, again from equation (10.15), M, could decrease to a very 
low value while allowing the relationship to remain valid). The previous, unrealistic 

prediction requires further consideration, and the perspective of the relationship 
between loading stability and size may be a useful one. 

10.4.2 Mechanics of materials and loading ability 

10.4.2.1 Column stability and the mechanics of materials 

From the mechanics of materials, if the lower limb or the whole body is considered 

as a column, its critical load P,, should be: 

ns El P,, = (10.16) 
4L7 
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where E- the modulus of elasticity of the material, and I- moments of inertia 

where A-area of cross-section; vor critical stress 

1=7rda 
64 

P,, =k1 
da 

«Rpd2 (10.17) 
2 L 

;. Qý, «A«P"L 2« 
d2Rp 2 (10.18) 

Equation (10.18) implies that critical stress is proportional to the coefficient of 

robusticiy. In order to increase stability, a larger R. is thus desirable. Data in Table 

10.1 and 10.2 thus imply that loading stability of hominids is less now than it was 
for AL-288-1. 

10.4.2.2 Loaded stability 

From Table 10.4, the loaded stability of modem humans is only 60% of that of AL- 

288-1. This indicates that loaded stability has decreased while mobility has 

increased. Since we assume that the properties of biological materials are 

unchanged for any size, critical stress will tend towards a constant. From equation 
(10.18), RP will do the same. Therefore, any tendency to become more slender and 
taller will be limited. When Rp reaches a constant, by the assumption of uniform of 

materials ( equation 10.1), we have 

": ac, -R2 =coast 

:. Rp« M 
=const (10.19) 
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This is geometric similarity. If we assume that modern humans have reached their 

critical stress (considering safety factors), we can expect continued geometric 

similarity. 

10.4.3 Overview of mobility 

Mobility may be described by the time spent in an action, for example, its cyclc 

TABLE 10.4 Comparison of loaded stability of different subjects 

subject Mya d L mass P. % G. % 

Australopitbecus afarensis 
AL288 3.6 100.0 100.0 100.0 100.0 100.0 
AL333 3.6 138.6 135.2 260.0 102.6 105.1 

Australopitbecus africanus 
Sts14 2.6 93.9 101.9 90.0 92.2 85.0 

Paranthropus robustus 
Sk-82 1.7 117.9 139.1 193.3 84.8 71.9 

Paranthropus boisei 
Ke738 1.9 102.8 132.3 140.0 77.6 60.3 
Ke993 1.5 129.7 126.6 213.3 102.4 104.9 
K1503 1.9 115.8 126.6 170.0 91.4 83.6 
K3728 1.9 98.9 136.2 133.3 72.6 52.7 
K1463 1.5 136.3 166.6 310.0 81.8 66.9 

Homo habilis 
011-62 1.8 118.8 103.8 146.7 114.5 131.1 

Homo erectus 
WT 15000 1.8 104.2 138.1 150.0 75.4 56.9 

Modern humans 
Male 0.00 122.4 166.6 250.0 73.4 54.0 
Female 0.00 104.5 152.3 166.7 68.6 47.1 

time or frequency. It is likely to be another influence on size. if stature and weight 

are too great, actions will become too slow. 
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Let us consider two different size subjects, their characteristic lengths (mean stature 

or leg lengths) L, and L2,, who complete a similar motion (D0 = 102) within cycle- 
time et, and et2.. Their ratio of powers per unit mass and per unit velocity (equation 

10.12) should be 

Pi Lý Ott 
« (10.20) 

P2 L2 Oti 

whatever form of similarity is applied. 

