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ABSTRACT 

This study examined selected physiological, kinematic and psychological 

parameters related to human locomotion using absolute speed (m/sl and 

four relative speed methods based upon measures of morphological 

linearity Cst/s, v/Jgn, 11/s, fl/s). Particular attention was paid to 

the movement responses at the walk-to-run and run-to-walk interfaces. 

Eleven male caucasian subjects volunteered to participate in the study. 

Following a period of treadmill habituation all subjects performed a 

test of maximal aerobic power, an ''interface speed" test, an "interface 

and 49 4-minute walking and/or running conditions 

incorporating the five speed methods . 

The measured physiological, kinematic and psychological parameters 

followed presently accepted trends when plotted against increasing 

. 
walking and running speeds. However, contrary to what the V02 - speed 

relationship tends to indicate, two distinct locomotor interfaces were 

identified. Cadence and stride length differed significantly at the two 

locomotor interfaces. However the energy cost of locomotion for walking 

and running was not different at the walk- to-run interface. RPE was 

affected significantly by the locomotor pattern . 

Relative speed had no significant effect on the variability of movement 

responses. It 1s suggested that unless diverse ranges in morphological 

linearity are a feature of the subject pool, relat i ve speed does not 

minimize inter- subject variability in physiol og ical, kinematic or 

psychological responses. 
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CHAPTER ONE 

INTRODUCTION 

In the science of Human Movement two activities which have received 

increasing attention and which have been extensively investigated are 

walking and running <Bhambhani and Singh 1985). Walking as a fundamental 

movement has been widely studied in relation to two domains; the 

physiological and the biophysical (Kagaya 1976) . Researchers have been 

very much concerned with aspects related to the latter domain, and have 

attempted to clarify problems associated with the act of walking itself; 

that is, those problems related to the temporal, kinetic and kinematic 

factors associated with human gait <Wall 1986). 

Running has been meticulously investigated over the years, particularly 

in aspects related to the physiological domain. The energetics of 

running is a topic which continues to engender research (Costill and Fox 

1969, McMiken and Daniels 1976, Noakes 1985, Sakurai and Miyashita 

1985). One area of research common to both walking and running is 

concerned with the energy cost of human locomotion (Goslin 1985). 

However, a topic less well investigated is that related to the so-called 

locomotor interfaces. 

Man, according to Charteris et al . (1976), is the subject of two 

imperatives, neither of which he can deny. The first is a movement 

imperative; man must move . The second is a versatility imperative; man 
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was born with the will-to-know. Having established, at a rather 

simplisti c level that man must move, that he must move with the 

structure provi ded by the genotype, and that he must, with that same 

structure exhibit versatility, his specific motives for movement become 

apparently unimportant. At this stage it is important to realize that 

there are various impulses to move, and at least some of these will in 

some way influence how economically and/or efficiently the movement will 

be. 

" In a broad sense i t can be argued that Man's unique 

morphological adaptations, in answering the call to 

his behavioural predilection for habitual erectness , 

have so shaped him that i n all gross locomotor 

functions in which the human body as a whole is moved 

from point A to point B, the pre-existing design for 

erect bipedalism predominates, setting limits upon 

what is moved and i n what way .. . . . ... . . . Accordi ngl y 

we are justified in regarding all forms of human gross 

progression as being associated with Man's dominant 

erectness" CCharteris et al . 19761. 

Of necessity the two most fundamental forms of human locomotion are 

walking and running . In or der for these two movement patterns to take 

place energy i s requi red, as with all forms of human movement . 
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Differing amounts of energy are required for different tasks by 

different people . For that matter, for the same walking and/or 

running task different people require different amounts of energy. 

Although previous studies have investigated 

variability of maximal oxygen consumption <Katch 

the biological 

e.;;....;;..t_a:::..::...l.:... 1982, 

Erickson et al . 1946), the variability in repeated measures of 

submaximal exercise has not been extensively examined <Armstrong and 

Costi 11 1985 l . 

The causes for biological variation in submaximal oxygen consumption 

are not well understood. Considering the many homeostatic mechanisms 

at work in the human body, and considering response patterns to any 

given stimulus, it is difficult to isolate one or two primary factors 

contributing to biological variability (Armstrong and Costill 1985). 

In particular, studies concerned with the analysis of human gait have 

used relative speed to reduce the variability obtained in the 

measured parameters <Charteris et al. 1982, Rosenrot et al. 1980> . 

The concept of relative speed was first introduced by Grieve and Gear 

(1966) and is defined as that velocity determined with respect to 

some physical attribute of any individual and as such is used to 

"normalise" human locomotion . Initially relative speed was expressed 

in statures/second. In this form it may be defined as that fraction 

of the walker's own stature covered in overground distance per 

second. An alternative method, developed by Alexander (1976), is also 
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in use, the Froude number; a method which apparently accounts for 

more diverse ranges in stature than statures/second alone does. 

Gait parameters vary preeminently with the speed of walking (and 

probably running as welll; for this reason it is misleading to work 

in terms of raw speed (ie. km/hr or m/sl. Several relationships have 

been seen to be less variable when relative speed was used instead of 

absolute speed, in particular the relationship between stride length 

and the speed of walking . In addition, at slow speeds of walking the 

relationship between relative stride length and relative speed is 

linearized (Rosenrot et al. 1980). It is tentatively suggested that 

various physiological parameters, particularly oxygen consumption, 

would respond in a similar way to relative speed as some of the 

previously mentioned gait parameters <ie. that there would be less 

variability in oxygen consumption values with the use of relative 

speed than there is with the use of raw speed km/hr or m/sl. 

The presently accepted trends in the oxygen consumption-velocity 

relationship confirm that there is a distinctly curvilinear 

relationship between walking speeds and oxygen consumption up to a 

given speed, beyond which, for walking, the relationship becomes 

linear and is twice as sleep as that for running at the same speeds. 

The oxygen consumption-velocity relationship for running is 

essentially linear <Bransford and Howley 1977, Mayhew 1977, Astrand 

and Rodahl 1977). The break-point between the curvilinear trend for 

walking and the linear trend for running speeds is thought to occur 
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at, or very close to, the speed at which people change their pattern 

of locomotion from a walk to a run <the walk-to-run interface). 

It would appear logical on the basis of previous information to 

assume that since the response, in terms of the reduction in 

variability of certain gait parameters with the use of relative speed 

occurred, so too should the energy cost responses of walking and 

running tasks be less variable using the same , and other relative 

speed methods . Furthermore , since certain curvilinear relationships 

are linearized with the use of relative speed, it may be that the 

oxygen consumption-velocity relationship at the walk-to-run interface 

will be somewhat linearized using relative speed . 

STATEMENT OF THE PROBLEM 

Biological variability is a phenomenon which is clearly part of all 

human research and at present is not wholly understood . It is not 

easy to precisely portion this variability into specific sources, 

neither has the exact cause or combination of causes for this 

variation been identified. Several factors, broadly categorized as 

intrinsic and extrinsic by Frederick (1985), most certainly 

contribute to the variability in the energy cost of submaximal 

treadmill walking and running. These factors include: body mass, leg 

length, stride length, energy transfer between segments and shoe 

softness, shoe weight and circadian rhythms respectively. 
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The use of relative speed in whatever form has, at least in gait 

analysis, reduced some of the variability in certain measured 

parameters. It may logically be assumed from this that the 

physiological responses to specific standardized walking and running 

tasks will also be less variable when relative speed is used. 

The trends in the oxygen consumption-velocity relationship for both 

walking and running have been established. The break point between 

the two distinct trends appears to occur at the point at which most 

individuals would naturally change their pattern of locomotion from a 

walk to a run. 

The specific problem is therefore threefold: 

ll To establish which, if any, relative speed method reduces the 

variability in the speeds at which people choose to change their 

pattern of locomotion at the walk-to-run interface. 

2l To investigate the premise that some method of calculating 

relative speed will reduce the variation in the submaximal energy 

cost of standardized walking and running tasks across the 

walk-to-run interface. 
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3) To determine whether or not one of the selected relative speed 

methods will linearize the oxygen consumption-velocity 

relationship across the chosen range of walking and running 

speeds. 

CONCEPTUAL ISSUES 

The conceptual issues facing any form of research in Human Movement 

are concerned, firstly, with methodology and secondly with specific 

issues associated with the frequently mentioned "integrative 

approach ". 

In most cases both philosophical and scientific (empirical) methods 

are used. The former allows logical consequences to be traced and 

rational arguments to be developed on the basis of existing facts . 

The latter involves the collection of new data in order to test the 

research hypotheses which have been established for any particular 

investigation. A combination of the two methods is apparently most 

appropriate and lends i tself in part to the provision of s olutions to 

the problems associated with the integrative approach, as well as 

providing the bes t means of elucidating the problems posed in the 

research hypotheses . 

The methodology of this study is staunchly fixed in the integrative 

approach required in the conceptual model proposed by Charteris et 

al. (1976) . Human Movement, in any form, in terms of the focus of 
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this conceptual model is "incompletely and unsatisfactorily 

elucidated when studied, however meticulously, from the stand-point 

of only one of the physical, biological or social sciences." 

<Charteris et al. 1976) . 

This integrative approach is not, however, without problems . It poses 

problems for the scholar who can no longer be restricted by the 

defined boundaries of contributary disciplines within which to study 

separate aspects of human existence, for they are not separate in 

this real life situation. It poses problems too for the writer, for a 

single temporal dimension is implicit in the act of communication and 

the attempt is to communicate a multi-dimensional rapid succession of 

events. Nothing can be done but to present one concept and then the 

next, one section and then the next and trust that the readers' 

growing awareness elicits for him the synthesis into a 

multi-dimensional whole <Whiting 1975). 

RESEARCH HYPOTHESES 

The following research hypotheses were developed for investigation: 

1) That there is no difference in the speed at which subjects change 

from a walk to a run at the walk-to-run interface, and from a run 

to a walk at the run-to-walk interface. 
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2) That the use of relative speed reduces the variability in the 

speeds at which subjects change from a walk to a run at the 

walk-to-run interface , and from a run to a walk at the 

run-to-walk interface when compared with the variability in speed 

at the same interfaces for absolute speed . 

3) That there is no difference between walking and running at the 

walk-to-run interface in the following categories of variables: 

al kinematic 

bl physiological 

c) psychological (perceptual) 

The above hypothesis was applied to all the measured variables 

in these three categories: 

i) KINEMATIC: Stride length, cadence 

iil PHYSIOLOGICAL: oxygen consumption (ml /kg/minl and efficiency 

of movement (/.) . 

iii) PSYCHOLOGICAL: Ratings of perceived exertion. 

4) That the use of relative speed reduces the inter-subject 

variability in the selected kinematic, physiological and 

psychological parameters during walking and running. 
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5) That there is a linear relationship between oxygen consumption 

and velocity of locomotion across the interface between walking 

and running when the velocity is made relative to the morphology 

of the individual. 

STATISTICAL HYPOTHESES 

1) 

Ho; ..Uwr = ...Urw 

Ha: ..Uwr ~ )Jrw 

where ...Uwr is the mean speed for 11 subjects at the walk-to-run 

interface. 

2) 

»rw is the mean speed for 11 subjects at the run-to-walk 

interface. 

Ho: ..Urcv = )Jacv 

Ha: ..Urcv ; Pacv 

where ..Urcv is the coefficient of variation for speed <km/hr and m/s) 

for all relative speed methods (st/s, v/(in, 11/s, fl/s). 

)Jacv is the coefficient of variation for speed using absolute 

speed (m/s). 
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3} 

Ho: )Jfc = JJf 

Ha: )Jfc I )Jf 

where )Jfc is the mean for the "free choice" movement patterns at the 

walk-to-run interface and run-to-walk interface. 

4) 

)Jf is the mean for "forced" movement patterns at both the above 

mentioned locomotor interfaces . 

Ho: JJw = JJr 

Ha: )Jw 1 JJr 

where )Jw is the mean inter-subject variability for walking in each of 

the three categories of variables. 

)r i s the mean inter- subject variability for running in each of 

the three categories of variables. 

DELIMITATIONS 

Eleven male caucasian Physical Education students volunteered to 

participate in this study. The subjects were required to visit the 

laboratory on six different occasions. For those subjects who had had 

no previ ous experience in treadmill walking and running an additional 
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visit was a prerequisite for further testing. During this visit they 

underwent a period of treadmill habituation. 

With the exception of anthropometric measurements all testing was 

done on a Quinton Model 643 motor driven treadmill. The 

anthropometric measurements taken on each subject were as follows: 

stature, sitting height , foot length, body mass, and two skinfold fat 

measurements; a subscapular skinfold and a thigh skinfold. 

The treadmill testing involved firstly a test of maximal aerobic 

capacity <V02 max test), secondly an interface speed test where each 

individual's walk-to-run and run-to-walk interfaces were determined, 

and finally 49 4-minute walking and/or running conditions were done 

incorporating 5 speed methods namely; absolute speed, statures/s, 

v/fgh as developed by Alexander (1976), leg lengths/s and foot 

lengths/s. During the test of maximal aerobic capacity and all the 

walk-run conditions the following physiological data were collected 

using a computer aided on-line system: 

V02 (1/min)' ~02 (ml/kg/min), vco2 (1/minl' Respiratory exchange 

• • • 
ratio <R), VI (1/min), Vf <breaths/min), and Vt (1/breathl. 

In all the treadmill tests walking and running cadence was counted in 

steps per minute and ratings of perceived exertion obtained using the 

Borg scale. 
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LIMITATIONS 

There are limitations to all research projects in which human 

subjects are used (Boring 1969). One of the most common and broadly 

categorized limitations is that what is "ideal" is not always 

practical and what is most practical is not always ideal . Clearly 

then, a compromise between what is "ideal" and what is practical in 

obtaining acceptably accurate and reliable results must be reached. 

In keeping with this contention the following were considered to be 

the limitations of this study: 

The number of subjects (11) constit utes a limitation in that the data 

are insufficient to generate any conclusive results with respect to 

trend and factor analysi s . 

That all subjects were Physical Education students may be considered 

to be a biased selection of subjects from which to generate data. 

These students tend to be physically better conditioned than others. 

Responses to exercise are known to differ between fit and unfit 

people. A more diverse range of "fitness" levels in the subjects 

tested may have led to a more complete understanding of the problem. 

Due to the fact that such small increments in speed over the 

experimental range of speeds were chosen it may be that the 

sensitivity of the on-line analysis system was inadequate to 

accurately reflect these changes. However the fact that each subject 

performed 49 walking and/or running conditions should mean that the 
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mean r esponses to these conditions will sufficiently reflect the work 

done during each 4-minute condition. 

Subjects worked at varying times during the day and were exposed to 

differi ng environmental conditions. 

mild variations in environmental 

Diurnal variations 

conditions may 

coupled with 

have affected 

performance responses (Astrand and Rodahl 1977, McArdle et al. 1981). 
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CHAPTER TWO 

REVIEW OF LITERATURE 

MORPHOLOGY AND LOCOMOTION 

Tall and short people adopt different locomotor strategies when walking 

at the same absolute velocities. The taller people generally are capable 

of larger stride lengths than the shorter people and therefore take 

fewer steps than shorter people at any given speed. In order for the 

shorter person to maintain the same cadence he must use an exaggerated 

stride length. From whichever point of view one examines this problem, 

it appears that the shorter person would have more difficulty 

maintaining a comfortable gait pattern at any given absolute velocity 

than a tall person. Certainly the kinematics of locomotion differ 

according to stature for absolute walking speeds CMurray et al. 1964). 

In many studies (Taylor et al. 1970, Alexander 1976, Alexander 1977, 

Heglund et al . 1982) where morphology has been re lated to locomotion it 

has been clearly indicated, for a variety of species, that body length 

(stature) plays a role in both the mechanics of locomotion and the 

physiological response to the locomotor task. Several attempts have been 

made to account for the effects which morphology have on these groups of 

factors. Initially Grieve and Gear (1966) recognised the significance of 

stature in modifying the kinematics of locomotion and developed the 

concept of relative speed to equalise velocity on the basis of stature . 
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Since then, not only have additional relative speed equivalents been 

developed, but researchers have used relative speed to equalise 

locomotor conditions between subjects for the purpose of kinematic or 

rehabilitative analyses as well as to enable physiological assessment 

<Das and Ganguli 1979, Wall and Charteris 1981, Charteris 1982). 

All ometric principles serve to introduce the relationship between form 

and function {Goslin 1985). There exists between different parts of an 

organism definite relationships such that if one structure changes, 

others will also change by amounts depending on the relationship 

<Harrison et al. 1977). Body surface area and cross-sectional area of 

muscle are proportional to linear size raised to the second power, while 

volumes are generally proportional to linear size raised to the third 

• power <Astrand and Rodahl 1977). Length, area, and volume are related, 

in the same way, to the dynamics of muscular contraction and the 

supporting cardio-respiratory system <Goslin 1985). As a result of these 

relationships, generally speaking the taller and heavier person is at a 

disadvantage when it comes to acce lerating his body mass. 

Leg length is an important linear measure related to locomotion. The 

correlations between leg length and stature are very high, ranging 

between r = 0.99 and r = 0.864 (Rosenrot et al. 1980, Harrison et al. 

1977). Measurement of leg length has provided some difficulty in that 

there are differing views about what actuall y constitutes leg length. 

However because of the ease of measuring stature and the high degree of 

relationship between stature and l eg length, it has been suggested that 
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stature be used, rather than leg length, in equating the relative 

velocities of individuals of differing linear dimensions (Rosenrot et 

al. 1980). 

The relationship between leg length and the energy cost of locomotion 

has been explored by a number of authors. Stature was shown by Wyndham 

and Heyns (1969) to be only a minor determinant of the oxygen 

consumption in walking and running. However, Wyndham et al. (1971) in a 

study of the energy cost of treadmill and overground walking, found that 

body mass accounted for 801. of the variance in oxygen consumption 

between subjects and that stature and leg length were only very slightly 

negatively related to energy cost. Van der Walt and Wyndham (1973) 

suggested that differences in stature have no significant influence upon 

the energy cost of walking but that such differences significantly 

influence the energy cost of running . These authors found that 

differences in stature accounted for 21. of the inter-individual 

variation in oxygen consumption at any given running speed (2 . 22 3 . 57 

m/s). The same authors developed prediction equations for the energy 

cost of walking and running partially based on morphology. The major 

determinants were body mass and velocity. Cotes and Meade (1960) 

identified that the vertical lift per step was a function of leg, foot 

and step lengths. However Dean (1965) found that ankle flexion was more 

important than either foot or leg length in contributing to this 

vertical lift. 
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Stride length-leg length relationships were examined by Hogberg in the 

early fifties (1952a and 1952bJ. These investigations indicated that 

stride length increased al most linearly with velocity in two subjects 

running at speeds between 2.22 m/s and 8. 31 m/s. Stride length appeared 

to be significantly related to leg length at speeds between 2 . 22 ~Is and 

7.48 m/s. Irrespective of this relationship, Hogberg concluded that it 

was leg drive and not the length of the legs which made the greatest 

contribution to increasing stride length during fast running. In direct 

contrast to these early works, Cavanagh and Williams (1982) found that 

there was no relationship between stride length and leg length in 

runners while running on a treadmill above and below their preferred 

stride length. Leg length may however be an important determinant of the 

efficiency of locomotion (Caterisano and McMurray 1982). 

During free walking, stature and stride length appear to be directly 

related in that short men tend to take shorter strides than tall men 

(Murray et al . 1964). The effects of stature on the energy cost of 

locomotion are not clearly defined. Oxygen uptake has been seen to be 

proportional to gross body mass and was only slightly influenced by 

stature (Miller and Blyth 1955). Wyndham et al. (1967 and 1971) found 

that stature was negatively correlated with vo2 max but only 3/. of the 

variability in maximum values could be attributed to height. 

In contrast to these findings a number of researchers have reported a 

direct relationship between stature and the energy cost of locomotion 

(Goslin 1985). Williams et al . (1966> found that tall men performed a 
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variety of work tasks more efficiently than short men. Wyndham and Heyns 

<1969) found that stature was negatively correlated with maximal oxygen 

uptake and accounted for 4/. of the difference between individuals. 

Daniels and Oldridge (1971) examined the effects of training on growing 

boys . They found that maximal oxygen uptake did not change but that 

there was a 12.51. reduction in submaximal oxygen consumption. It was 

suggested that growth (much of it in leg length) could explain the 

improved economy. 

Reference has been made in the literature to the fact that energy 

expenditure and gross body mass are significantly correlated during 

walking and running <Durnin and Namyslowski 1958, Wyndham and Heyns 

1969, Wyndham et al. 1971). The correlation between body mass and oxygen 

consumption at any given running speed was found to be between r = 0 . 76 

and r = 0.96 (Wyndham et al. 1971). Wyndham et al. (1963) reported that 

gross body mass is the major determinant of oxygen consumption when men 

lift their body weight against gravity. Wyndham et al. (1971) suggest 

that oxygen consumption at any given speed is linearly related to body 

mass. Body mass therefore appears to be the most important determinant 

of oxygen consumption at any given speed of progression <Erickson et al. 

1946, Wyndham et al . 1971, Vander Walt and Wyndham 1973) . However as 

soon as oxygen uptake is expressed as a relative term, per unit of body 

mass {ml02/kg/minl, individual variations are for all intents and 

purposes eliminated <Mayhew 1977, McArdle at al. 1981). 
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Body composition is a factor which in relation to oxygen consumption 

must be taken into consideration. Fat tissue adds mass to an individual, 

which must also be moved, but is not metabolically active mass (Goslin 

1985). Young sedentary males tend to have between 12% to 18% body fat 

<Wilmore and Brown 1974, Wells and Plowman 1983). Activity tends to 

reduce adipose deposits, and the amount of fat which individuals 

performing different tasks carry differs according to the task which 

they perform. Males and females of necessity tend to possess differing 

amounts of body fat. Young sedentary females have from 22% to 28% body 

fat on average <Wilmore and Brown 1974). This sexual difference has 

provided information to the effect that the energy cost of locomotion is 

higher in females than in males; 78Y. trained and lSY. untrained subjects 

(Sparling and Cureton 1983). 

There are several other morphological factors which influence the 

relative energy cost of locomotion and which differ between males and 

females . These include the structure of the pelvis and iliofemoral 

ligaments, femoral convergence, leg mass to body ratio and thigh fat 

deposition. 

Just as in man several factors affect the velocity and mechanics of 

locomotion as well as the physiological response to given locomotor 

tasks, the same is true for quadrupedal and bipedal terrestrial animals. 

The major factor which affects the latter groups of animals is body 

length <Alexander and Jayes 1980). If meaningful comparisons are to be 

made between animals of different sizes, an appropriate non-dimensional 
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parameter is needed to serve as a criterion for physical similarity 

(Goslin 1985>. The Froude number, which applies to any situation where 

inertia and gravity interact, is useful in this respect and assessments 

of speed, made relative to stature in this way, have been used to 

examine the gait characteristics of people (Alexander and Jayes 1980) as 

well as prehistoric animals. 

The idea of setting the speed of locomotion relative to stature in order 

to "normalise" gait characteristics in humans was introduced by Grieve 

and Gear (1966). They developed relationships between velocity, cadence, 

swing time and stride length in children and adults . Grieve (1968) 

compared males and females at the same relative speeds and found that 

the relationship between cadence and relative speed was best described 

by a power-fit curvilinear regression and that for an individual this 

relationship was stable. The duration of swing was found to be related 

to cycle time and stature and it, too, was very stable within an 

individual (Goslin 1985>. 

Rosenrot et al. (1980> found for males that at self-selected slow, 

comfortable and fast overground walking speeds stride time was more 

highly related to relative speed (leg lengths/sl than relative speed 

(st/s) or absolute speed. Charteris et al. (1982) showed that the 

relationship between stride length and relative speed during walking 

(0.4 to 1. 0 st/s) was linear. 

In a study involving 17 young male subjects running overground at slow 

through maximum speeds cadence was seen to be linearly related to 
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relative speed. Similarly the energy cost data indicated a single linear 

relationship between relative speed and energy cost per kg body mass. 

Relative speed has also been used to habituate subjects to treadmill 

walking CWall and Charteris 1980,1981>. Habituation was required to 

reduce the variability in the angular kinematics and temporal aspects of 

human gait. 

Walking speeds have been classified and qualitative definitions given to 

each group in terms of the relati ve speed CCharteris et al. 1982 and 

Charteris 1982). The following is a list of these relative speed 

classifications: 

very slow 0. 3 st/s 

slow 0 .4-0 .6 st/s 

slow medium 0.7 st/s 

medium 0.8-1.0 st/s 

medium fast 1.1 st/s 

fast 1.2-1.4 st/s 

very fast 1. 5 stls and up . 

Relative speeds of less than 0.3 st/s and greater than 1.6 st/s are 

considered to be outside the r ange of speeds in which "normal walking" 

occurs . Based on data from many empirical studies "preferred speed" was 

described as 0.85 st/s, where "preferred speed" was that speed freely 

chosen by the individual . 
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The use of st/s as a means of "normalising" human gait has tended to 

dominate the literature to date. However, Alexander (1984> suggests that 

a dimensionless ratio in the form v/lgfi best suits empirical 

relationships which apply to systems of different sizes. <Where v = 

velocity (m/sl; g = gravity (m/s squared) and h =stature (m). He 

suggests that the use of this dimensionless ratio accounts for more 

diverse ranges in stature than st/s alone. Regardless of which relative 

speed method is used, comparisons between the gait characteristics of 

individuals should be done using relative speed, taking linear dimension 

into account, rather than having subjects walk or run at absolute speeds 

(Grieve and Gear 1966, Alexander 1977, Charteris 1982). 

THE MECHANICS OF WALKING AND RUNNING 

"Human movement is the result of a network of causation which 

encompasses man's biophysical, physiological, psychological and 

conceptual being. Human locomotion is no less complex. Form and function 

interact intricately with intentionality to produce the locomotor 

versatility we take for granted" <Goslin 1985). 

Fenn (1930) was one of the founders of research which attempted to 

integrate the mechanics and the energetics of locomotion. Steindler 

(1935) suggested that horizontal locomotion requires that work be done 

vertically (against gravity), horizontally (to maintain momentum), and 

also to swing the multi-segmented pendulum of the leg. 
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Six major determinants of gait have been identified; pelvic rotation, 

pelvic tilt, knee and hip flexion, knee and ankle interaction and 

lateral pelvic displacement (Saunders et al. 1953>. The extent to which 

each of these determinants contributes to a particular gait pattern is 

not fully understood. During straight, level walking at a constant 

cadence, energy expenditure is divided equally between rhythmic 

oscillations of the legs and elevation and depression of the body's 

centre of gravity. The knee primarily absorbs energy while the ankle and 

hip do more positive and negative work. Energy transfer and storage are 

important factors <Saunders et al. 1953>. 

Increases in the velocity of locomotion can be achieved in one of three 

ways and tend to be a function of step frequency and stride length. The 

three means of increasing locomotor velocity are as follows: 

1l by increasing the number of steps taken each minute (step frequency) 

2) by increasing the distance between steps (step length) 

3) by increasing both the length and the frequency of stepping <McArdle 

et al. 1981). 

Increases in speed are usually induced by increases in stride length, 

with little or no change in step frequency (Astrand and Rodahl 1977). 

Joint angle changes appear to be related to stride length changes, and 

the changes in joint angle are linearly related to power output in 

sprint running <Fukunaga et al. 1981). 

- 24 -



The stride length-speed relationship is linear for both walking 

<Charteris et al. 1982) and for running (Knuttgen 1961). During fast 

running stride length is long and cadence low with a high knee lift. 

McArdle et al. (1981) showed that when running speed was increased, 

stride length increased by as much as 83%. In additional research the 

same authors reported that by doubling the running speed from 2. 77 m/s 

to 5.54 m/s, the stride length was increased by 85%, with only a 9% 

increase in stride frequency. Increases in stride length appear to be 

the primary means by which people increase locomotor velocity, 

particularly at speeds greater than 2.77 m/s. Increases in stride length 

can be achieved in three ways <Hogberg 1952). 

1) by extending the lower leg 

2) by increasing the angle of the thigh in the sagittal plane 

3) by using a more forceful leg drive. 

The first of these three procedures is uneconomical because the body's 

centre of gravity takes longer to reach a point in front of the forward 

most foot, a position which is necessary to allow the front foot to 

thrust backwards relative to the floor thereby providing a propulsive 

force in the direction of the desired progression. The second procedure 

generally results in an exaggerated lateral oscillation of the pelvis 

which requires a large compensatory shoulder oscillation <Goslin 1985>. 

Increasing stride length by increasing the force of the leg drive has 

proved to be the most efficient of these three suggested methods 
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(Hogberg 1952) . Foot contact time decreases with increasing speed 

(Cavagna et al . 1976) implying that the contractile components play a 

pr ogressively less important role as speed increases. 

The relationship between leg length and stride length is not a clear-cut 

issue <Goslin 1985). During free walking stride length is apparently 

directly related to stature in that short people tend to take shorter 

strides than tall people (Murray et al . 1964). The literature reports 

conflicting evidence regarding this relationship in that Hogberg (1952a) 

reports a significant relationship between leg length and stride length 

for speeds between 2.22 m/s and 7.48 m/s. In contrast to this, Cavanagh 

and Williams {1982> found no relationship between leg length and stride 

length when investigating distance runners . 

The effects of changes in the energy cost of performing a task with 

changes in stride length and cadence have been well documented. However, 

there are conflicting views on the contributions of stride length and 

leg length to variations in oxygen consumption during walking and 

running . Van der Walt and Wyndham {1973) found that the latter two 

factors accounted for only 2h of the variance in oxygen consumption 

during free running , while in other investigations individual variations 

in oxygen uptake have been seen to be unrelated to stride length 

<Booyens and Keatinge 1957, Kram et al. 1985). Under-striding and 

over-striding result in more than optimal energy cost values for 

running. There are, both for walking and running , optimal stride lengths 

which minimize the energy cost and tend to be those freely chosen by 
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individuals (Knuttgen 1961, Cavanagh et al. 1978, Cavanagh and Kram 

19831 . McArdle et al. (19811 suggest that over-striding is more "costly" 

than under-striding at any given velocity, although both will tend to 

result in less than optimal efficiency. This decreased economy with a 

greater than optimal stride length was felt to be a function of 

increased vertical oscillation of the centre of gravity (Cavanagh and 

Williams 19821. On the other hand, under-striding is less efficient 

because the capacity of the muscles to recover sufficiently between 

strides is limited as a result of the increased stride frequency <Burke 

and Berger 1976). 

Shields (1982> found that a stride length equal to 801. of total leg 

length was more efficient than a stride length equal to only 60 or 701. 

of leg length . These findings tend to augment those of McArdle et al. 

(1981) who suggested that it was less efficient to adopt a stride length 

shorter than that freely chosen by the subject at any given speed. 

Competition walking provides some interesting data regarding the 

.relationship between stride length and energy cost. Unlike running where 

there is no period of double support, competition walking requires that 

the back foot remain on the ground until after the front foot makes 

contact <Broer 1966). Thus, lengthening the stride becomes an 

ineffective means of increasing speed in competition walking <McArdle et 

al. 1981). Due to this standardisation of style in competition wal king, 

additional energy must be expended to enable the trailing leg to move 

forward very rapidly, this requires a corresponding but opposite 
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involvement of the trunk and arm musculature as well as a corresponding 

forward rotation of the pelvis. This style allows walkers to attain 

horizontal speeds of up to 4.05 m/s (14.6 km/hr), speeds -far in excess 

of those attainable during "normal walking" (Menier and Pugh 1968, 

McArdle et al . 1981). At these high speeds, because of the nature of the 

relationship between oxygen consumption and walking and running speeds, 

it would be far more economical to run than it would to walk, but the 

nature of the event stipulates a walking pattern (Menier and Pugh 1968>. 

Stature may be related to the energy cost of locomotion. Slocum and 

James (1968) showed that a short legged runner using a rapid cadence 

compared with a long legged runner with a slow cadence will be less 

efficient at the same velocity. Cadence also appears to affect the 

energy cost of locomotion. Some investigators found that cadence 

increases linearly with velocity during walking, but does not change 

much at all during running (Ogasawara 1934, Knuttgen 1961). Grieve 

(1968) found that when cadence and relative speed are related during 

walking, a power-fit curve best describes this stable relationship. 

Energy cost is minimized during movement at freely chosen cadence 

<Zarrugh 1981). This optimum depends upon cadence being directly 

proportional to step length. Zarrugh et al. (1974l found that optimal 

energy expenditure occurred when the step length to cadence ratio was 

0.007 m/step/min . 

For many relationships which include the energy cost of performing a 

task there are energetic minima or "optimal phenomena" (Cavanagh and 
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Kram 1985). Hagberg et al. (1981) proposed some reasons for the 

existence of these "optimal phenomena" in movement tasks; a lot of their 

work referred to cycling, but in terms of the frequency of limb movement 

the principles are the same as those for cadence during walking and 

running. They suggested that above preferred pedal speed the muscle 

fibre recruitment rate was increased and below preferred pedal speed 

more force per pedal stroke was required. At both above and below 

preferred speed oxygen uptake, lactate, respiratory exchange ratio and 

minute ventilation were higher; muscle fibre type may be another 

influential factor. It is suggested that the predominant use of 

slow-twitch fibres at rapid pedal rates may require a substantial 

increase in energy expenditure <Suzuki 1979). This is related to the 

fact that slow-twitch fibres become glycogen depleted first, thus the 

slow-twitch group must call upon less economical fast-twitch fibres at 

higher speeds <Goslin 1985) . 

The amount and type of work done and the way in which the work is 

accomplished has proved to be a contentious issue over the years. 

Winter, in his several publications <1978a, 1979a, 1982a, 1982b> has 

attempted to outline the concept of work in some detail, and how it is 

related to human locomotion . The work done during locomotion is 

substantial and energy is transferred from one part of the body to 

another <Goslin 1985) . Winter <1978a) amongst other classifications of 

work, refers to internal and external work. Internal work refers to the 

mechanical work done to move the body segments through the desired 

pattern to accomplish a given movement. External work is the mechanical 
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work done by the body on an external load. The total work done by the 

body is therefore the sum of the internal and external work <Winter 

1982a). The only external work done during locomotion on the level is 

that necessary to overcome air and ground friction. This implies that 

most of the work done during locomotion at 01. grade comprises internal 

work. The measurement of the total work done therefore requires the 

summation of the potential, kinetic and rotational energies of each of 

the segments of the body <Winter 1982a). The importance of internal work 

can be illustrated by research done by Kaneko et al. (1979). They found 

that as cadence increased, internal work increased from 0 . 5 to 2.0 

kcal/min whi l e external work decreas ed from 2.7 to 1.7 kcal/min. Power 

output and the work done during locomotion are of necessity related. 

Cavagna et al. (1977) found that the total power output during 

locomotion is a linear function of velocity . Horizontal power output is 

a function of the velocity of movement squared <Astrand and Rodahl 

1977). 

Work done during locomotion includes the forces involved in the movement 

task. Investigations of the forces involved in locomotion show that 

horizontal power output increases progressively with increases in speed, 

but that vertical power output remains constant or even decreases 

!Goslin 1985l. As the speed of running increased from 3.9 to 9.3 m/s 

Komi and Bosco <1978) showed that the change in the displacement of the 

centre of gravity decreased from llcm to 4cm. Cavagna and Margaria 

<1966) examined the horizontal and vertical force output during 

overground walking. They found that work due to velocity in the 
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horizontal direction increases progressively with speed, but vertical 

work stays constant . They also found that forward work is greater in 

walking than in running at the same speed and speculated that this was 

due to extra isometric work done while walking. 

The compensatory activity of the upper limb movement during walking and 

running is fundamental to efficient performance of these tasks. Arm and 

shoulder movements increase as the speed of walking increases to 

counteract pelvic oscillations and leg movements <Menier and Pugh 1968>. 

Hinrichs and Cavanagh (1983) found that the arms contribute very little 

angular momentum about the transverse or anterior-posterior axes but 

they contribute substantially about the vertical axis during running. 

The arms counter the effect of leg angular momentum in the opposite 

direction. These authors noted substantial variations in arm 

contribution to angular momentum which could account for part of the 

variance in efficiency. 

The specific actions of the musculature of the legs in particular during 

walking has provided some interesting data. Van der Straaten et al. 

(1975) examined the electromyographic activity of quadriceps, hamstrings 

and gastrocnemius during overground walking. These authors showed that 

the muscles demonstrated the same patterns at all speeds (0.55,1.39,and 

1.94 m/s), but at 0.55 m/s there was greater muscular activity during 

the stance phase of the walking cycle and at 1.94 m/s muscular activity 

was greater during the swing phase. Muscular activity at 1.39 m/s 

appeared to e xh ibit an optimal balance between intrinsic and extrinsic 
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forces while there was considerable inter-subject variability in the 

patterns of muscular activity at 0.55 m/s and 1.94 m/s. These variations 

may also contribute to often marked inter-subject variations in economy 

and efficiency <Goslin 1985). 

Wi t h the growing use of the treadmill as an experimental tool for 

evaluating locomotion (Shields 1982>, the question often arises as to 

whether the results obtained from treadmill studies can be directly 

applied to and/or compared with the results obtained from studies 

evaluating overground locomotion . Several investigations have shown that 

no significant difference in oxygen consuaption exists between 

overground and treadmill running at least up to a speed of 4.33 

(15.6 km/hr) <Bobbert 1960, 11/yndham et al. 1971, Dal Monte et al. 