Fig. 10.5 expresses the three-dimensional relationship between the ratios of powers, 

sizes and times. From function (10.10) and Fig. 10.5, it is very apparent that the 

ratio of powers increases with increase of L, /L2 and decreases with increase of 
(nt1/ntz)2. In other words, if a subject is larger, that subject will take longer or 

require considerably increased energy to perform a given action. 
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TABLE 10.5. a Comparison of cycle-time under the iso-power assumption 

Subject Stature Myr Time% Velo% 

AL288 1.05 3.10 100.00 100.00 
AL333 1.42 3.10 116.29 116.29 
Sts 14 1.07 2.60 100.95 100.95 
Sk-82 1.46 1.70 117.92 117.92 
Ke738 1.39 1.90 115.06 115.06 
Ke993 1.33 1.50 112.55 112.55 
K1503 1.33 1.90 112.55 112.55 
K3728 1.43 1.90 116.70 116.70 
K1463 1.75 1.70 129.10 129.10 
WT 15000 1.45 1.80 117.51 117.51 
Male 1.75 0.00 129.10 129.10 
Female 1.60 0.00 123.44 123.44 
Child9 1.22 0.00 107.79 107.79 

On the other hand, if the relationship between velocity V (- L/nt) and power P is 

considered, a line of equivalent power ( P1/P2=1 ) can be plotted (Fig 10.5). On the 
line of iso-power, V, NZ increases very quickly with L, /L2 but increases relatively 
slowly with ot, /nt2. This means that while two subjects expend the same energy, the 
larger subject can obtain a faster velocity than to carry out a similar action at lower 

frequencies, or spend more energy than do smaller ones (Table 10.5. b). If modern 
humans perform an activity in the same time as AL-288-1, they expend 50-70% 

more energy, though their speed is 60-75% higher. Conversely, if smaller subjects 
have to act at the same velocity as larger subjects, they also need to expend more 

the smaller, although the larger will spend more time in each cycle of motion. 

Table 10.5 compares mobilities of different subjects. From Table 10.5. a, under the 

assumption of iso-power, modern humans have the advantage of 30-40% greater 

speed than AL-288-1 would have had, but spend 20-30% longer than AL-288.1 to 
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complete a cycle. 

TABLE 10.5. b Comparison of powers under the iso-velocity 
assumption 
---------------------------------------------- 
Subjects Stature Myr Time % Power % 

AL288 1.05 3.10 100.00 100.00 
AL333 1.42 3.10 135.24 73.94 

Sts 14 1.07 2.60 101.90 98.13 
Sk-82 1.46 1.70 139.05 71.92 

Ke738 1.39 1.90 132.38 75.54 
Ke993 1.33 1.50 126.67 78.95 
K1503 1.33 1.90 126.67 78.95 
K3728 1.43 1.90 136.19 73.43 
K1463 1.75 1.70 166.67 60.00 

WT15000 1.45 1.80 138.10 72.41 

Male 1.75 0.00 166.67 60.00 
Female 1.60 0.00 152.38 65.63 
Child9 

-------------- 
1.22 

------------ 

0.00 

-------- 

116.19 

----------- 

86.07 

-- 
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TABLE 10.5. c Comparison of power under the iso-time assumption 
--------------------------------------------------- 
Subject Stature Myr Velo% Power% 

AL288 1.05 3.10 100.00 100.00 
AL333 1.42 3.10 135.24 135.24 
Sts 14 1.07 2.60 101.90 101.90 
Sk-82 1.46 1.70 139.05 139.05 
Ke738 1.39 1.90 132.38 132.38 
Ke993 1.33 1.50 126.67 126.67 
K1503 1.33 1.90 126.67 126.67 
K3728 1.43 1.90 136.19 136.19 
K1463 1.75 1.70 166.67 166.67 
WT15000 1.45 1.80 138.10 138.10 
Male 1.75 0.00 166.67 166.67 
Female 1.60 0.00 152.38 152.38 
Child9 1.22 0.00 116.19 116.19 

Larger subjects have to perform a given action at lower frequencies, or spend more 

energy than a smaller subject (Table 10.5. b). For modem humans to perform an 

activity in the same time period as AL-288-1, they would have to expend 50-70% 

more energy, although their velocity is 60-75% higher. Contrarily, for smaller 

subjects to act at the same velocity as larger subjects, they have to expend more 

energy than the latter (Table 10.5. c). 

Thus, the three variables: stature, velocity and time are not independent. Increase of 

subject size results in either an increase in cycle time, and it must be presumed that 

this will limit the tendency to size increase. A species-specific iso-powcr line seems 
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likely to exist. On the iso-time line, although ntl/ntZ 1, P1/PZ increases very 

quickly with V1/V2 . 