McArdle et al. 1981). However the above suggestions are based on 

m/s 

1974, 

the 

assumption that wind/air resistance is equal for both treadmill and 

overground running. Investigations concerning the effects of air 

resistance have shown that there is a significant increase in oxygen 

consumption with increases in air resistance <Dressendorfer 1979, 

McArdle et al. 1981, Daniels 1985) . Depending on running speed, 

overcoming air resistance accounts for 3.6/. to 9/. of the total energy 

requirement for running in calm weather <McArdle et al. 1981> . It 

follows therefore, that as the air resistance increases, the oxygen cost 

of running at a given speed increases proportional l y . The magnitude of 

the effect of air resistance upon the energy cost of locomotion varies 

with three factors : 1) the density of the air, 2> the body surface area 

of the runner, and 3) the square of the wind velocity <McArdle et al. 
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1981). Pugh (1970) reports that the slope of the oxygen 

consumption-speed relationship was much steeper for overground than for 

treadmill running. The coefficient of variation for oxygen consumption 

was significantly greater for road walking than for treadmill walking 

(24/. and 14/. respectively) <Wyndham et al. 1971>. This reflects the 

inter-subject variance in oxygen consumption for the two modes. 

Variations in the kinematics of locomotion have been observed between 

initial treadmill running and overground running (Cavanagh and Williams 

1982). For example, treadmill running was characterised by longer 

support times, lower vertical velocity and less variable vertical and 

horizontal velocities <Goslin 1985). Support time was shorter in 

overground locomotion and cadence was higher <Nelson et al. 1972>. 

Walking at various relative speeds tended to reverse these patterns 

<Taves et al. 1985). They found that cadence was greater on the 

treadmill, and that there were some kinematic differences between the 

two modes of locomotion during double support and during the early and 

late parts of the swing phase. These discrepancies are however to a 

large extent eliminated following habituation to the treadmill <Wall and 

Charteris 1981>. In fact, following such habituation, the energy cost of 

treadmill running is highly correlated to the energy cost of normal 

running in conditions of minimal air resistance. 
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THE LOCOMOTOR INTERFACES 

It is generally and correctly understood that, as a means of locomotion, 

walking is suitable for slower speeds up to a certain limit which 

differs from individual to individual, whereas running is more suitable 

for higher speeds (Ogasawara 1934). The average man cannot sustain 

normal walking at very high speeds, nor can he execute the normal 

movements of running at very slow speeds (Ogasawara 1934). The muscular 

mechanisms of the body are adapted to run instead of walk when higher 

speeds are required, and to walk instead of run at slower speeds (Broer 

1966). 

Oxygen consumption is directly related to the mass of active muscle 

tissue involved in exercise and both of these determine the dynamics of 

the cardiovascular response to exercise <Lewis et al. 1983). Oxygen 

consumption increases as the velocity of locomotion increases. Early 

researchers <Ogasawara 1934, Knuttgen 1961) reported this relationship 

to be linear for walking and a power-fit relationship for running. 

However, more recently most investigators have reported the opposite 

• results (Astrand and Rodahl 1977, McArdle et al. 1981). The oxygen cost 

of walking has been seen to be curvilinearly related to velocity, in 

such a way that the oxygen uptake increases as a function of velocity 

squared. Generally speaking the energy cost of running has been found to 

be linearly related to the speed of movement <Ogasawara 1934, Menier and 

Pugh 1968, Mayhew 1977, Fukunaga et al. 1980). 

- 34 -



Ralston (1958>, investigating the energy expenditure of walking at 

various speeds found that a »natural" or "comfortable" speed of walking 

corresponded to an optimal speed which required minimum energy per unit 

distance walked. Furusawa et al. (1924) and Ogasawara (1934) observed 

that the energy expenditure for walking was greater than that for 

running at high speeds. The lines relating energy expenditure to 

velocity for walking and running intersect at about 2.22 m/s (8 km/hrl 

CHenier and Pugh 1968, Kagaya 1976>. This implies, and concurs with data 

obtained from Furusawa and Ogasawara (1924, 1934>, that walking is more 

economical than running at speeds slower than 2.22 mls, but that running 

is the more economical form of locomotion at speeds faster than 2.22 
. 

m/s. Van der Walt and Wyndham (1973} and Astrand and Rodahl C1977l have 

also reported that this intersection poi nt occurs at about 2.22 m/s. 

Other studies have however, reported different speeds at whi ch this 

"metabolic intersection point» occurs: Bobbert <1960> and Daniels (1985) 

quote 1.99 m/s (7. 2 km/hrl as being the intersection speed; Shields 

C1982l suggests a speed of 2.13 m/s C7. 7 km/hrl, and Shephard <1969> 

refers to a speed as high as 2.47 m/s (8.9 km/hrl as being the speed at 

which the intersection occurs. Kagaya (1976) reported the "metabolic 

intersection speed" to occur at 2.15 m/s (128.9 m/min ± 6.01}. Noble et 

al. (1973>, on the other hand, suggest that this intersection occurs at 

2.22 m/s which compares extremely favourably with the speed at which 

Candler (1986) r eported the walk-to-run interface to occur (2.22 m/sl. 

Noble et al. (1973}, however, used heart rate as an indicator of 

metabolism, whereas the majority of studies to date have used oxygen 
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consumption as an indicator of metabolism. The differences appear to 

reflect, as do so many measurable responses to exercise, the fact that 

there is a large inter-subject variation in the point at which the 

"metabolic intersection speed" occurs. McArdle et al . (1981) recognise 

the fact that inter-individual differences in the location of the 

intersection point do exist, and suggest that running becomes more 

economical at speeds between 1.94 m/s and 2.49 m/s (7 and 9 km/hr 

respectively). Kagaya 11976) suggests that the "metabolic intersection 

speed " lies between 2.0 m/s and 2 .33 m/s for ordinary male subjects. 

This range is slightly higher than that suggested by McArdle et al. 

11981) , but nevertheless acknowledges the fact. that there is 

inter-individual variation which affects the location of this interface 

speed. Candler 11986) reported that the run-to-walk interface speed 

occurred at 2.05 m/s which is a slower speed than that at which the 

"metabolic intersection speed" occurs. In addition to this, he suggests 

that the use of oxygen consumption as a means of locating the locomotor 

interfaces creates a false impression in that the energy cost curves 

tend to imply a single interface speed. The intersect ion point between 

the energy cost curves appears to closely reflect the position of the 

walk-to-run interface, however, the run-to-walk interface speed occurs 

at a significantly slower speed and is therefore apparently non-existant 

when the energy cost curves are used as a means of locating the 

locomotor interfaces. 

There is however, a range of speeds either side of the "metabolic 

intersection point" within which normal walking and running are possible 
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although several investigators have suggested that running is more 

economical at these speeds (Benedict and Murschhauser 1915, Ogasawara 

1934). When the speed of movement is essentially the same, the 

differences in the energy cost for walking as compared to running range 

from approximately 4Y. at a speed of 2.01 m/s (7.4 km/hr), to 15/. at 2.52 

m/s (9. 1 km/hr) and 201. at 2.88 m/s (10.4 km/hr) (Ogasawara 1934). These 

data suggest that it may be more costly in terms of energy expenditure 

to run at a speed of 3.88 m/s (14 km/hrl than it is to walk at a speed 

• of 2. 77 m/s (10 km/hrl (Astrand and Rodahl 1977). 

Several reasons have been proposed for the increased oxygen requirement 

of walking at speeds in excess of 1.94 m/s to 2.49 m/s (as opposed to 

running at the same speeds) . In the case of running, fewer movements are 

made than in walking although the speed of progression and the total 

distance covered may be the same (Ogasawara 1934). Calculations of the 

actual oxygen required per stride show that at the same speed of 

movement, whether walking or running, each stride necessitates 

approximately the same energy expenditure . In as much as the length of 

stride in normal walking is less than in running (Knuttgen 1961), more 

strides must be taken to maintain the speed and cover the distance, and 

the difference in the oxygen requirement appears to be a function of the 

number of strides taken per unit of distance covered (Ogasawara 1934). 

Furthermore, Benedict and Murschhauser (1915) suggest that the action of 

the arms during locomotion causes a marked Increase in energy 

expenditure . In walking at high speeds the compensatory arm actions 
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become more vigorous in order to counteract the leg action. This 

vigorous, across-the-chest arm action may account for the increased 

oxygen consumption of walking as compared to running during which the 

arm action is less pronounced <Ogasawara 1934). 

Excessive movement of the hips as a result of pelvic oscillation, 

resulting in compensatory -shoulder movement is also characteristic of 

walking at high speeds. The result of this is that large groups of 

muscles are working unnecessarily and the walking becomes less efficient 

<Hogberg 1952>. The common factor which appears to determine the 

differences in oxygen consumption between walking and running at the 

same speed is the amount of the total musculature being utilized. In 

walking the proportion is larger than during running <Ogasawara 1934). 

The increased number of muscular movements are themselves a function of: 

i) the shorter length of stride which necessitates a greater number of 

strides per unit distance. 

ii) the excessive compensatory arm movemen ts across the chest during 

fast walking. 

iii) the exaggerated transverse plane rotation of the hips and 

correspqnding action of the shoulders, and 

iv) the sustained contraction of the muscles of the legs due to the 

straight-leg action; walking degenerates into running by virtue of 

a bent- knee action at high speeds. 
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Strict comparisons of walking and running, in terms of the energy cost 

of these tasks could only be made if the speed of movement was equal, 

and the same length of stride were adopted in each case (Ogasawara 

1934>. In rel ation to these comparisons, Candler (1986) found that, 

despite the fact that the speed of movement was constant (2.22 m/sl, and 

set at the average speed at which the walk-to-run interface occurred, 

oxygen uptake values were essentially the same for walking and running. 

The physiological intensity of the work done at the walk-to-run 

interface speed was reported by Kagaya <1976) as being 64.91. of maximal 

oxygen uptake. This was substantially higher than the relative intensity 

for walking at the "optimal speed" <22% of maximal oxygen uptake). 

The kinematics of locomotion at the interface speeds have been less well 

investigated than the metabolic and respiratory responses. However, 

Candler (1986) reported tha t for walking and running at the speed at 

which the wal k-to-run interface occurred cadence and stride length 

patterns differed significantly. Walking was accomplished by means of a 

large stride length and relati vely slow cadence which induced 

exaggerated pelvic oscillations and compensatory upper body movement. 

Running on the other hand was achieved by shor ter strides and a faste r 

cadence which reduced the pelvic oscillations but increased vertical 

displacement of the centre of gravi ty. Despite these kinemati c 

differences, oxygen uptake was essentially the same for both locomotor 

patterns . 
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In general, there is a large body of literature which suggests that 

running should be the preferred pattern of locomotion at speeds in 

excess of 1.94 m/s to 2.49 m/s (7 km/hr to 9 km/hr), but individual 

preference must be taken into account <Shephard 1969) , Something which 

lends itself favourably to this suggestion is the proposition that for 

walking the limit for purely aerobic exercise is approximately 2.49 m/s, 

whereas for running this limit occurs at about 5.54 m/s (20 km/hr) 

(Margaria et al. 1963, Cavagna and Kaneko 1977). For locomotion in 

excess of these speeds the metabolic demands must be met to a large 

extent by anaerobic sources with the result that there is an 

accumulation of blood and muscle lactic acid which can cause severe 

physiological and psychological stress which limit the duration of the 

activity. 

PHYSIOLOGICAL RESPONSES TO WALKING AND RUNNING 

By definition, one foot must be in contact with the ground at any 

instant during walking (Grieve and Gear 1966l . Walking is probably the 

most common form of regular exercise undertaken by man today, and f or 

the majority of individuals it represents the primary, if not only, form 

of physical activity that falls outside the realm of sedentary living 

<McArdle et al. 1981). 

In contrast, as soon as human locomotion involves an instant when both 

feet are airborne it is defined as running <Broer 1966) . Thus, running 

differs from walking 1n that 1) there is a period of no support and, 2) 
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there is no period of double support (Grieve and Gear 1966) . Defined as 

such, running is today one of the most popular recreational exercise 

activities (McArdle et al. 1981). 

The exact nature of the oxygen consumption-velocity relationships for 

walking and running have been outlined in the previous section. The 

relationship for walking speeds fits an upward concave curve becoming 

almost vertical between 2.22 m/s and 2.49 m/s (Margaria et al. 1963, 

Knuttgen 1961, Manier and Pugh 1968, McArdle et al. 1981). This 

relationship for running is essentially linear (Margaria et al. 1963, 

Manier and Pugh 1968, Van der Walt and Wyndham 1973, Howley and Glover 
. 

1974, Cavagna and Kaneko 1977, Mayhew 1977, Astrand and Rodahl 1977, 

Daniels 1985) , at least up to a speed of 5 .82 m/s (21 km/hr). 

For walking speeds in excess of 2.22 m/s the relationship between oxygen 

uptake and velocity becomes a straight line with a gradient twice that 

of the line representing the oxygen uptake-velocity relationship for 

running (Menier and Pugh 1968). Erickson et al. (1946) conclude, as a 

result of this, that the energy expenditure of walking is a more stable 

function at higher speeds. 

Several studies of walking, running and cycling have indicated the 

existence of an optimal point for an individual in the relationship 

between energy cost and velocity of movement (Goslin 1985>. This 

minimization is reported to generally coincide with the preferred speed, 

cadence, stride length. During walking and running this optimal point 

has been repeatedly referred to in relation to both preferred cadence 
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and preferred stride length <Erickson et al. 1946, Bobbert 1960, 

Cavanagh et al. 1978, Kaneko et al. 1979). This optimal speed of walking 

has been reported to range from 1.11 m/s <Cavagna et al. 1963) to 1.23 

m/s <Ralston 1958) to 1.3 1 m/s <Zarrugh 1981). Leg length appears to 

constitute an important factor in the variation of these -optimal walking 

speeds <Cotes and Meade 1960). Howley and Glover (1974) reported a 

self-selected preferred running speed for men as being 3.25 m/s <11.7 

km/hr, or just over 5 min/kml. 

It has been suggested that the energy cost of walking plotted against 

the square of velocity will produce a linear relationship <Bobbert 1960, 

Cotes and Meade 1960, Knuttgen 1961). Because of this linear 

relationship for running, it follows that the total caloric cost of 

running a given distance is approximately the same whether the velocity 

is fast or slow. This means that the net energy consumption per kilogram 

per kilometer is, in effect, constant and independent of speed <Margaria 

et al. 1963, Van der Walt and Wyndham 1973, Howley and Glover 1974, 

Cavagna and Kaneko 1977, McArdle et al. 1981). This is a function of the 

direct relationship between the time and speed of l ocomotion - if one 

runs at half the speed it takes twice as long to cover the given 

distance as if one increases the speed by half. The energy expenditure 

will remain the same <McArdle et al. 1981). However, in a study which 

included both walking and running <Fellingham et al. 1978), the energy 

cost per distance factor was found to increase with speed. This may not 

have been an entirely valid result because the energy equivalent of the 

excess post- exercise oxygen consumption was added to the exercise 
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energy cost in order to determine the total energy cost for the 

activity. However not all the post-exercise oxygen consumption is 

related to the demands of exercise (Gaesser and Brooks 1984). 

For horizontal running the energy cost 

kilometer travelled is approximately 1 

McArdle et al. 1981). The energy cost 

per kilogram of body weight per 

kCal (Margaria et al. 1963, 

of running can therefore be 

expressed as 1 kCal/kg/min (McArdle et al. 1981), although Howley and 

Glover (1974) suggest a value of 1.43 ± 0.08 kCal/kg/min (0.98 ± 0.08 

kCal/kg/kml. 

Energy expenditure in kCal can easily be transformed into oxygen 

consumption (1/min) in the following way: 

5 kCal = 1 litre of oxygen 

This means for an individual with a body mass of 80 kg, the net energy 

requirement for running 1 km would be about 16 1 of oxygen regardless of 

the speed of movement (Astrand and Rodahl 1977, McArdle et al. 1981). 

Grade walking and running have been found to have a significant effect 

upon the energy cost of locomotion (Goslin 1985) . Most studies report 

that oxygen consumption increases as a direct function of increased 

gradient (Margaria et al. 1963, Shephard 1969). 

Body composition has a significant effect on the metabolic responses to 

locomotion. Lean body mass is an important factor since it is the active 

muscle tissue involved in exercise which determines the oxygen 
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consumption and the cardiovascular responses to exercise (Lewis et al. 

1983). Males tend to carry between 12 to 161. body fat <Pate and Kriska 

1984). Body mass is probably the single most important determinant of 

energy expenditure during locomotion , or for that matter any exercise 

<McArdle et al. 1981). 

Training, in particular endurance training, is something which 

significantly modifies the response to any given exercise task. 

Therefore the responses to locomotion must be altered by training and 

differ between trained and untrained groups of people <Goslin 1985). 

Endurance trained people have smaller increases in muscle and blood 

lactate, a slower rate of glycogen depletion, lower carbohydrate 

metabolism and increased fat metabolism at any given submaximal oxygen 
. 

consumption compared with the untrained <Astrand and Rodahl 1977). 

Hormonal regulation of energy substrate may differ in fit and unfit 

people (Goslin 1985). More highly trained individuals demonstrate a more 

rapid accommodation to exercise than those of lower fitness levels 

. 
(Astrand and Rodahl 1977) . Maximal oxygen consumption tends to be 

increased by training, and submaximal oxygen consumption appears to be 

lowered although the effects of training on submaximal oxygen 

consumption are less well defined. Some studies have shown that 

submaximal oxygen consumpt i on decreases with training (Cotes and Meade 

1959, Margaria et al. 1963), while others have indicated that there is 

no change (Holloszy and Coyle 1984) . 
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Exercise responses differ according to whether the work done is 

sustained largely by aerobic or anaerobic metabolic pathways <Daniels 

1985). In this respect the anaerobic threshold is extremely important. 

<In this case it is assumed that the term anaerobic threshold is 

synonymous with ventilatory threshold since this issue is one of extreme 

controversy). The anaerobic thresholds of trained men and women <79.2% 

and 73.31. of maximal oxygen uptake respectively) are significantly 

higher than those of untrained men and women <66.51. and 58.91. of maximal 

oxygen uptake respectively) (de Mello et al . 1985) . For the same 

locomotor task therefore, trained and untrained people may have 

significantly different responses because of the fact that the former 

may be working at an intensity well below the anaerobic threshold, 

whereas for the untrained person the intensity may be well above his or 

her anaerobic threshold. A knowledge of the intensity of the work being 

performed as well as its relationship to the intensity at which the 

onset of anaerobiosis occurs is essential for comparative purposes 

<Daniels 1985). 

Endurance training increases muscle mitochondria and the activity level 

of mitochondrial enzymes <Astrand and Rodahl 1977) . Furthermore, the 

relative area of the slow-twitch muscle fibres has been shown to 

increase with endurance training (Edgerton 1976). The removal rate of 

lactate is related to the area of slow-twitch muscle fibres, in addition 

to the fact that these muscle fibres utilize lactate as a fuel 

substrate . Endurance training also enhances the lactate formation 

potential of the fast - twitch muscle fibres. This lactate may then be 
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transported to the adjacent slow-twitch fibres where it is oxidised 

{Astrand and Rodah1 1977). 

The muscles themselves play a major role during locomotion primarily as 

a means of transferring energy from one step to the next <Winter 1982b). 

This means that during locomotion various body parts are absorbing 

energy or doing negative work, while others are doing positive work 

{Goslin 1985). The performance of negative work is substantially more 

economical than is positive work <Williams and Cavanagh 1983). Negative 

work economy is related to the fact that muscle fibre cross-bridges can 

develop tension during stretching without the splitting of ATP {Cavanagh 

and Kram 1985) . 

ATP BINDING 

l:JETAC)WENT 

ATP Cl.EAV'MJ 
RESET 

ECCENTRIC I 
STRETCHING ! 

The schematic cycle of tension in skeletal muscle, 
suggesting a mechanism at the level of the cross-bridges 
for reduced energy cost in negative work. ATP is required 
for the detatchment and reset of the cross-bridges in 
concentric work but not in eccentric work <From White 
1977). 
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Winter (1983bl examined ankle and knee energy absorption patterns during 

walking, the results of which help to enhance the understanding of the 

contributions of positive and negative work to movement during the gait 

cycle . He found that the ankle has two power phases, a negative one when 

weight is accepted and a positive one as weight is re leased. The knee 

has four phases during the cycle: negative as weight is accepted, 

slightly positive at mid-stance, substantially negative as weight is 

released and during the initial stages of the swing phase and, finally, 

at the end of the swing phase energy is absorbed. During locomotion the 

ankle and hip do more positive work than negative work. The knee 

primarily absorbs energy and does negative work (Saunders et a l . 1953l. 

Much of the reduced energy cost of negative work has been attributed to 

the process of energy storage by means of elastic recoil in the working 

muscles (Cavagna et al. 1964) . Elastic energy is stored during the 

stretching of the contracted muscle, but this only occurs if positive 

work immediately follows the negative (Asmussen and Bonde-Petersen 

1974) . In order to examine this process of storage of elastic energy 

most of the studies to date have used jumping as the exercise mode and 

force platforms to determine the amount of force applied at various 

stages in the movements (Thys et al. 1972, Asmussen and Bonde- Petersen 

1974, Komi and Bosco 1978). During walking elastic recoil increases as 

the speed of movement increases due to greater stretching of the 

muscles. 
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THE VARIABILITY OF RESPONSES DURING HUMAN LOCOMOTION 

Unlike physical properties of chemicals or some simple organisms where 

function and response may be virtually 100'l. consistent, the human system 

is inherently less stable . This inherent biological variation is most 

likely a consequence of the tremendously complex response patterns to 

any one given stimulus. Thus, attempting to single out one or perhaps 

two major factors contributing to the biological variation is difficult 

(Katch .et al. 1982). Several sources of variation in human responses 

have been identified, some of them such as motivation provide particular 

difficulty in trying to find a solution to the problem because there is 

no way to quantify this motivational aspect other than to acknowledge 

its presence <Katch et al . 1982). Cavanagh and Kram <1985) support this 

feeling by stating that it is not possible to precisely partition this 

variability into particular factors (such as biochemical, biomechanical 

or physiological), because each individual probably has a unique set of 

coefficients for the factors contributing to efficient performance . 

Variability in human responses to locomotion can be divided into 

biological and technological. The former is a very vague classification 

since within it there are numerous subdivisions of factors which could 

effect how variable or not a given response is. In their investigation 

of biological variability in maximal aerobic power, Katch et al. {1982) 

identified these two sources of variability, biological (Si) and 

technological (Se). Their results showed that Si + Se = 5.6'l.. However, 

biological variability accounted for 90'l. of this variability and 
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technological error accounted for less than 10'l.. Taylor <1944) found 

similar results in that of the total variability in response to a 

4-minute submaximal treadmill test followed by an incremental maximal 

oxygen uptake test, 30/. could be ascribed to biological variation and 

less than 1/. to technological error. Henry (1951) also showed that the 

extent of technological error was small in relation to biological error. 

In attempting to clarify the exact components of "biological 

variability" and its contribution to the total variability in human 

responses it may help to examine particular aspects of human performance 

such as the economy of locomotion, efficiency of locomotion, the effects 

of circadian rhythms on performance amongst others in which variability 

is a common factor. 

There are two types of variability in relation to human performance, 

intra-individual variability and inter-individual variability (Daniels 

1985). Both are characterised by different factors. Costill et al. 

(1973) suggest that intra-individual variations in running economy at 

standardised speeds are "random" and of little importance in 

differentiating distance running ability. However, intra-individual 

differences in economy have been reported at a variety of levels. 

Passmore and Durnin (1955) suggested that the coefficient of variation 

<CVJ of economy of walking at a constant velocity was 15/.. Wyndham et 

al. (1971) compared treadmill and road walking, finding that the CV of 

economy on the treadmill was 14/. while on the road the same subjects had 

a CV of economy of 24/.. Daniels (1985) reports a CV of economy for 
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running against a wind as being 18/.. Cavanagh and Kram <1983> reported a 

12 to 17/. CV in economy based on their review of literature. 

In contrast, lower values for intra-individual variations in economy 

have been reported. For example, Pollock et al. (1980) reported values 

for marathon and middle distance runners of 7.31. and 8.3/. respectively. 

Costill et al. (1973> found that the CV of economy differed with changes 

in movement velocity. At 14.5 km/hr it was 4.1/. and at 16 km/hr it was 

3.61.. Daniels <1985) cites such factors as increases in body temperature 

and variations in stride length from day-to-day as being responsible for 

these within-subject variations. A stride length of 80/. of total leg 

length was more efficient than was a stride length equal to 60 or 70/. of 

leg length. These variations could quite easily occur in the same 

subject from day-to-day. Changes in body mass may also affect the 

economy of locomotion as would foot strike patterns (rear, mid- or 

fore-foot). The relative effectiveness of different enzyme systems from 

day-to-day has been, according to Sjodin (1983>, related to variations 

in economy. 

Inter-individual differences in economy also exist and have been 

reported at various levels . In a study investigating running economy in 

highly trained athletes, Conley and Krahenbuhl (1980J found that 64.51. 

of the variation in race performance time over 10 km could be explained 

by variation in running economy. These authors go on to say that the 

variation in performance not accounted for by the economy of the 

subjects may be due to Hinter - individual differences in muscle fibre 
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composition, anaerobic threshold and peak muscle and blood lactate 

tolerance". 

Armstrong and Costill (1985) examined the day-to-day variations in 

metabolic measurements during submaximal exercise using cyclists and 

runners. They reported a CV for oxygen uptake in the cyclists as being 

4.42/. and in the runners as being 3.80/.. These authors also reported 

coefficients of variation for minute volume 
. 

<VEl and blood lactate 

• levels in their subjects <CV of VE: cyclists 3.86/., runners 4.82/.; CV of 

lactate: cyclists 13.4/. 1 runners 16 . 3/.l. Significant day-to-day 

differences were found in oxygen uptake of the cyclists during cycling 

. 
and running, of runners while cycling and running and in VE of cyclists 

during running. There were no significant differences in day-to-day 

differences in blood lactate levels. 

Dill et al. (1930) suggest that the absolute oxygen cost of a standard 

running speed may vary by as much as 50/. between individuals. Their data 

reveal that a difference in excess of 30/. still exists if the oxygen 

uptake is expressed in relative terms (ml/kg/minl. Data from Daniels 

(1974) supports these data in that he studied two equal-performing 

runners who varied by 30/. in oxygen uptake at a common submaximal 

running speed. Farrell et al. (1979) found that differences in 

submaximal oxygen consumption values of a similar magnitude exist 

between trained female and male runners (26 and 201. respectively). 

Cureton and Sparling (1980) and Daniels et al. (1984) found submaximal 

oxygen uptake differences of 201. between individuals. Inter-individual 
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differences also appear to be a function of speed, amongst other 

factors . Costill et al . <1973) examined 16 trained distance runners 

running at 4.46 m/s and found a variation of 12% in submaximal oxygen 

uptake, while Williams (1980) reported a variation of 17/. in a group of 

31 recreational runners at 3.57 m/s. 

The reasons for differences in the economy of locomotion between 

individuals are many and varied <Goslin 1985). Economy seems to be 

independent of the total lean body mass of an individual. However, a 

potential mechanical source for individual differences in economy 

between two individuals is differences in the distribution of mass on 

the limb segments. These differences can be marked between individuals 

with identical body mass. Paradoxically however, animal experiments 

conducted by Taylor et al. (1974) on two species (cheetah and gazelle) 

with similar total body mass and similar limb segment lengths but 

extremely divergent distributions of mass in the limbs have revealed no 

great differences in metabolic cost during locomotion . Other anatomical 

variations may also have a potential impact on between-individual 

variations in economy. Although there is a paucity of data, it is not 

unreasonable to suppose that there is a large variability between 

individuals of the same body size in the distance of insertions of key 

muscles from joint centres <Cavanagh and Kram 1985) . Other aspects of 

muscle architecture, such as fibre orientation, and fibre length in a 

given muscle, could also effect economy <Goslin 1985) . 
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Differences in such factors as substrate utilization, number and 

activity of mitochondria, effectiveness of aerobic and anaerobic 

enzymes, muscle and blood pH, and the muscle fibre type influence 

economy (Goslin 1985). Fast-twitch fibres have three times more ATP turn 

over compared with slow-twitch fibres to generate the same tension 

(Cavanagh and Kram 1983). During heavy exercise hydrogen ion 

concentration and strength are high (and pH is low). Furthermore, there 

is an increase of two to three times in free radical concentrations 

(Goslin 1985). Sjodin (1983), having found that training performed at a 

ve l ocity equivalent to the onset of blood lactate accumulation improved 

economy at 15 km/hr, suggested that this could have been due to a more 

efficient motor unit recruitment pattern, changes in capillary density 

and/or alterations in enzyme activity. 

It is well documented that stride length has a significant effect on 

. 
economy (Hogberg 1952a , Astrand and Rodahl 1977>. Vander Walt and 

Wyndham (1973) investigated oxygen consumption and stride frequencies at 

4 walking and 4 running speeds in an attempt to produce prediction 

equations for the energy expenditure of walking and running. They noted 

that pace length and leg length account for only 2X of the total 

variance in oxygen consumption during running and are therefore not 

important factors in the prediction of energy cost. 

Cavanagh and Kram (1985) in their review of mechanical and muscular 

factors affecting the efficiency of human movement refer to what they 

call "optimal phenomena". For example there are optimal seat heights on 
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a cycle ergometer, preferred pedal rates, optimal stride lengths in 

walking and running all of which minimize the energy cost of a given 

task. All of these phenomena may, under certain circumstances explain 

why two individuals exhibit differences in economy while performing the 

same task . The two individuals may simply be operating on different 

regions of the parabolic optimal phenomena curves. They may also be 

exhibiting different efficiencies, since the work performed in different 

conditions may also vary. 

Mechani cal factors also influence economy. For example, Catlin and 

Dressendorfer (1979) showed that a 100g increase in total shoe weight 

(50g to each shoe) caused approximately 1X increase in metabolic energy 

cost in subjects running at moderate speeds. Frederick et al. (1983) 

showed that an approximate 2.8% energy saving is realized for treadmill 

running using well-cushioned shoes compared to poorly cushioned shoes of 

the same weight. The reason for this was felt to be the extra cushioning 

provided at heel-strike enabling energy to be stored in the mid- stance 

and returned at toe-off . 

Gross changes in surface have been shown to have a predictable effect on 

the economy of locomotion . Walking across a ploughed field requires 35/. 

more energy than walking at the same speed on smooth, firm pavement. 

In a review paper on the synthesis, experimentation, and biomechanics of 

economical movement, Frederick (1985) listed a number of factors which 

are either known to directly influence economy or have been shown to be 

significantly associated with economy. He has identified two groups of 
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factors, intrinsic and extrinsic factors. The former were: body weight, 

leg length, stride length, state of relaxation, hypnotic suggestion, 

body centre of mass excursion, energy transfer between segments, net 

positive mechanical work rate, impact force, foot strike, foot contact 

time, less arm motion, greater trunk angle of inclination, greater shank 

angle, lower knee flexion velocity in support phase and less plantar 

flexion at toe off . The extrinsic factors were: ambient temperature, 

wind, grade, circadian rhythms, surface compliance, surface resilience, 

orthotics, shoe softness, shoe weight and load carriage. He states that 

" many of these factors are immutable or simply a consequ_ence of the 

circumstances of the movement or the environment in which the movement 

is perfomed". Others, however, are changeable and beg to be explored as 

potential keys to explaining the variability in the economy of 

locomotion. 

Variability in efficiency has been reported to range from 29.5/. to 2.5/. 

(Erickson et al. 1946, Williams et al. 1966 respectively). Variations in 

muscular efficiency, when defined as the ratio of the mechanical work to 

the metabolic energy expended (Stainsby et al. 1980), range from between 

-120/. for downhill treadmill walking to +250/. for level treadmill 

walking (Margaria 1968, Pierrynowski et al . 1980). In a review of a 

number of studies it was reported that the variability of efficiency of 

cycling was 4 . 5/., of stepping was 7/. and of treadmill locomotion was 10/. 

(Shephard 1976) . It has also been suggested that age, sex, race and food 

intake combined, only contribute to approximately 6/. of the variability 

in oxygen consumption during stepping and walking after the effects of 
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body mass were accounted for CMahadeva et al. 1953).Furthermore, Mayhew 

(1977) suggests that the coefficient of variation in efficiency is 

minimal for running at 4 m/s but that it is 30Y. at slow (2.7 m/s) and 

fast extremes (6 . 3 m/s) . 

As can be seen from the few examples quoted above regarding the 

variability in efficiency of various tasks there is a vast discrepancy 

between the results obtained by different investigators. Certainly part 

of the problem lies in the fact that "there is no consensus as to how 

mechanical energy of movement should be calculated and interpreted" 

(Winter and Robertson 1978) . Different people are using different means 

of calculating efficiency and reporting different values of variability 

between subjects . 

There appears to be more universal agreement on the numerous factors 

which influence efficiency and thereby result in inter- and intra­

individual differences whatever the magnitude of these differences. 

Elftman (1939b) identified several muscular factors which affect 

efficiency: the cost of maintenance of tension, the energy necessary to 

overcome frictional resistance and non-elastic deformation, the extent 

to which tension production is due to external forces, and the 

limitations placed on muscles by the necessity of nervous co-ordination 

(Goslin 1985) . There appears to be conflicting e vidence regarding the 

effects of anthropometric differences and temperature on efficiency. 

Passmore and Durnin (1955) report that efficiency is unaffected by these 

factors . However, factors such as leg length , body weight distribution, 

- 56 -



hip width and femoral convergence do influence efficiency <Pate and 

Kriska 1984). A wider pelvis, short legs and greater femoral convergence 

may contribute to a less mechanically efficient gait in females <Goslin 

1985). 

Mechanica l factors also affect efficiency. Fenn <1930) expressed a view 

that the kinetic energy of the limbs during running makes up an 

appreciable fraction of the total energy required, which suggests that 

changes within a runner or differences between runners in style or 

technique can affect energy expenditure. Efficiency is reduced (by an 

estimated 24/.l by losses in the bone-muscle connections and the human­

ergometer (Cavanagh and Kram 1985). Rotational kinetic energy is not 

important in walking but it is in running <Winter 1978al. He goes on to 

state that as positive horizontal work is greater than negative there 

must be some loss to air and foot friction. Cavanagh and Kram (1985) 

suggest that the energetic bargain of negative work and the storage of 

elastic energy in the muscle and connective tissue are the major 

biological processes which have profound effects on muscular efficiency 

during locomotion. 

Thys et al . (1972) and Asmussen and Bonde-Petersen (1974) measured the 

energy cost for two different methods of performing the same mechanical 

work in a stand-sit-stand task. In the first case, this motion was 

continuous with no pause between the two motions. In the second case, 

the stand- sit motion was followed by a brief pause which allowed the 

muscles to relax , this was then followed by the standing phase. The 
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energy cost was 25X lower in the continuous protocol, the reason being 

that energy could be stored elastically during this protocol, whereas 

stored energy would be lost during the brief relaxation in the 

discontinuous protocol. These observations suggest differing abilities 

to store and utilize elastic energy between individuals may be another 

source of inter-subject variation in efficiency. Hinrichs and Cavanagh 

!1983) suggested that substantial variation in the contribution of the 

arms to momentum could also influence efficiency. 

The locomotor pattern itself may play an important role in efficiency. 

Bipedal locomotion is suspected to be less efficient than quadrupedal 

locomotion (Goslin 1985>. Running efficiency has been found to be higher 

than walking efficiency (Lloyd and Zacks 1972), particularly when 

walking and running are performed at the same speed <Wyndham and Strydom 

1971). The main reason for this difference in efficiency between these 

two forms of locomotion is the beneficial effect of the elastic recoil 

of running <Cavagna et al. 1964) . Elastic recoil is lower at walking 

speeds because the energy is absorbed due to increased contraction time 

<Goslin 1985). Increases in the stretch of the muscle and speed of 

movement t end to increase elastic recoil <Fardy and Hellerstein 1978). 

This idea has been supported by Thys et al. <1972> who state that 

running is so efficient because the stretch shortening interval is very 

short . Efficiency tends to increase with increased running speed 

(Heglund et al. 1982) but decreases with increased walking speed 

(Donovan and Brooks 1977). In fact, it has been pointed out that in 

normal walking it becomes more efficient to run once the speed exceeds 
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2 . 22 m/s. The idea that the speed of movement has a significant effect 

on efficiency is a contentious issue in that some investigators have 

found that it drops with increasing speed <Brooks et al. 1984)
1 

while 

others have reported no speed effect at all Cito et al. 1983). Davies 

C1971l appeared to clarify these discrepancies somewhat by suggesting 

that at both high and low speeds muscular efficiency is least. At high 

speeds complete cross-bridge formation is less likely, while at low 

speeds the internal work associated with the oscillating action in the 

sarcomere reduces efficiency. 

In a study involving preferred cycling cadences against different 

resistances Taguchi et al. <1980) found that personal rhythm was very 

stable within and between days but that there was no relationship 

between preferred rhythm and mechanical efficiency. They also suggested 

no relationship between the variability in preferred rhythm and the 

observed variability in efficiency. Zarrugh (1981) suggests that the 

walking speed-efficiency relationship takes the form of an inverted "U" . 

He investigated this relationship with respect to segmental summation of 

energy during "free" and "forced" cadence walking, and found that 

efficiency rose from 91. at 0.84 m/s to 23/. at 1.7 m/s and decreased 

again to 18/. at 2.35 m/s. 