10.4.5 Discussion 

If we hold stability unchanged, (in other words, Rp constant), from equations 
(10.13) and (10.14) we know that L (stature or leg length) should increase in order 
to decrease PRM. 

M. 
m (10.21) 

Mf d1 L1 
233 MmRpmLmLm 

(10.22) 
33 Mf Rp. L) L1 

Increase of stature will inevitably require increase of mass. Because of the 

continuity of material properties assumption, size and weight will increase 

according to geometric similarity. Equation (10.21) can be plotted as a figure 

(Figure 10.6). If decrease in PRM occurs over time, so should the increment rate of 
Pd should be also. Since: 

d«- 1 (10.23) 
A L2 

the effect of this factor will decrease with increased stature (sec Fig. 10.7). 
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CHAPTER 11 OVERALL CONCLUSIONS 

I am like a child playing by the sea of knowledge. 

I. Newton (1642-1727) 
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In Chapter 1, I stated that the major question posed in this thesis was: 'whether the 

acquisition of the longer-legged, shorter-trunked morphology of IVT-15000 does 

indeed increase mechanical effectiveness in load-carrying'. 

Secondary goals were to provide new data on the comparative biomechanics (in 

particular, joint angles, joint velocities, joint torques, joint power and required 
energy) of unloaded erect and BHBK bipedalism in modem humans and the 

occasional bipedalism of the common chimpanzee, and to determine whether the 

skeletal proportions of early hominids were better suited to BIIBK or erect walking, 

and to begin to estimate muscle forces for early hominids. 

Using a range of techniques, including kinematic and kinetic measurements on the 

gait of living humans and other great apes, dynamic analysis, whole-body multi- 

rigid-segment dynamic modelling, studies of energy transformation at the segment 

and body centre of gravity, computational optimization and dynamic modelling of 
the mechanics of the musculoskeletal system (the latter two involving development 

of entirely new analytical tools) I have succeeded in addressing each of these goals. 
Some approaches, particularly prediction of muscle forces, are still at a preliminary 
stage, but I have demonstrated that they are feasible and can produce biologically 

meaningful results; other approaches, particularly the analysis of size and 

robusticity, remain to be tested on a better dataset, but these deficiencies arc not 

easily remedied within the time and resources available. 

Some of the more important findings are itemized below: 

1) In general, the expenditure of energy is larger in BIIBK than in erect walking. 

Both joint moments and powers are larger in BIIBK than in erect walking, and the 

effectiveness of energy transformation is less in BIIBK. 

2) Work done is larger in BHBK than erect walking. 
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3) Analysis of multi-rigid-body model simulations of AL 288-1 and WT-15000 

confirms that early hominids would also expend more energy in B}IBK mode than 
in erect walking. 

4) On a theoretical basis, it would appear that the need to coordinate swing 
frequencies of the upper to lower limbs, together with the need to carry objects in 

the hands, favours relatively shorter upper limbs, and may therefore explain why 
the humerofemoral index is lower in Homo erectus and modern humans than in A. 

afarensis. 

5) According to computational simulations of early hominid bipedal walking, AL 

288-1 would have expended more joint power per unit mass per unit velocity than 
WT-15000. This suggests that a relatively short upper body (trunk and upper limbs) 

would be selected for to enhance the effectiveness of bipedal walking. 

6) According to computational simulation of hominid loaded walking, WT-15000 

also had better carrying ability than did AL 288-1, confirming the hypothesis that 

transport of food or artefacts was likely to have been a factor selecting for the 

acquisition of a more `modern' morphology. Transport of objects further increases 

the disadvantages of BHBK walking for AL-288-1 and other hominids. While WT- 

15000's morphology favours effective transport of light loads, carried over the 

shoulder or round the neck, the morphology of modern humans is better suited to 

hand transport and to transport of heavy loads. 

7) According to a preliminary musculoskeletal modelling simulation, both muscle 
forces and powers per unit mass and per unit velocity are larger in BIIBK than in 

erect walking. 