In relation to relative speed Grieve and Gear <1966) indicated that 

males have the least variability in cadence at 0.6 st/s , and that this 

velocity coincided with that at which maximum walking efficiency was 

found. 
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State of training 1s another factor which can influence efficiency 

(Goslin 1985). Margaria et al. (1975) and Cavagna et al. (1964) r e ported 

differences of between 5 to 7X respectively in efficiency between 

t rained and untrained runners. Dill (1965> tested two champion runners 

who varied by 17X in efficiency; one was a world-class miler and the 

other, more efficient runner was a champion marathoner. Daniels (1985) 

hypothesizes that marathon training induces greater changes in running 

economy than results from training for shorter races or that runners who 

are basically more economical find greater success in longer endurance 

races. Cavanagh and Kram <1985> suggest that the body tends to 

"self-optimise" but that the question of just how precise this process 

is, remains unmeasured. It is, however, at the level of the novice or 

unskilled performer that modifications are likely to show the greatest 

effect, since practice and therefore time for self-optimization has been 

limited. Skill levels therefore also appear to play an important role in 

efficiency (Goslin 1985) . Williams et al. (1966) suggested that "skill" 

accounted for inter-individual differences in the energy cost of a 

variety of lifting and moving tasks, to the extent that in an experiment 

in which the subjects were asked to walk down steep grades there was an 

improvement of 43/. in movement efficiency with habituation. The subjects 

improved co-ordination and curtailed waste movements with habituation 

<Davies and Barnes 1972). Results from an experiment involving cyclists 

showed that the ratio of unloaded cycling oxygen cost to overall work 

oxygen uptake showed that this ratio was 62X for untrained cyclists and 

41X for trained people. Garry and Wishart (1931) suggested from these 
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data that skill allows the trained person to use fewer accessory muscles 

to hold his body in the working position. 

For two groups of subjects, one with high maximal aerobic power (65.4 

ml/kg/min) and the other with low maximal aerobic power (49.7 

ml/kg/minl, Weltman and Katch <1976) found that the first group was more 

efficient than the second <24X versus 22X respectively). They suggested 

that this increased efficiency was probably related to the fact that 

less energy was needed for circulation, ventilation and temperature 

regulation. 

Just as there are differences in efficiency between trained and 

untrained people, so too does the type of training effect efficiency. It 

is suggested that the greater maximal oxygen uptake of endurance trained 

runners allows them to be somewhat less efficient while running yet 

still maintain an adequate oxygen supply to meet the energy demands at 

high speeds <Goslin 1985). Mayhew <1977> reported that there was a 

distinct optimal running speed at 3.1 m/s when the oxygen uptake was 

minimized. This optimal point occurred at a mean relative speed of 1.76 

st/s. 

Much of the work done in relation to attempting to identify the causes 

of human variability has been centred on circadian rhythms and the 

operation of biological clocks in man . In one of the early studies of 

this nature Durnin and Namyslowski (1958) examined the exact effect of 

different times of day and of different days on the energy expenditure 

of standardized ac tivities. They looked at four strictly controlled 
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conditions; lying, sitting, walking at 1.44 m/s and OY. grade, and 

walking at 1.19 m/s at a 1 in 10 gradient. Results for both sexes showed 

no significant differences attributable to different times of day or to 

different days. However, there was a tendency for measurements at 2.0 

o'clock to be slightly higher than the other measurements. These 

investigators suggested that there seems to be little justification for 

the common belief that differences in pressure (20-30 mmHgl and 

temperature ("several degrees centigrade") cause significant changes in 

energy expenditure, at least in activities of this nature. Furthermore, 

they state that it is possible to disregard, except in abnormal cases, 

the effects of emotion. 

Reilly et al. <1984) found that circadian rhythm in heart rate response 

to exercise should be considered when a heart rate variable is used as a 

criterion in fitness testing or as an index of physiological strain. 

They noted a significant circadian rhythm for resting heart rate lying 

and sitting prior to exercise. This rhythm persisted during submaximal 

exercise and at a maximal rate. Ratings of perceived exertion at 

submaxi ma l and maximal exercise intensities, as well as time to 

exhaustion on an ergometric test were found not to vary significantly 

with the time of day. Oral temperature showed similar trends. Reilly et 

al. (1984) also noted that observations of systolic and diastolic blood 

pressures pre- and post- exercise were inconclusive. 

The speed and accuracy with which people perform their work, and large 

inter-individual differences in the times of optimal performance and 
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subjective alertness have been observed by Zani et al. (1984), Their 

investigations led to two classifications on the basis of temperature 

and efficiency curves; 11 "morning types" and, 2) "evening types". 

Intermediate gradations exist between these two extremes. 

A lot of research has been done on these two types of person concerning 

sleep-wake habits and preferred times for physical and mental activity. 

The biological clocks of these two diurnal types have been shown to keep 

time in a different way producing a phase difference in their 

physiological indices and performance levels in motor and cognitive 

tasks. For example, in compari son to "evening types", "morning types" 

have a phase advance in body temperature, subjective alertness, fatigue 

and reaction time. These authors conclude that it is vitally important 

that one is aware of the cyclic oscillations shown by psychological and 

physiological functions and the differential adaptations that may result 

from the latter. Fluctuations of this sort may result in both intra- and 

inter-individual variance in many measureable parameters. 

Irvin and Drummond <1982> investigated the existence, magnitude and 

interplay of rhythmic 24-hour variations in human functions; maximal 

aerobic power, res ting heart rate, body temperature, and ratings of 

perceived exertion during exercise. They noted that resting body 

temperature and heart rate were lower in the morning than in the 

afternoon or evening, and that ratings of perceived exertion at heart 

rates of 130, 150, 170 beats/min were higher at 02.00 and 0.400 hours 
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than at 20.00 and 24.00 hours . Maximal aerobic capacities did not change 

significantly over time. 

Arousal has been found to peak in the late afternoon with improvements 

in pattern recognition, reaction speed and muscle force generation as 

indicators . Body temperature al so peaks at about this time with ratings 

of perceived exertion being somewhat lower. Heart rate responses tend to 

mirror temperature responses . There appears to be no diurnal variation 

in exercise efficiency <Shephard 1984a). 

While the kinematics of gait differ distinctly between quadrupedal and 

bipedal locomotion it is also true that humans display relatively small 

but very important ranges of variability in almost all measurable gait 

parameters (Charteris et al. 1982) . Kram et al. (1985), while trying to 

elucidate the reasons for the variation in economy, found that there 

were small day-to-day variations in stride length . The coefficients of 

variation in stride length at various speeds were as follows: 1.28Y. at 

3.15 m/s, l.llY. at 3.35 mls, 1.07Y. at 3.58 m/s, 0.96Y. at 3.83 m/s and 

0.944 at 4.13 m/s. These seemingly small variations in stride length 

have little effect on economy but are important in relation to the act 

of walking or running. The use of relative speed in whatever form was 

introduced to unormalise" variations such as these in stride length, and 

many other kinematic parameters in human gait. 

- 64 -



PERCEIVED EXERTION AND HUMAN LOCOMOTION 

Currently one of the most widely used subjective response scales is the. 

Rating of Perceived Exertion <RPEl as developed by Borg <1970). 

Regardless of whether one is concerned with muscular performance i n 

athletics, industry, in the military or under eve ryday circumstances 

subjective, self-reported estimates of effort expenditure may be 

quantified using ratings of perceived exertion. As an investigative 

tool, ratings of perceived exertion have proved to be useful adjuncts 

for studies in exercise physiology. They have been used to examine 

issues involv i ng the hormonal, metabolic a nd ci r culatory responses to 

exercise, supplementing objectively measured vari a bles . Many factors 

such as pain threshold, individual sensory acuteness, experience in the 

activity, and overall conditioning influence the individual's estimate 

of effort expenditure <Carton and Rhodes 1985 ) . 

As early as 1892 initial experimental work involving the subject ive 

perception of effort was being done <in Fullerton and Cattell 1982). 

Their work involved the estimation of force generation using hand grip 

dynamometers. Between this early study and the development of the Borg 

scale <Borg 1970) several other studies incorporating the perception of 

effort were carried out, most of which involved isometric activity 

<Eisler 1962, Hueting 1965, Bakers and Tenney 1970) . Unlike early 

studies, Borg 11962) investigated the perception of effort during 

aerobic work employing large muscle masses from which he produced a 

21 - point ca tegory rating scale. This scale was based upon a correlation 
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between RPE and heart rate which was found to be 0.80 to 0.90 during 

light to heavy exercise performed on a cycle ergometer. At a later date 

<Borg 1970) a 15-point graded category scale was derived to increase the 

linearity between the ratings and the workload. Alternative scales have 

also been utilized for the rating of perceived exertion. For example, 

Robertson et al. <1979a, 1979bJ and Stamford and Noble (1974) used a 

9-point category scale. The RPE values from this scale were found to 

correlate highly (0.92) with those on the 21-point Borg scale. Following 

this a ratio scale method was developed for measuring RPE. Using this 

method, it is possible to compare one level of RPE with another, but it 

is not possible to ascertain whether that level is high, moderate or low 

<Borg 1973) . This factor makes inter-individual comparisons difficult to 

perform. Recently Borg (1982) has developed 

with ratio properties which permits the 

a 10-point category scale 

use of decimals in RPE 

determinations. The verbal expressions which are used with the scale are 

set so that the semantic intensity grows according to a power function. 

For this reason, this scale may be particularly useful for measuring the 

perception of effort during anaerobic activity (Carton and Rhodes 1985). 

This is because certain physiological measurements, such as lactic acid 

production and pulmonary ventilation, which reflect anaerobic 

metabolism, grow according to a power function with increases in 

exercise intensity <Noble 1982). 

In order to assess the reliability and validity of the 15-point Borg 

scale for RPE evaluation Lollgen et al. (1975) exercised subjects on a 

bicycle ergometer, varying the pedal rates between 40 and 100 kmp on 
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separate occasions. A test-retest reliability coefficient of 0.92 was 

established. However, measurements of RPE were found to be more highly 

variable at increasing pedal rates. This information concurs with the 

findings of Borg <1973l which indicated that coefficients between heart 

rate and RPE were lower when using hard to very hard workloads. In order 

to assess the validity of this scale Michael and Eckhardt (1972) 

exercised 6 male subjects (3 trained and 3 untrained) for 15 minutes at 

a work intensity which subjects considered to be "hard" at OX grade on a 

treadmill. When asked to reproduce an equivalent level of work at 10% 

grade no significant difference was found between the exercise 

intensities using the two different protocols. No differences were 

observed in the relative intensities selected by the trained and 

untrained subjects. Mihevic and Morgan (1980l have postulated that the 

threshold for detection of changes in exercise intensity lies near an 

absolute workload of 15 to 20 W. 

There are several factors which influence RPE, both physiological and 

psychological. In relation to the former, after considerable research in 

attempting to identify sensory cues which provide direct input to the 

effort sense, Ekblom and Goldbarg <1971) were the first to distinguish 

between factors affecting the perception of effort which arise in the 

active muscles and/or joints (peripheral), and those which are 

manifested in a more generalised cardiopulmonary response (central). 

Borg's initial proposal, that RPE co-varies directly with heart rate, 

has been challenged by a number of investigators. In addition to heart 

rate, central parameters which are purportedly linked to effort 
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. 
perception include respiratory rate <VEl and oxygen uptake <V02 ) <Carton 

and Rhodes 1985). 

While heart rate and RPE may be highly related, at no point has it been 

implied that these measures are causally related. The RPE scale was 

designed to follow the heart rate response to increasing exercise 

intensity , and these variables are probably related through their common 

dependence upon physiological strain (Carton and Rhodes 1985) . A number 

of sources however, have reported that the connection between heart rate 

and RPE can be disturbed when exercise is performed under irregular 

conditions. For example, it is possible to manipulate heart rate through 

the use of parasympathetic and sympathetic blocking agents without 

affecting RPE at a given percentage of maximal aerobic power <Davies and 

Sargeant 1979, Ekblom and Goldbarg 1971). Lewis et al . !1980) found that 

following 11 weeks of training, RPE remained the same even though heart 

rate was reduced during submaximal exercise involving untrained limbs. 

Furthermore, at the same heart rate, treadmill exercise evoked lower 

effort ratings than bicycle ergometer work (Michael and Hackett 1972). 

Morgan (1973) stated that the important consideration is frequently "not 

what the individual is doing but rather, what he thinks he is doing" 

which is important 1n determining RPE values. This may be true since 

although physiological parameters are highly correlated with RPE, none 

has been causally related. 

When performing at the same heart rate, RPE is greater for eccentric 

than concentric exercise (Pandolf et al. 1978>. Using a motor-driven 
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laddermill, they reported that for positive work an increase in heart 

rate of 10 beats/min was associated with a 0.9 rise in RPE. However for 

negative (eccentric) work, an RPE increase of only 0.5 was associated 

with the 10 beats/min increase. 

Morgan et al. (1976> evaluated perceptual and metabolic responses to 

exercise by using hypnosis. During the experiment reactions to a 

suggestion of uphill work were investigated. These suggestions elicited 

increases in effort ratings, although heart rate and oxygen uptake 

• 
remained stable. However, elevations in VE were found to parallel the 

alterations in RPE. Numerous other workers also support the role of 
. 

minute ventilation <VEl as a sensory cue which has an impact upon the 

perception of effort. Correlation coefficients ranging from 0.52 to 0.94 

• 
have been demonstrated between RPE and both VE and respiratory rate 

(Edwards et al. 1972, Morgan and Pollock 1977, Pandolf et al. 1972, 

Sargeant and Davies 1973, Skinner et al. 1969). Wigertz (1970) analysed 

the dynamic characteristics of the ventilation and heart rate responses 

of 11 highly trained athletes (maximal oxygen uptake; 63.8 ml/kg/min) 

- . who cycled at varying workloads <X 650 kpm/min). Although changes in VE 

were delayed with respect to shifts in exercise intensity and heart 

rate, the perception of peak exercise intensity and heart rate, 
. 

corresponded more closely to peak VE than the actual time of maximum 

exercise intensity. 

The idea of blood reinfusion has been used 1n several studies in an . 
attempt to elucidate the relationship between VE and RPE <Robertson et 
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al. 1979c, Williams et al. 1978, Williams 1981>. These studies are based 

on the rationale that by withdrawing a given volume of blood and 

reinfusing it at a later date, hemoglobin concentrations will be 

augmented, thereby increasing the oxygen carrying capacity of the blood . 

If VE and RPE are related, then it would be expected that increased 

arterial oxygen content, which reduces the stimulus for ventilation, 

would be reflected in similar adaptations in RPE. Robertson et al . 

C1979cl exercised subjects on a bicycle ergometer at 45 and 75/. of their 

. 
maximal aerobic capacities . Following reinfusion, VE was depressed at 

both workloads, but RPE were significantly modified only at the higher 

workload. These results suggest that the onset of the ventilatory signal 

to effort perception is related to the relative exercise intensity being . 
performed, and the point at which VE begins to significantly contribute 

to the perception of effort is close to the aerobic threshold, about 501. 

of maximal aerobic power which is approximately the same intensity at 

which peak tidal volume occurs (Robertson 1982> . 

• 
It has been suggested that any impact that VE or heart rate exert upon 

RPE may be eliminated in terms of relative metabolic demand <Sargeant 

and Davies 1973). Correlations between oxygen uptake and RPE of between 

0 . 76 and 0.97 have been reported by Edwards et al. (1972), Sargeant and 

Davies (1973), Smutok et al. (1980). Increases in maximal aerobic power 

following blood reinfusion may result in reduced RPE for a given 

workload, but these are abolished at comparable exercise intensities 

(Robertson et al . 1979cl. However, other reports indicate that the 

relationship between RPE and oxygen uptake may be spurious. When 
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exercise intensity and relative metabolic demand are held constant, RPE 

fluctuates as a function of pedalling frequency on a bicycle ergometer 

!Pandolf and Noble 1973, Stamford and Noble 1974) . Borg and Noble (1974) 

and Mihevic (1981) have noted that while oxygen uptake grows linearly 

with respect to workload, RPE increases according to a positively 

accelerating function which closely approximates VE and blood lactate 

response curves. 

The comparison of exercise at equivalent relative intensities does not 

account for physiological responses such as lactate production, 

ventilatory hyperpnoea and catecholamine elevation which may differ 

• 
betwee n individuals (Astrand and Rodahl 1977). On this basis it cannot 

be concluded that oxygen uptake is consciously monitored per se. It is 

more plausible that oxygen uptake, like heart rate, is indirectly 

related to RPE, since the input of certain physiological parameters such 
. 

as VE and blood lactate are linked to relative metabolic demand (Carton 

and Rhodes 1985). 

Studies which have focused upon the factors involved in the perception 

of effort during muscular work have cited local factors such as 

mechanoreceptor and chemoreceptor sensitivity (Cain and Stevens 1971), 

and tendon, skin and joint ligament receptors (Cain 1973) . These same 

factors have also been shown to exert significant input into the 

perceptual response during aerobic exercise performed on a bicycle 

ergometer !Ekblom et al. 1975, Pandolf and Noble 1973, Stamford and 

Noble 1974). Support for the role of kinesthetic or proprioceptive 
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feedback may also be inferred from the findings of a variety of 

comparative studies. 

Several investigators have shown that ratings differ at equivalent power 

outputs and metabolic rates when pedalling frequency is modulated on a 

cycle ergometer <Cafarelli 1977, Lollgen et al. 1977, Pandolf and Noble 

1973, Stamford and Noble 1974). Similarly during treadmill exercise at 

the same oxygen consumption, RPE may vary , depending on whether the work 

is achieved through constant <steady-state) or irregular (progressive) 

exercise <Davies and Sargeant 1979). These studies suggest that RPE is 

related to the degree of strain which is experienced in the active 

musculature. If this construct is valid, then it would be expected that 

differences in RPE associated with the performance of a given task would 

be partially explained in terms of mechanica l efficiency. Efficiency is 

known to be greater for running than for walking (Donovan and Brooks 

1977 , Pugh 1971), for a given heart rate, RPE is significantly greater 

during treadmill walking than treadmill running <Noble et al . 1973) . 

Physical strain in the working muscles may also be perceptually 

prominent at higher workloads if mechanical efficiency is poor . This was 

demonstrated by Horstman et al. (1979a) who found local RPE to more 

markedly dominate central RPE when walking was compared to running at 

SOY. of maximal aerobic power. These findings help to confirm that 

sensations originating in the working muscles are important determinants 

of RPE. 
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Using a variety of modalities CEkblom and Goldbarg 1971) 1 intensities 

(Morgan and Pollock 1977), 

fitness levels CEkblom 

environmental conditions 

and Goldbarg 1971), and 

(Horstman 1977>, 

continuous or 

intermittent protocols CEdwards et al. 1972), strong correlations 

between RPE and blood lactate concentrations have been demonstrated. 

During incremental exercise, both blood lactate and RPE exhibit a 

similar, positively accelerating function when plotted against time 

(Noble et al. 1973>. 

Lewis et al. ( 1980) trained sedentary young men for 30 minutes per day, 

4 days per week, for 11 weeks at 75 to 80/. of maximal aerobic power. 

Post-training RPE values were found to be lower at any given submaximal 

workload, but only in trained li mbs. This is consistent with the 

expected lactate response to training, where lower blood lactate 

concentrations have been found with trained but not untrained limbs 

<Ridge at al. 1976> . 

In contrast to this work, Stamford and Noble (1974> were unable to show 

that arterial lactate during exercise at 960 kg/min and pedalling rates 

of 40 rpm differed from those at 60 rpm when work time was held 

constant . However, RPE was significantly lower at the slower pedalling 

speed. These data were collected from a fit group of subjects (maximal 

aerobic capacity: 61.4 ml/kg/min>, and the exercise intensities employed 

were probably insufficient to stimulate a lactate response. Exercise was 

performed at or less than 65/. of maximal oxygen uptake, and this 
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intensity has been shown to be below the anaerobic threshold of highly 

trained athletes <Costill 1970) . 

Although some evidence supports the role of lactate concentration as a 

potent stimulus for the perception of effort, the mechanism by which 

this influence might be mediated is vague . It has been suggested that 

pain and discomfort in the working muscles may be related to the 

stimulation of free nerve endings, due to the metabolic acidosis which 

is induced by elevations in muscle lactate concentrations <Kay and 

Shephard 1969, Stamford and Noble 1974, Pandolf 1978>. Experimental 

research does not support this position . Kostka and Cafarelli (1982) 

found that neither induced acidosis <NH 4 Cll or alkalosis <NaHC03 )· had 

any affect upon effort sensations during moderate exercise <SO/. of 

maximal aerobic capacity). However, during heavy exercise (80/. of 

maximal aerobic capacity) acidosis increased sensory intensity by 201. 

after 15 minutes. Thus although evidence is conflicting, it appears as 

though blood lactate concentrations may influence perceived exertion by 

some presently unidentified pathway, rather than through a reduction of 

pH . 

Following identification of the physiological factors that purportedly 

affect the perception of effort, numerous attempts have been made to 

assess the relative contribution of central versus local factors to RPE. 

Originally it was proposed that local factors dominate effort perception 

during work with small muscle groups, but that perceptual c ues could be 

complemented by central inputs when large muscle groups were employed 
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(Ekblom and Goldbarg 1971). However, it has been shown that local 

components may still provide the most intense sensory stimul us, 

irrespective of the size of the muscle mass which is recruited (Pandolf 

and Noble 1973, Stamford and Noble 1974). 

To effectively distinguish between the magnitude of the peripheral 

versus central cues, differentiated ratings of perceived exertion have 

been utilized (Pandolf 1982>. While undifferentiated exertion may be 

representative of non-physiological variables and generalised 

physiological events, differentiated reports may closely reflect 

discrete physiological symptoms (Robertson et al. 1979bl. 

During cycling exercise, it has been shown that overall and local effort 

consistently override central sensat ions (Cafarelli et al. 1977, Mihevic 

et al. 1982, Pandolf 1977, Robertson et al. 1979a). At high speeds of 

walking while carrying loads, local RPE is higher than overall RPE, and 

central RPE is lower than overall RPE (Robertson et al . 1982al. During 

treadmill exercise , central factors exert a proportionally greater 

influence (Pandolf et al. 1972>. The same authors have suggested that on 

a relative basis, more high-glycolytic, fast-twitch motor units are 

recruited during cycling than running. Consequently, greater afferent 

input to the reticular activating system from peripheral pain receptors, 

muscle spindles and Golgi tendon organs may occur during cycling than 

running. 

A recent study by Mihevic et al . (1982) suggests that central and local 

RPE are related to the absolute and relative intensity of exercise 
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respectively. In this experiment, subjects cycled under normoxic and 

hyperoxic conditions . Test protocols included cycling at 751. of maximal 

oxygen uptake (normoxicl, 751. of maximal oxygen uptake breathing 701. 

oxygen, and 751. hyperoxic maximal oxygen uptake, breathing 701. oxygen . 

Central RPE was elevated during the third condition, when the workload 

was absolutely higher, but relatively equivalent to the first condition. 

Overall and local RPE were greater during the second condition, when the 

absolute workload was the same, but was relatively less than during the 

first condition. 

Mihevic et al. in an earlier study <1981al, showed that when extremely 

fit subjects (maximal oxygen uptake: 66.5 ml/kg/min) self-regulated 

the ir running pace at perceptually comfortable (62/. maximal oxygen 

uptake) and hard <79/. maximal oxygen uptake) levels, local RPE was 

higher than central RPE only during the hard run. Lollgen et al. (1980) 

found that when cycling at zero load, 70/. of maximal oxygen uptake, or 

maximal intensities, RPE was not always related to any of the central 

. . 
<heart rate, VE, V02 ) or local (muscle lactate, blood lactate, NAD, 

glycogen, adenosine triphosphate, creatine phosphokinase> cues which 

were monitored. However, RPE was linked to central factors at high 

speeds of limb movement, even during unloaded pedalling . A relationship 

between central RPE and speed of limb movement, independent of workload, 

has also been shown elsewhere (Croisant 1982). These studies highlight 

the complexity of effort perception, and the need for a better 

understanding of the physiological components upon which it is based. 
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Clearly, the perception of effort cannot be adequately understood or 

described in terms of physiological input alone . Morgan <1973> has 

calculated that physiological variables are able to account for only 67/. 

of the total variance in RPE. Many factors such as time of day, sleep 

deprivation, depressive state, age and sex, environment, nature of the 

exercise test, duration of exercise, training and fitness levels amongst 

others, influence RPE significantly. 

A theoretical basis may exist for alterations in RPE following sleep 

loss since anxiety, depression, confusion, and fatigue have been 

associated with this variable <Koller et al. 1966>. Morgan (1973> has 

demonstrated that neurotics and depressives may lack the ability to 

accurately rate perceived exertion. In addition, the same author has 

shown that extroverts have a higher pain tolerance threshold than 

introverts, and differ significantly in RPE. Extroversion and tension 

affect RPE most markedly when subjects are unfit <Mihevic 1979). Because 

chronic exercise provokes a significant decrement in depression <Morgan 

et al. 1970) and different degrees of depression have been found to 

occur on a treadmill versus bicycle ergometer in the work range 150 to 

160 rpm (Morgan et al. 1971> this factor may be diffucult to control. 

The effects of age and sex on RPE have been studied on numerous 

occaisions (Bar- Or 1977, Borg and Linderholm 1967). Sidney and Shephard 

<1977> found no significant differences to exist between young and old 

or male and female subjects when work was expressed as a relative 

percentage of maximal aerobic power. 
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The nature and duration of exercise appear to influence RPE. Aronchiuk 

and Burke <1976) suggest that pre-exercise warm-up may not influence the 

results which are obtained, a minimal degree of previous exercise 

experience is necessary to guage RPE accurately (Horstman et al . 1979c). 

Cafarelli et al. (1977) found that central factors grew more 

dramatically than local factors as a function of exercise duration. 

However, during extended activity symptoms of fatigue may be 

incorporated into RPE, and reduce the validity of these readings. In an 

attempt to assess the relative input of various psychometric and 

physiological factors which correlate with the ability to maintain 

steady-state work on a cycle ergometer Weiser and Stamper <1977) found 

the following . In order of increasing magnitude, leg fatigue, 

motivation, perceived effort, general fatigue and cardiopulmonary 

distress accounted for 76/. of the variance in exercise time maintained 

by their subjects. Dishman (1978> has reported that as much as 18% of 

performance variance in the 12-minute run may be accounted for by 

motivation . 

When investigating the effects of training on RPE Linderholm (1967) was 

able to demonstrate that 4 months of intensive exercise could result in 

a modified evaluation of effort at an absolute workload . Six weeks of 

rapid walking, stair climbing and stool stepping have been shown to 

result in decrements in RPE during submaximal exercise in subjects 

suffering from rheumatoid arthritis <Ekblom and Goldbarg 1971> . However, 

several studies have indicated that although reductions in RPE are 

visualised at absolute workloads following training, no changes occur 
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- . 

with respect to relative intensity (Dockter and Sharkey 1971, Ekblom and 

Goldbarg 1971, Kilbom 1971). Relative exercise intensities based upon 

percentage of maximal aerobic power do not account for adaptations in 

physiological responses such as lactate production, ventilatory 
. 

hyperpnoea and catecholamine elevation CAstrand and Rodahl 1977>. These 

results and those obtained elsewhere (Stamford and Noble 1974) indicate 

that training may typically involve neuromuscular adjustments as well as 

cardiovascular gains. 

Regarding the relationship between the level of fitness and RPE various 

differing conclusions have been suggested . Michael and Eckhardt (1972) 

requested trained and untrained subjects to choose a treadmill work 

level which they considered to be "hard" at 0/. grade . They were then 

asked to reproduce an equivalent workload, with the treadmill reset at a 

10/. grade. No differences were detected between groups in either of the 

workloads selected. Patton et al. (1977) found no differences in RPE 

during a 6-minute run at 6 mph on a treadmill in military conscripts who 

differed in fitness levels. However, following six weeks of training, an 

11/. reduction in RPE occurred for all subjects during submaximal 

exercise. 

Part of the problem in reaching conclusions on the issue of RPE 

trainability centres upon agreement as to what should be described as a 

"significant" decrement in RPE. Horgan C1977> has pointed out that a 

reduction of 1 to 2 RPE units on the Borg scale translates to a 10 to 
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201. change, which potentially could be very significant in endurance 

events such as marathons. 

In summary, the complexity of the economy, efficiency, variance of 

response and perception of effort in human locomotion as separate 

entities alone has resulted in several as yet unanswered questions. In 

relation to the walk-to-run interface and the run-to-walk interface it 

is hoped that the foregoing review will provide the basis for an 

integrated approach to shedding some light on the problems in the 

research hypotheses of this study. 
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CHAPTER THREE 

EXPERIMENTAL METHODS AND PROCEDURES 

INTRODUCTION 

Eleven male caucasian Physical Education students volunteered to 

participate in the study. Each subject was required to complete an 

informed consent form ( Appendix 1> prior to participation . In addition 

to this consent a pre-test questionnaire was completed by each subject 

prior to every testing session <Appendix 1). 

Each subject, unless completely inexperienced in treadmill walking and 

running, was required to visit the laboratory on six different 

occasions. For those subjects not habituated to treadmill locomotor 

patterns an additional visit was a prerequisite for further testing. The 

. 
first visit comprised a test of maximum aerobic capacity <V02 max test) 

performed on a Quinton Model 643 motor driven treadmill. The second test 

involved the following : 

a) a series of anthropometric measurements 

b) an Hinterface speed" test 
. 

c) an "interface V02 " test . 

During the subsequent visits to the laboratory each subject was required 

to complete a total of 49 walking and/or running conditions in which 

five different "speed methods" were used: Absolute speed (m/sl; Relative 

speed in Statures I second <st/sl; Relative speed in Leg Lengths I 
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second Cll/s); Relative speed in Foot Lengths I second (fl/s); Relative 

speed (v//gfi) CAfter Alexander 1976). 

ENVIRONMENTAL CONDITIONS 

All testing was done in the Work Physiology Laboratory in the Department 

of Human Movement Studies at Rhodes University. The diurnal ambient 

conditions in the laboratory remained fairly stable throughout the two -

month testing period from September through October. It was considered 

unnecessary to standardize the time of day at which to test each subject 

as variations in the energy cost of walking and running due to 

differences in the time of day are insignificant <Durnin and Namyslowski 

1958, Shephard 1969). 

INDIVIDUAL DIFFERENCES 

Each subject was requested to report to the laboratory wearing similar 

clothing each time (running kit and "sensible" shoes). The wearing of 

different shoes, particularly, has been seen to have considerable 

effects upon the energy cost responses to given walking and running 

tasks (frederick 1985) . 

Subjects were requested to refrain from vigorous exercise and excessive 

eating for up to 2-3 hours before testing, particularly before the test 

of maximum aerobic capacity. 
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PILOT TESTING 

All the testing during the pilot test phase was done using two of the 

eleven subjects who had volunteered to participate in the main study. 

Both were very experienced in treadmill walking and running as well as 

being familiar with all the data collection techniques that were to be 

used. (Subject one: 31 years; body mass 64.5 kg. Subject two: 22 years; 

body mass 62 . 9 kg). Pilot testing was essentially carried out to 

establish the validity and reliability of the test data, however, the 

primary reason for the pilot testing was to establish the latter and 

eliminate any procedural problems which may have arisen during actual 

data collection sessions. 

The reliability in this case refers to the "repeatability" of the 

results between test one and test two. The validity of the data is 

determined by the ability of the specific equipment used to measure what 

in fact it is purported to measure. 

A test-retest design was used in which the protocol for all tests 

remained the same, but all conditions during the treadmill tests were 

randomly assigned to prevent any bias in the results obtained. 

Pilot test protocol 

Each subject was required to sign an "informed consent" form before any 

testing was done . The protocol used involved two separate visits to the 
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laboratory for each subject . The first test was divide d into three 

separate parts: 

PART ONE: Anthropometry 

PART TWO: "Interface speed" test 

PART THREE: 8 4- minute walking and/or 

running tasks. 

The retest comprised only parts TWO and THREE above. The only 

anthropometric measurement repeated during the retest was the body mass 

of each subject. 

Anthropometry 

The following anthropometric measurements were taken using the methods 

proposed by Tanner C1964J. Stature, body mass, sitting height, foot 

length. Two skinfold measurements were also made; a subscapular skinfold 

and a thigh skinfold. Each measure ment was taken five times. The 

reliability of these test data was established by calculating the 

coefficient of variation for each of the variables measured and then 

comparing these with acceptable limits of inter- and intra-subject 

variability found in the literature. Since these values were considered 

to fluctuate very little over the test-retest period the method used 

was deemed adequate to establish both the reliability and validity of 

the data collected . 
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Measures of stature and sitting height were obtained using a Holtain 

stadiometer . Body mass was measured using a Seca Beam Balance . A Holtain 

Digital Anthropometer was used to measure foot length, and the skinfolds 

were measured using a pair of Harpenden Skinfold Fat Caliper5. 

The interface speed test 

This test was designed to identify the speed at which each subject would 

change his pattern of locomotion from a walk to a run at the walk-to-run 

interface. The test protocol was identical for both the test and retest 

conditions ; it involved a double blind technique. Neither the tester nor 

the subject was aware of the speed at which the interface occurred. A 

Quinton Model 643 motor driven treadmill was used and the treadmill 

speed was monitored by an on-line computer system developed at Rhodes 

University !Goslin et al. 1985>. 

Each subject performed five increasing speed trials and five decreasing 

speed trials . The speed at which the pattern of locomotion changed from 

a walk to a run in the former and a run to a walk in the latter were 

recorded. Cadence in steps per minute was counted manually at each 

interface speed with t he subject either walking or running . 
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The walk/run tests 

Both subjects performed a total of 16 4-minute walking and/or running 

conditions during both tests. The protocol for each test was the same 

but individual conditions were randomly presented to each subject to 

avoid any bias in the results obtained. 

Resting heart rate was palpated at the radial artery for a 15 second 

period at the start of each test. The prerequisite for the 

recommencement of each 4-minute condition was that the heart rate return 

to within 10 beats of the previously measured resting value. During each 

4-minute condition a 1-minute gas sample was analysed between minutes 3 

and 4 using the computer-aided on-line data acquis ition system. 

Treadmill speed was accurately set using the compute r monitor, after 

which cadence in steps per minute was manually counted and recorded. 

Ratings of perceived exertion, using the Borg scale, were obtained 

during the last minute of each condition. 

Two speed methods were used during the pilot testing phase; Absolute 

speed (km/hrl and relative speed (st/s). 

TREADMILL HABITUATION 

It is well documented that for subjects who are naive to treadmill 

walking and running there should be a period of treadmill habituation 

prior to any data collection taking place <Wall and Charteris 1980, 

1981>. Three of the subjects who volunteered their services for this 
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study had no previous experience on the treadmill. For these subjects a 

30-minute period of habituation was a prerequisite for further testing. 

A total of six speeds were chosen; three walking and three running 

speeds . The subject was on the treadmill for five minutes at each speed. 

The slowest walking speed was 4 km/hr (1.11 m/s) and the fastest running 

speed was 10 km/hr (2.78 m/s). This range of speeds was the same as that 

selected for the 4-minute walk/run conditions. 

In addition to becoming familiar with walking and running on the 

treadmill, the subjects had also t o adapt to the mouthpiece of the 

on-line data collection system. For this reason the first 3 5-minute 

conditions were done without the mouthpiece and the last 3 conditions 

were done with the subject on the mouthpiece for the last 3 minutes of 

each 5-minute condition. The walking speeds were 4, 5, and 6 km/hr 

<1 .11 , 1.39, and 1.67 m/s) and the running speeds were 8, 9, and 10 

km/hr <2.22, 2.50, and 2.78 m/s). Each condition was randomly assigned 

beginn ing with a walk followed by a run. The speeds were set using the 

speed control dial on the Quinton treadmill control unit. 

THE COMPUTER-AIDED ON-LINE DATA ACQUISITION SYSTEM 

In the following data collection protocols the computer-aided on-line 

system was used to analyse samples of expired air and compute results 

us ing this information: 
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ll The test of maximum aerobic capacity 

• 2) The Hinterface vo2 test» 

3l All the 4-minute walk/run conditions 

It is necessary that a brief description of this system be given in 

order that these research protocols be fully understood. 

The hardware configuration <Figure 2l enabled the subject to inhale 

ambient air through the inlet port of the Mijnhardt dry gasmeter where 

inspired gas volume was measured . The air proceeded from the outlet of 

the gasmeter through Collins ridged tubing <3 em diameter) to a Hans 

Rudolf # 2700 pulmonary valve. Overall inspiratory resistance was low. 

Expired air was directed through the same type of ridged tubing to a 4 

litre Plexiglass mixing chamber. A small circulating fan in the chamber 

ensured smooth mixing of air which was sampled from the chamber at a 

rate of 750 ml/minute for analysis. Upon exiting from the flow-through 

mixing chamber, the air passed through metre of ridged tubing openly 

vented into the room. This prevented the contamination of the contents 

of the mixing chamber with room air. Inspired air temperature was 

measured by a solid-state thermister inside the gasmeter. Expired gas 

analysis was performed by a calibrated Metek oxygen analyser S.3AI and 

Gould Goddart Capnograph Mark III carbon dioxide analyser. Calibration 

of these two gas analysers was done with gases of known concentrations 

from two different pressurized gas cylinders . One gas cylinder contained 

gas in the following concentrations: 17.2% oxygen and 2.91. carbon 

dioxide . The other cylinder contained 13.8/. oxygen and 6 . 00/. carbon 

dioxide. 
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computer assisted data collection system used in this 
study. 
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Analogue signals from the temperature probe and the two gas analysers 

were fed via a multiplexor into a 12 bit, 8 port analogue-to-digital 

converter. The digital signals generated were sampled at a speed of 220 

per minute by a South-West Texas 6800 microprocessor. Continuous visual 

display of oxygen consumption, respiratory exchange ratio and elapsed 

time was provided by the system VDU. In addition, 10 sequential readings 

of the treadmill speed were shown, to allow for accurate speed setting 

prior to each sample being started. (Only for the walk/run conditions). 

A hard copy of measured and derived parameters was output to the C-Itoh 

dot matrix printer immediately after each sample. 