8) According to theoretical biomechanical analysis of size, power per unit mass and 

per velocity may be less in larger species. This is in agreement with physiological 

experiments in the literature. 

239 



ý`/ýn»/nr 11 /'nyr, /1glnyc 

General significance 

In experiments on'bent-hip, bent-knee' walking, moments at the knee were not 

only much larger than in normal walking, but lasted much longer, almost the whole 
duration of stance. As a consequence of this and similar moments at the ankle and 
foot, total joint power for equal displacement of the mass centre was almost 1.5 

times that in normal walking, and energy recovery (assessed, as above, using a 

particle mechanics approach) was half that in normal walking. Similarly, in 

computer simulations, normal unloaded walking by AL-288-1 incurred 56% of the 

power requirements it incurred in bent-hip, bent-knee unloaded walking. however, 

normal unloaded walking by WT-15000 incurred only 40% of its power 

requirements in bent-hip, bent-knee unloaded walking, so that the more modern 
body proportions of early Homo, with longer lower limbs and a shorter trunk 

actually increased the advantage, in terms of mechanical effectiveness, of erect 

walking relative to the advantage gained by Australopithecus afarensis. Conversely, 

this can be read to indicate that the cost of BHBK walking was relatively lower for 

A. afarensis than for early Homo. 

Perhaps the most striking of our results for the dynamic response of our models 
during loaded walking was a comparison of normalized mechanical joint power 

requirements. It appears that BHBK walking would have been particularly 
disadvantageous to A. afarensis if this species had carried loads, however small. 
Models of WT-15000 have substantially lower relative power requirements for 

normal walking than A. afarensis whatever the relative size of the load. The %VT- 

15000 models could carry a load of 20% of body weight at no greater relative cost 

than AL-288-1 incurred walking erect and unloaded. Thus, the shorter trunk but 

longer legs of WT-15000 do indeed serve to allow it to walk more effectively, 

loaded or unloaded, but are perhaps of particular significance in offering 'free' 

loading! In fact, the mechanical effectiveness of walking by the WT. 15000 android 

is somewhat greater, carrying small loads, than for our modem human male adults, 
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although the advantage is reversed for loads above 40% body mass. Our detailed 

studies of the dynamic response of the AL-288-1 and WT-15000 models, and those 

representing modem humans indicates that one reason for the difference in 

performance of the models is the difference in the ratio of the length of the trunk 

and head to the lower limbs. The relatively long trunk and head of AL-288-1 results 

in high principal moments of inertia. Keeping lower limb length constant, moments 

at the hip then have to increase to maintain the stability of the upper body. 

(Although the head and trunk segment is longer in modern human adults than in 

both reconstructions of WT-15000, this cannot however completely explain the 

difference in performance). 

Just as we found that energy transformation is more than halved in B1lBK walking, 

our colleague Carey (1999) found that it leads to doubling of physiologic costs, and 
double the increase in core temperature that occurs over the same period in normal 

walking. Recovery of temperature after BHHBK walking may be estimated to require 
150% of activity time. Thus, ifA. afarensis walked `bent-hip, bent-knee' it is likely 

that activity time and hence ranging distances would have been small, and available 
food resources therefore limited. Erect walking, on the other hand, would have 

imposed lower costs, permitted longer activity periods and larger ranges - and by 

analogy to carnivores - permitted a more predatory ecology. Load carrying would 

only have accentuated the problems of BIIBK walking. Acquisition of a more 

modern, long-legged, short-trunked morphology by WT-15000 would, on the other 
hand, have further enhanced the efficiency of erect walking, reduced the costs of 

carrying and therefore increased activity time. 
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Appendix: 

Gaitlab: a purpose-written software package 
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1 Structure and functions oft aitlah 

To do basic hiomcchanicaI it naIysis. I have de\ rh)pC(1 this special , oh" : ur. (i; ritkh i. 

comprised of modules, each of which serves a special function. Single or multiple 

modules can he run to serve the needs ofany particular task. I Irr intrrf ice i,, shown in 

Fig. A. 1. Pressing difTerent buttons gives access to diffclent modules. and \k ithin each 

of'these, there are dif'f rent sub-modules I he major functions . º\, ºilahie ale listed in 

Table Al. 
. 