COMPUTER SOFTWARE 

• 
Test of maximum aerobic capacity (V02 max test) 

• A computer programme entitled "CONI 30" was used during all V02 max 

tests. This programme, as do all programmes for this system, required 

the following initial data for each subject: 

Subject name, age (years), sex (male or female), body mass (kg), maximal 

• vo2 (ml/kg/min) (If not known a zero was entered) I barometric pressure 

(mmHgl, and relative humidity (/.). 

Following this input the computer was ready to sample data from the 

exercising subject. A 25-second sample was taken every 30 seconds 

throughout the full duration of the test. This amounted to two samples 

being taken at each new 1-minute work bout during the test. This 
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programme operates continuously and automatically once the sampling 

process has been initiated by the investigator . 

• 
The "interface V02 test" and the walk/run tests 

For each of these tests the programme entitled "MANUAL" was used. The 

initial input was the same as that for "CONT 30" meqtioned above. 

However, the sample period was a continuous 60-second one which was 

initiated by the investigator at the beginning of the last minute of 

each 4-minute condition. Prior to the 60-second sample commencing, 10 

speed samples were sequentially displayed on the computer's video 

display screen. 

At the end of each sample, irrespective of which programme was being 

used, the following data were printed out: 

Experiment, elapsed time, sample duration, V02 <ml/kg/minl, V02 Cl/minl, 

• vco2 (1/minl' respiratory exchange ratio, minute volume inspired 

Cl/minl, breathing frequency <breaths/min), fractions of oxygen and 

carbon dioxide, ventilatory equivalents for oxygen and carbon dioxide 

(l/100m1l, cardiac output (1/min), stroke volume (ml/beat), tidal volume 

(1/breath), oxygen pulse (ml/beat), and treadmill speed <km/hr). 

In the case of the "MANUAL" programme the percent of maximal aerobic 

power at which each subject was working for each condition was also 

recorded. 

- 91 -



THE RESEARCH PROTOCOLS 

. 
Maximal aerobic capacity (V02 max test) 

Prior to the test each subject was required to complete a pre- test 

questionnaire (Appendix ll. Body mass (kgl was measured in running 

clothes, without shoes, using a calibrated Seca Beam Balance. A 

standardized instruction sheet concerning the use of the Borg scale for 

ratings of perceived exertion was read by all subjects <Appendix 1). 

The test protocol comprised a continuous treadmill run at progressively 

increasing work intensities. The subject was on the mouthpiece of the 

on-line system from the start of the test to it's termination; a nose 

clip was also worn . For administrative purposes a continuous treadmill 

run appears to be the test of preference for testing the aerobic 

capacity of large numbers of healthy subjects <McArdle et al. 1981>. 

The subject jogged for five minutes at 0/. grade and 8 km/hr <2.22 m/s) 

at which time, and every minute thereafter, the treadmill speed was 

increased by 1 km/hr until the subject was running at 17 km/hr <4. 72 

m/sl . The treadmill grade was then increased by 11. every minute until 

exhaustion . All these tests were performed on a Quinton Model 643 motor 

driven treadmill. Two samples were analysed during each minute of the 

test beginning at minute 4 of the 0/. grade and 8km/hr condition . Cadence 

in steps per minute was manually counted at each speed and grade 

condition. At the end of the test, immediately after the subject had 

left the treadmill , a retrospective maximal rating of perceived exertion 
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using the Borg scale was recorded (ie. retrospective in the sense that 

the subject was asked to rate his perception of exertion at the time he 

terminated the test). 

Certain specific criteria have been identified as being indicative of 

maximal oxygen consumption (McArdle et al. 1981) 1 and were used in this 

study. These criteria are as follows: 

1) peaking of oxygen consumption values 

. 
2) changes in vo2 of less than 2 ml/kg despite 

increases in speed and/or grade 

3) ratings of perceived exertion greater than 17 

4) the attainment of age predicted maximum heart 

rate 

5) respiratory exchange ratio of greater than 1.0 

6l subjective exhaustion 

These criteria indicate maximal oxygen consumption when any three are 

met simultaneously. 

More recently, Katch, Sady, and Freedson (1982), have suggested that the 

peak oxygen consumption value on a continuous treadmill test is of 

sufficient magnitude to warrant calling it the maximal value . In cases 

where the previously mentioned criteria could not be met the peak oxygen 

consumption value alone was used. 

- 93 -



. 
The V02 max test was done in order to establish the following: 

1) To determine the percent of this maximal value at which each subject 

was working during each of the 4-minute walk/run conditions. 

2> To determine the aerobic fitness levels of all subjects. 

3> To determine the ventilatory threshold of all subjects. Firstly, the 

speed at which the ventilatory threshold occurred, and secondly the 

percent of the maximal oxygen consumption at which it occurred. 

The ventilatory threshold was obtained by plotting the ventilatory 

equivalents for oxygen and carbon dioxide against speed (m/s). The 

point at which the two lines (V . E. for oxygen and carbon dioxide) 

diverged is termed the ventilatory threshold. Responses to a given 

exercise task differ according to whether the intensity is higher or 

lower than the ventilatory threshold <Davis 1985). It was therefore 

essential to know, for each walk/run condition, whether the subject 

was working above or below the ventilatory threshold. 

4> To determine a maximal rating of perceived exertion. This allowed 

the calculation of relative ratings of perceived exertion (i e . as a 

• 
percentage of the maximal value) for the "interface V02 " tests as 

well as for the walk/run conditions 

Anthropometery 

Because of its noninvasive approach, anthropometry is one the oldest 
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and most popular methods of estimating body composition (Lohman 1982). 

The following anthropometric measurements were obtained from each 

subJect prior to the "interface speed" test: 

Stature (em), sitting height (em), foot length (cml, body mass (kgl, 

subscapular skinfold (mm), thigh skinfold (mm). 

The specific procedures for each measurement are outlined in detail 

below. 

1) STATURE was measured using a Harpenden Holtain Stadiometer. The 

subject was instructed to stand as erect as possible, barefoot with 

heels together. The buttocks, upper back and rear of the head were 

in contact with the vertical backboard of the stadiometer. The upper 

limbs were pendant, with the head in the Frankfurt Horizontal plane. 

The feet were kept flat on the base of the stadiometer. Stature was 

measured from the vertex in the median sagittal plane using the 

stadiometer branch. The reading was recorded in centimeters to the 

nearest millimeter (Tanner 1964). 

2) SITTING HEIGHT was also measured using a Harpenden Holtain 

Stadiometer. The subject sat on a box 50 em in height, his back and 

rear of the head were in contact with the backboard of the 

stadiometer. The feet hung unsupported over the edge of the box. The 

subJect sat up as erect as possible and, with the head in the 

Frankfurt Horizontal plane the stadiometer branch was lowered on to 

the vertex. The reading was recorded in centimeters to the nearest 

millimeter having subtracted the box height (Tanner 1964) . 
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3) FOOT LENGTH was measured using a Harpenden Holtain digital 

anthropometer. The reading was taken from the most posteriorly 

projecting point on the heel (acropodianl , to the tip of the most 

anteriorly projecting toe Cpternion), with the subject standing 

erect on top of a laboratory work bench. All readings were taken on 

the right foot and were recorded in centimeters to the nearest 

millimeter (Tanner 1964). 

4) LEG LENGTH was derived from subtracting the sitting height from 

stature. It is commonly known as subischial length since the ischial 

tuberosities are the prominences that one sits upon, and this 

measurement is essentially the distance from these points to the 

ground (Tanner 1964). 

SJ BODY MASS was measured on a Seca Beam Balance. The subject stood on 

the scale in running clothes without shoes. Body mass was recorded 

in kilograms to the nearest gram. 

Skinfold measurements 

Two skinfold measurements were taken on each subject using a Harpenden 

Skinfold Fat Caliper. All readings were recorded in millimeters to the 

nearest 0. 1 millimeter. 

1l SUBSCAPULAR SKINFOLD. A skinfold was taken between the thumb and 

forefinger immediately below the inferior angle of the right 

scapular in an oblique plane descending laterally (outwards) and 

downwards at an angle of approximately 45 degrees to the horizontal. 
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The subject was standing erect with the upper limbs pendant <Tanner 

1964) . The Harpenden calipers 

skin and at a depth of 1 em 

were placed 1 em below the grasp of 

from the top of the fold. The dial 

indicator was allowed to stabilize before taking the measurement. 

2> THIGH SKINFOLD. A skinfold was taken parallel to the long axis of 

the thigh mid-way between the trochanterion and the patella of the 

right leg in the same way as mentioned above . The fold was also 

centred in the transverse plane. The subject's foot was elevated so 

that the angle behind the knee joint was approximately 120 degrees 

!Tanner 1964) . 

The following derived data were calculated from those anthropometric 

measurements described above : 

1> Percent body fat (%) 

2) Ideal body mass (kg) 

3) Lean body mass <kg> 

4) Body surface area (metres squared) 

5) Leg length as a percent of stature <X> 

6) Foot length as a percent of leg length (%) 

( Refer to Appendix 3 for calculation equations) . 

Interface speed test 

The purpose of this test was to establish the speeds at which each 

subject changed his pattern of locomotion at the walk-to-run interface 

and at the run-to-walk interface. All the testing was done on a Quinton 
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Model 643 motor driven treadmill. The treadmill speed was set and 

accurately monitored using the South-West Texas 6800 microprocessor in 

the on-line system. The software programme used was entitled "SPEED" and 

it gave a continuous sequential display of treadmill speed on the 

computer's VDU. 

The protocol used was similar to that used by Bhambhani and Singh !1985) 

to determine self-selected, most comfortable speeds of walking and 

running. Each subject performed 10 increasing speed trials and 10 

decreasing speed trials. All speed trials were randomly presented to the 

subjects . 

For the increasing speed trials the subject started walking at 4 km/hr 

(1. 11 m/s); the treadmill speed was slowly and continuously increased 

until, by means of visual observation, the subject was seen to have 

changed his pattern of locomotion from a walk to a run. At this point 

the treadmill speed control was released . For each of the 10 trials the 

"interface speed" was recorded and cadence (steps/min) was manually 

counted on the running subject. The same procedure was used for the 10 

decreasing speed trials, however the subject started running at 12 km/hr 

(3.33 m/s), and the treadmill speed was slowly and continuously reduced 

until the subject had changed his pattern of locomotion from a run to a 

walk. The "interface speed" and a walking cadence (steps/min) were 

recorded. 

The protocol was "double-blind" in nature in that neither the subject 

nor the researcher was aware of the "interface speeds" during each 
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trial. The video display screen of the computer was covered to prevent 

either of the two participants seeing the speeds. 

The following parameters were derived from the raw data collected during 

these tests: 

Stride length (m), and the "interface speeds" in each of the following 

relative speed equival ents; st/s, v/lgn, 11/s and fl/s. 

Al l these parameters were calculated for walking and running at t he 

run-to-walk interface and walk-to-run interface respectively. !Refer to 

Appendix 3 for calculation equations). Stride length was calculated in 

the following way: 

STRIDE LENGTH= 2 * <VELOCITY lm/sl/CADENCE>. 

where cadence is in steps/s. 

Interface V02 test 

The protocol used for this test was the same as that used for the 49 

walking and/or running conditions . ITo be described later). The purpose 

of this test was to establish, primarily, the energy cost of a "freely 

chosen" locomotor pattern (walking or running), and a "forcedH pattern 

of locomotion. 

The treadmill speed was set accurately (using a voltmeter output 

equivalent of raw speed) to the speed previously chosen by the subject 

as his walk-to-run interface speed. The subject was then asked to choose 
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either to walk or to run at this speed; whichever felt more comfortable. 

Having selected a locomotor pattern the subject was required to remain 

either walking or running, depending on his choice, for 4 minutes. 

During the 4-minute period cadence <steps/min) was manually counted and 

recorded. At the start of minute 2 the subject went on to the mouthpiece 

of the on-line system. Between minutes 3 and 4 a 1-minute gas sample was 

taken using the on- line data collection system. In addition to the 

physiological data collected during the 1-minute sample, a rating of 

perceived exertion was also obtained using the Borg scale. At the end of 

the 4 minute period the subject left the treadmill and rested in a 

sitting position until his heart rate was within 10 beats/minute of a 

previously palpated resting heart rate. All heart ra tes were palpated at 

the radial artery in the wrist; a 15-second count was used in all cases. 

Between each condition the oxygen analyser and the carbon dioxide 

analyser were calibrated using dry gases of known concentrations. 

The second condition was similar to the first in that the protocol used 

was identical, however the subject was "forcedH to walk if he had run 

and run if he had walked in the first condition. The treadmill speed was 

kept constant for both conditions. 

Four-minute walk/run tests 

Each subject was required to complete 49 randomly assigned walking 

and/or running tasks on a treadmill. These conditions were as follows : 
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Ten absolute speed conditions between 4km/hr and lOkm/hr <1.11 m/s 

and 2.77 m/s) 

Eleven relative speed conditions <statures/s) between 0.6 and 1.6 

st/s . <In increments of 0.1 st/s) 

Eleven relative speed conditions (v/fgn) between .27 and .67 v/fgK 

<In increments of 0.04 v//gO) 

Nine relative speed conditions (leg lengths/s) between 1. 24 and 

3.16 11/s. (In increments of 0.24 11/s) 

Eight relative speed conditions (foot lengths/s) between 4.6 and 

11 .6 fl/s. <In increments of 1.0 fl/s). 

The 49 conditions were completed over a period of four visits to the 

laboratory. During the first three visits 12 walk/run conditions were 

completed in each visit. During the fourth visit 13 conditions were 

comp 1 eted. 

Prior to any treadmill test i ng body mass was measured on a calibrated 

Seca Beam Balance. The subjects were wearing running clothes (without 

shoes). Following this, resting heart rate was palpated at the radial 

artery. A 15-second count was used in each case. The prerequisite for 

commencing any given exercise bout was that the subject's heart rate had 

returned to within 10 beats/minute of the measured resting value. 
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The protocol was the same for each 4-minute condition. The treadmill 

speed was set using a voltmeter equivalent of raw speed . All speeds were 

preselected. With the subject on the treadmill a clock was started to 

time the duration of each condition and the treadmill speed rechecked by 

means of the ten sequential indicators of speed on the video display 

screen of the computer . Cadence <steps/min) was manually counted and 

recorded after the treadmill speed had been accurately set. At minute 

two the subject went on to the mouthpiece of the on- line data collection 

system, and a nose clip was placed over the nose to occlude the flow of 

air through the nostrils. At minute 3, a one- minute gas sample was 

taken . In addition to the physiological data, a rating of percei ved 

exertion was also obtained (Borg scale). At the end of each 4-minute 

condition the subject came off the treadmill and rested in a sitting 

position until his heart rate was down to within 10 beats/minute of the 

previously palpated resting value . 

Between each 4-minute condition the oxygen and carbon dioxide analysers 

were calibrated with gases of known concentrations and the treadmill 

speed was reset to the new predetermined speed . 

RATINGS OF PERCEIVED EXERTION 

All s ub j e cts were given a standard instruction as to how to respond to 

the Borg scale prior to the test of maximal aerobic capacity. (Appendix 

1>. Subjects r esponded by point i ng to the rating of their choice. This 

was then verbally verified by the investigator before being recorded . 
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Only ratings of general perceived exertion were obtained Pandolf 

1982). 

Statistical significance of RPE 

Correlation coefficients of 0.87 to 0.9 have been reported between heart 

rate and RPE, and RPE versus other physiological parameters (Borg 1962, 

1973, and Mihevic, 1981). Skinner et al. Cl973l, have demonstrated high 

reliability coefficients (0.6 to 0.9) and high validity using RPE in a 

study to determine whether subjects could perceive small differences in 

varying work intensities presented in random order. 

THE SPEED METHODS 

Five speed methods were used in all. Absolute speed (m/sl, and four 

relative speed methods; statures/s, v/lgfi, leg lengths/s and foot 

lengths/s. For each 4-minute walk/run condition the speed was preset 

according to which speed method was being used. 

The absolute speeds for each relative speed method were based upon 

"average" morphological measurements of stature, leg length and foot 

length. The average stature was 175 em, the average leg length was 89 

em, and the average foot length was 25 em. These were considered 

"average" for the total population. Table I indicates the absolute 

speeds in km/hr and m/s for all five speed 

mentioned "average" measurements. Table 
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Table I :Absolute speeds (kro/hr and ro/s) and all relative 

speed methods for an individual of stature 

1.85ro, leg length 0.91ro, and foot length 0.27ro. 

Absolute st/s 11/s fl/s vI /gfi 

4-10 kro/hr 0.6-1.6 1.24-3.16 4.6 - 11.6 .27-.67 

km/hr m/s kro/hr m/s km/hr ro/s kro/hr m/s km/hr m/s 

4 1. 11 3.99 1. 11 4.03 1. 12 4.46 1. 24 4. 14 1. 15 

5 1. 39 4.66 1. 30 4.86 1. 35 5.44 1. 51 4.75 1. 32 

6 1. 66 5.33 1. 48 5.65 1. 57 6. 4 1 1. 78 5.36 1. 49 

6.5 1. 80 5.99 1. 6 7 6.41 1. 78 7.38 2.05 5.98 1. 66 

7 1. 94 6.66 1. 85 7.2 2.00 8.35 2.32 6.59 1. 83 

7.5 2.08 7.33 2.04 7.99 2.22 9.32 2.59 7.20 2.00 

8 2.22 7.99 2.22 8.78 2.44 10.3 2.86 7.81 2. 17 

8.5 2.35 8.68 2.41 9.58 2.66 11.3 3. 13 8.42 2.34 

9 2.49 9.32 2.59 10.4 2.88 9.04 2.51 

10 2.77 9.99 2.78 9.65 2.68 

10. 7 2.96 10.3 2.85 
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Table II: Absolute speeds (km/hr and m/s) and all relative 

speed methods for a "reference man''. Stature 

1. 75m, leg length 0.89m, and foot length 0.25m. 

This table indicates the 49 walking and /or 

running cond itions performed by each subject. 

Absolute st/s 11/s fl/s vI /g'Fi 

4-10 km/hr 0.6-1.6 1. 24-3. 16 4.6-11.6 .27-.67 

km/hr m/s km/hr m/s km/hr m/s km/hr m/s km/hr m/s 

4 1. 11 3.78 1. 05 3.96 1. 10 4. 14 1. 15 4.03 1. 12 

5 1. 39 4.48 1.23 4.75 1. 32 5.04 1. 40 4.62 1. 28 

6 1. 66 5.04 1. 40 5. 51 1. 53 5.94 1. 65 5.22 1. 45 

6.5 1. 80 5.69 1. 58 6.26 1. 74 6.84 1. 90 5.81 1. 62 

7 1. 94 6.30 1. 75 7.06 1. 96 7. 74 2. 15 6.41 1. 78 

7.5 2.08 6 .93 1. 93 7.81 2. 17 8.64 2.40 7 . 01 1. 95 

8 2.22 7.56 2. 10 8 .60 2.39 9.54 2.65 7.60 2. 11 

8.5 2.35 8.21 2.28 9.36 2 . 60 10.4 2.90 8.20 2.28 

9 2.49 8.82 2.45 10. 1 2.81 8 . 80 2.44 

10 2.77 9 . 47 2.63 9.39 2.61 

10. 1 2.8 9.99 2. 77 
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information but for an individual of stature 185 em, leg length 91 em, 

and foot length 27 em. 