Gaitlab is written in C and Matlab'R and it can he run on htillº MS \\'inthms I'(' and 

UNIX workstation platforms. 

FILTER POSTPROCJ EG-MC 
I 

EG-SEGI GRF 

Welcome to Gait Lab version 1U 

lfff 

COORD JIGITIZEJ FRAME I MOVIE 
jHELF' j 

Ewt 

JI 

FI(; l R11, AA Main inirrl tcc ut, (iaitlah 

. 
ý"3. ý 



ý1 i/ U-ru/i i 'f : uiihili 

TABLE A. I the functions of noddies of (iaitlab' 

Module Function 

VIEWER View single frames ofa iwition sequence 

('OORI) Build reference It-anme 

I)I(iI'1'IZER Collect key coordinate points frcitti a sequence of hirturc'. 

FILTER Digitize coordinates to provide data fier analysis; 

FRAME Show a frame; 

MOVIE Show animation with superimposed ground reaction forces: 

(; 1(12 Analyze ground reaction fierce data from tierce platform. 

including combine H channels of'raw data into three main firers. 

calculate major moments, force directions and path of'the centre 

of'pressure, etc.; 

FG-SIG Analyze segment energy 

F(i-M(' Analyze the energy at the centre of Amass; 

POSTPRO(' Calculate joint angle, joint angular Neloiity. Joint monºrnt and 

(together with (jRI" n odLIIc 

If FIT Explanation of' use of, modules. 

Note: New modules are being developed. 
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A. 2 A example of use of Gaitlab 

We begin with a sequence of frames of recorded walking. The frames are captured one 
by one using a digital framestore controlled by other software packages written in our 
laboratory (eg. VC: (Savage, 1996) or DIGIT: Sellers, 1994). The frame may be 

viewed with module VIEWER 

Using DIGITIZER, we can extract landmarks to be analyzed. Every single frame may 
be shown as a single stick figure (Fig. A. 3). One by one, we may digitize every frame of 

a sequence and show these as a series of stick figures ( Fig. A. 4). The sequence may be 

animated using the MOVIE module. 

The stick-figure data ( Fig. A. 5 ) may be rather noisy because of high frequency error 

produced during videography and digitizing, and cannot be completely avoided by any 

measurement means. In fact, bio-subject in motion at lower speed should not produce 

so high frequency of noises. The FILTER module improves the quality of the data 

considerably (see eg. Fig. A. Sa). 

At the same time, signals from a force platform can be analyzed by module GRF. In 

general, the raw data are comprised of signals from 8 channels (Fig. A. 6). GRF converts 

these data into the three main forces and moments (Fig A. 7), the direction of forces 

(Fig. A. 8) and paths of the centre of pressure (Fig. A. 9). 

After GRF and FILTER have been run, POSTPROCess can be run to calculates joint 

angles (Fig. A. 10), joint angular velocities (Fig. A. 1 1), moments (Fig. A. 12) and work 

done per unit time (power) (Fig. A. 13). Of these, power is probably the most useful 

data, and forms the subject of several chapters of this thesis. 

If energy is of particular interest, we may obtain information on energy fluctuation: 

modules E-SEG and E-MC provide analyses of fluctuations of kinetic and potential 
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energy (Fig. A. 14) in segments and at the centre ref mass. 

it(; [ RE A. 3 A single fram ofa sequence converted to a stick-fipiit 

representation 

11.16 

i i1 1) Kr. i%. L /% IIit 111C it U111it SctI UCIIIC ul itlamil \\, iii\J i; 
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FIGURE A. 4 A series offi-anmes from a walk tie sequence (iav'. (him 

FI(: I IZE A. 5. a Frontal view ()t ;º %ý; ilLiii , cgLICI r after tillrriii 

; 1a 
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. ß. 5. I) lop view ofa walking sequence 
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FIGURE A. 5. c. 31) view ol walking Sryuenrr 
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