The range of absolute speeds chosen was between 4 km/hr (1 . 11 m/s) and 

10 km/hr (2.77 m/sl . Using the "average" morphological values above 

several relative speed equivalents were calculated for each relative 

speed method. In order to illustrate the procedure statures/s is used 

below: 

1 ) STATURES/SECOND = VELOCITY (m/sl 
STATURE (ml 

21 For a stature of 175 em the following relative speed in statures/s 

at 4 km/hr (1.11 m/sl was ca lculated: 

STATURE/SECOND = 1.1 1 
1. 75 

= 0 .63 

3) The same procedure was used to calculate the statures/s equivalent 

for 10 km/hr . 

STATURES/SECOND = 2. 77 
1.75 

= 1.6 

The range of relative speeds (st/s) used was 0.6 to 1.6 , a total of 

11 conditions. 
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The same procedure was used for all the other relative speed methods. 

Using the relevant anthropometric data from each subject the absolute 

speed Ckm/hr and m/s) for each relative speed condition was calculated. 

To illustrate statures/s are again used. In this case a stature of 185 

em will be used. 

For relative speed 1.0 st/s and a stature of 1.85 m: 

1) STATURES/SECOND = VELOCITYCm/sl 
STATURE (m) 

2) Velocity (m/s) = st/s * stature ( m) 

3) Velocity (m/s) = 1. 0 * 1. 85 

= 1.85 m/s. 

The same procedure was used for each relative speed method. 

STATISTICAL ANALYSIS 

Related "Student's" t-tests <Ferguson 1981) were computed to determine 

whether significant differences existed between test-retest parameters 

recorded during pilot testing. This was necessary to determine whether 

the test procedures adopted were reliable. 

Related "Student's" t-tests were also done on all the data col lected 
. 

during the "interface speed" test and the "interface V02" test in order 
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lo determine whether there were significant differences between the 

following parameters: 

ll The walk-to-run interface speed and the run-to-walk interface speed, 

cadence, stride length, and the coefficient of variation for speed 

at the two interfaces. 

A one-way Analysis of Variance (Ferguson 1981) was done on all the data 

from the "interface vo2~ test to determine whether there were 

significant differences between ~free choice" and "forced" patterns of 

locomotion (walking and running), and all the measured parameters 

associated with these locomotor groups. In addition, to test for 

differences in the variability of the measured parameters, the same 

statistical technique was used on the coefficients of variation for each 

parameter. This test was also used to assess differences between the 

five different speed methods used. In all cases the Sheffe Test was used 

as a post hoc test where significant differences were found. 

One-Independent Regression Analyses were done in order to establish the 

relationships between the following parameters: 

ll Oxygen consumption and absolute speed. 

2l Oxygen consumption and all relative speed methods . 

J) Relative stride and relative speed (st/sl for all walking and 

running conditions. 
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These regression analyses were done across all walking and running 

speeds as well as across the walk - to-run interface only. 

A One-Way Analysis of Variance was done using the coefficients of 

variation for oxygen consumption for walking and running to establish 

whether or not there were significant differences in the variability of 

the responses using the five different speed methods . 

In all cases the 0 . 05 level of probability was used in order to optimize 

the balance between creating both Type I and Type II errors . 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

PILOT TEST RESULTS 

The primary aim of the pilot testing was to establish the reliability of 

the test protocol which was employed. Two male subjects were used in a 

test-retest design. The results of a Related "Student's" t - test 

indicated that there were no significant differences <p<0.05l between 

walk-to-run interface speeds and run-to-walk interface speeds for the 

two tests. 

Furthermore, the results of 8 4-minute walking and/or running conditions 

indicated no statistically significant differences <p<O.OSJ between the 

two tests in the following parameters: 

• vo2 (1/min and ml/kg/min) I ratings of perceived exertion <RPEJ I cadence 
. 

(steps/min) I I. vo2 max (ml/kg/min) and respiratory exchange ratio (RJ. 

The duration of each condition (4 minutes) 1 was found to be sufficient 

for even unconditioned subjects to attain steady-state by minute 3 of 

each condition (Goslin 1985). 

The walking and running speeds for each subject were the same and were 

randomly selected from speeds between 1.11 m/s and 2 . 77 m/s . Four 

absolute speeds and four relative speeds (st/s) were used . The eight 

speeds were determined prior to each subject participating in the test . 
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The results of Related "Student's" t-tests indicated the following: 

1) that there were no significant differences Cp<O.OSl between the 

pre-set speeds and the actual speeds given by the South-West Texas 

6800 microprocessor in the on-line system. 

2) that there were no significant differences (p<O.OSl between the 

actual speeds recorded during each test . 

The following anthropometric data were collected during pilot testing: 

stature (em), body mass Ckgl, sitting height (em), foot length (em), 

subscapular skinfold (mm), thigh skinfold (mm). 

The coefficients of variation (%) for all parameters were well below the 

upper tolerance limit for error based on biological and technological 

variation (3.3%) cited by Lohman <1982). 

Table III indicates the pilot test results for the two male subjects 

used during this phase of the study. 

SUBJECT CHARACTERISTICS 

It is clear from Table IV that the subjects were well conditioned with 

high physical working capacities as indicated by the high mean vo2 max 

value . This value is substantially higher than the 43 ml02 /kg/min 
. 

recorded oy Astrand and Rodahl (1977) for untrained individuals . 
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Table III: Pilot test results for two male subjects. 

PARAMETER SUBJECT A SUBJECT B 

MEAN so cv MEAN so cv 

STATURE (m) 1. 75 0.09 0.05 1. 62 0. 13 0.08 

BODY MASS (kg> 62. 1 0 0 64 . 5 0 0 

SITTING HEIGHT (m) 0.95 0.63 0.66 0.89 0.43 0.48 

FOOT LENGTH (m) 0.24 0. 15 0.62 0.24 0.06 0.23 

SUBSCAPULAR (mm) 7.8 0. 14 1. 81 13.9 0. 11 0.79 

THIGH (mm) 13. 1 0. 18 1. 36 10. 1 0. 18 1. 77 

TEST ONE TEST TWO 

MEAN so MEAN so 

• 
V02 !1/min) 1. 50 0.45 1. 57 0.51 

. 
24.7 7 .98 V02 !ml/kg/min) 23.8 7.08 

RPE 11 1. 95 10.9 1. 88 

CADENCE <steps/min) 154 24.9 159 21.3 

W-R INTERFACE (m/s) 2. 18 0.42 2.09 0 . 28 

R-W INTERFACE (rn/s) 2. 12 0 . 51 2.07 0.21 

PRE-SET SPEED (m/sl 2.09 1. 66 2.09 1. 65 

COMPUTER SPEED (m/s) 2.09 1. 66 2.09 1. 66 
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Table IV: Anthropometric and performance characteristics of the 

eleven male subjects. 

PARAMETER MEAN STANDARD DEVIATION 

AGE (yrs) 21.6 3.72 

ANTHROPOMETRY 

STATURE (em) 180.3 7.47 

BODY MASS (kg) 71.7 6 . 49 

LEG LENGTH (em) 86.7 6.29 

LEG LENGTH/STATURE (I. ) 48. 1 2. 18 

FOOT LENGTH (em> 26.3 1. 54 

FOOT LENGTH/LEG LENGTH (I.) 30.4 1. 75 

I. BODY FAT 8 . 39 2 . 45 

LEAN BODY MASS (kg) 65.7 6 . 18 

BODY SURFACE AREA (m2) 1. 91 0. 12 

PERFORMANCE 

. 
vo2 max (ml/kg/min) 60 . 2 5 . 54 . 
V. T. <Y.V02 max) 74.5 3.94 

V. T. (ml/kg/min) 44.8 5 . 02 

V.T . (velocity m/s) 4 . 03 1. 29 

RPE max 17 . 6 1. 63 
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The measures of proportion, namely the leg length to stature ratio and 

the foot length to leg length ratio compare favourably with those 

obtained by Goslin (1985) from 20 male subjects. 

The equation used to predic t body density from which I. body fat was 

calculated was developed by Sloan <1967). Sinning et al. (1985) found 

the following equation; 

Body density = 1. 1043 - 0.001327 <thigh) - 0.00131 (subscapular) 

where thigh 

skinfold (mm) 

thigh skinfold (mml, and subscapular = subscapular 

to overestimate fat by only 0.5/. . However, it is suggested that the 

va lues obtained in this study using the above equation are 

under-predicted. Goslin <1985) reported 'l. body fat values of <15.2 ~ 

3.3/.) for 20 males with similar anthropometric and performance 

characteristics using the following equation : 

Body density 1. 1599- <0.0717 *LOG SUM of 4 skinfoldsl . 

The use of 4 skinfolds in Goslin's work may have produced more 

representative data on the distribution of subcutaneous fat than the 2 

skinfold measurements used in this study. 

ENVIRONMENTAL CONDITIONS 

The average environmental conditions that the subjects were exposed to 

during the testing period are given in Table V. 
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Table V Average environmental conditions for the testing period, 

August through October 1986. 

PARAMETER 

BAROMETRIC PRESSURE CmmHgl 

TEMPERATURE C°Cl 

RELATIVE HUMIDITY C/.l 

MEAN 

717.48 

20.73 

59.36 

STANDARD DEVIATION 

3.29 

1.27 

11.36 

Relative humidity was the least stable of the three environmental 

parameters measured. However, all of them fluctuated within very narrow 

limits over the testing period. 

THE ENERGY COST - VELOCITY RELATIONSHIP 

The relationship between the energy cost of walking and movement 

velocity is clearly curvilinear <F igures 3 to 7>. This trend appears to 

be the same for all the speed methods investigated in this study. This 

finding is consistent with the findings of many authors in this respect 

<Ralston 1958, Margaria et al . 1963, Menier and Pugh 1968, Falls and 

• 
Humphrey 1976, Astrand and Rodahl 1977). 

For walking speeds between 1.1 1 m/s and 2.35 m/s the nature of the 

relationship between movement velocity and oxygen consumption is the 

same for absolute and relative speeds, an exponential one. Most of the 

research into this rel at ionship has indicated that oxygen consumption 

increases as a function of velocity squared; a least-squares power fit 
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!Lukin and Ralston 1968, Wyndham et al. 1971, Fardy and Hellerstein 

1978, Marchettie ~~t---=a~l~. 1983). Goslin ( 1985), using a similar 

experimental protocol also reports an exponential relationship for 

walking velocities and oxygen uptake. He suggests that the discrepancy 

between the two types of relationship (exponential versus power fit) may 

be due to the fact that in most of the previous work, the subjects did 

not walk at extremely fast speeds, and a power fit may be more 

appropriate for slower walking speeds. Furthermore it is possible that 

the use of relative speed, in whatever form, is a procedure sufficient 

enough to slightly alter the nature of this curvilinear relationship 

from power to exponential in nature. In each case, despite the fact that 

an exponential relationship provides the best fit, the correlation 

coefficient for the power fit equations are little different from those 

for the exponential equations !Table VI>. 

Table VI :Correlation coefficients for exponential and power fit 
. 

equations relating walking vo2 to absolute speed (m/s) and 

relative speed (st/s, v/lgh, 11/s, fl/s) . 

SPEED METHOD CORRELATION COEFFICIENTS <rl 

EXPONENTIAL EQUATIONS POWER FIT EQUATIONS 

Absolute (m/s) 0 . 9564 0.9414 

st/s 0. 9299 0.9123 

v/ !gFi 0 . 9388 0 . 9293 

11/s 0 . 904 0 . 8903 

flls 0 . 9185 0 . 9102 
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In this study, for each speed method, fewer running speeds were examined 

than walking speeds. The data do not present as clear a picture 

regarding the oxygen consumption-velocity relationship as do the walking 

data. Table VII indicates that for three of the five speed methods a 

power fit provides the best least-squares fit for these data, while a 

linear equation and exponential equation provide the best least-squares 

fit for relative speed methods 11/s and fl/s respectively. Despite the 

rather random association of specific equations with different speed 

methods at first glance, on closer examination a pattern does appear to 

emerge, the significance of which is not altogether clear. For absolute 

speed (m/s) and those relative speed methods which use stature as a 

basis for equalizing movement velocity, a power equation provides the 

best least-squares fit. The remaining two relative speed methods, which 

use measurements of limb length as a means of equalizing movement 

velocity, 11/s and fl/s, are represented by equations other than a power 

fit. 

The majority of research into the relationship between running velocity 

and oxygen consumption has indicated that this is a linear relationship 

• 
<Margaria et al. 1963, Shephard 1969, Astrand and Rodahl 1977, Leger and 

Mercier 1984). A close examination of Figures 3 to 7 indicates that 

although the regression analyses show that the best least-squares f i ts 

are not linear, the trends themselves are very close to being linear . 

Table VIII shows the correlation coefficients for the equations whi ch 

provide the best least-squares fit for running velocity and oxygen 

uptake and the c orrelation coefficients for the linear equation for each 
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Table VII: 

SPEED 
METHOD 

WALKING 

Absolute 

st / s 

v I /gl1 

ll/s 

fl!s 

RUNNING 

Absolute 

st/s 

vI lgli 

ll/s 

fl /s 

. 
Regression analysis summary for V02 <ml /kg/min> < Y> versus 

relative speed (X) in four different forms. The first 

equation represents the relationship between 

<ml/kg/min) and absolute speed. (A correction factor of 

0 . 2777 was used to convert speed (km/hr> to (m/s)). 

BEST 
FIT 

Exp 

Exp 

Exp 

Exp 

Exp 

Power 

Power 

Power 

Linear 

Exp 

COEFfiCIENTS 
A B 

4. 181 0.224 

4.802 1.306 

4.526 3 . 202 

4. 929 0.618 

16.59 0.064 

4. 4 77 0.868 

22.69 0. 799 

4 5. 14 0. 798 

8.911 7.440 

16.59 0. 064 
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FORM 

Y=A*X"B 

Y=A*X" B 

91. 4 7 

84.64 

88. 13 

81 . 72 

35.50 

55.07 

4 1. 10 

48.25 

22 .77 

35.50 



speed method. As can be seen from this table there is little difference 

between the two in each case. 

Table VIII Correlation coefficients for the equations which provide 

• the best least-squares fit for running velocity and vo2 

<ml/kg/minl and those for the linear equations for each 

speed method. 

SPEED BEST CORRELATION CORRELATION COEFFICIENTS 
METHOD FIT COEfFICIENT fOR LINEAR EQUATIONS 

Absolute Power 0 . 7421 0.7324 

st/s Power 0.6404 0.6309 

v/ lg11 Power 0.6946 0.6745 

11/s Linear 0 . 4772 ------

fl/s Exponential 0.5958 0. 5892 

The linear equation which describes the relationship between absolute 

velocity and oxygen consumption in this study has an almost identical 

form to that presented by Williams (1985) for subjects of medium height 

from his investigation of the effects of stature on oxygen consumption 

during walking and running. 

W i lli a ms <1 9 8 5 ) : 

. 
vo2 (ml/kg/min) = 4.2602 + 2.6771 *velocity (km/hrl . 
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Present study: 

• 
vo2 (ml/kg/minl = 4.1497 + 2.8935 *velocity (km/hrl. 

Williams <1985) classified people of medium height as having a stature 

of between 170 em and 185 em. The mean stature for the subjects in the 

present study was 180.3 em <± 7.47) which falls within the range quoted 

above. 

OTHER MOVEMENT RESPONSE - VELOCITY RELATIONSHIPS 

It is clear fr om Figures 8 to 12 that cadence and stride length increase 

in a linear fashion with increases in movement velocity for walking and 

running. Charteris et al. C1982l reported that the stride length versus 

speed of locomotion relationship is linear for walking, while Hogberg 

<1952bl and Knuttgen (1961) both suggest t hat this relationship is also 

linear for running. The former author reported an almost linear 

relati onship in two subjects running at 8 to 30 km/hr on a treadmill. 

The stride length relative speed Cst/sl relationship has been 

described as linear CCharteris et al. 1982) for speeds between 0 .4 and 

1.0 st/s. 

Some investigators have found that cadence during walking increases with 

velocity while it does not change much at all during running COgasawara 

1934 , Boje 1944, Knuttgen 1961). Others have found that cadence varies 

as the square root of velocity of running between 40% and 100% of 

maximum speed !Luhtanen and Komi 1978). Grieve and Gear (1966) found 

that the relationship between cadence and walking speed was best 
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described by a log-log regression. The cadence-relative speed 

relationship, according to Grieve <1968> was best described by a power 

fit curvilinear regression and this relationship remained stable for an 

individual . The cadence and stride length-velocity relationships for the 

present study are summarised in Tables IX and X. 

Increases in walking speed appear to have been achieved by increases in 

both stride length and cadence. However, at the faster speeds <> 1. 2 

stls, 0 . 47 v/lgn, 2 . 22 11/s, 7.6 fl/s) an increase in speed appears to 

have been achieved by an increase in cadence which was disproportionate 

to the increase in stride length . For increases in running speed 

however, there were only small changes in cadence with relatively larger 

increases in stride length. These findings are supportive of those 

reported by McArdle et al . <1981) who showed that when running speed was 

increased, stride frequency increased by only 101., whereas stride length 

increased by as much as 831.. Furthermore, these authors showed that by 

doubling the running speed from 2.77 m/s to 5.54 m/s, the stride length 

was increased by 851., with only a 9/. increase in stride frequency. 

Changes in stride length and cadence have been reported to have profound 

effects on the energy cost of locomotion (Hogberg 1952). During walking, 

cadence and stride length changes both appear to cause an Increase in 

the energy cost. At faster walking speeds, because of the limitations 

imposed on stride length by the morphology of the pelvis and length of 

leg primarily, the major means of accommodating the increase in velocity 

is to increase cadence . The combination of maximal, or almost maximal 

stride length, and increased cadence produce unnecessary muscular 

movements which in turn result in drastic increases in the energy cost. 
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Table IX: Cadence - velocity relationships for walking and running. 

(Yl = cadence (steps/min); (X) = velocity (m/s). 

SPEED BEST COEFFICIENTS EQUATION r2 
METHOD FIT A B FORM 

WALKING CADENCE 

Absolute Power 58.33 0.407 Y=A*X"B 97.20 

st/s Exp 73 . 63 0.518 Y=A*EXP(B*X> 98.72 

v/ lgFi Linear 65.90 134.7 Y=A+B*X 99.88 

ll/s Linear 64.71 28.04 Y=A+B*X 99.24 

flls Exp 72.68 0.078 Y=A*EXP ( B*.X> 99.38 

RUNNING CADENCE 

Absolute Linear 143.6 1. 662 Y=A+B*X 70. 11 

st. Is Log 150.4 21.64 Y=A+BHN(X) 94.63 

v/ lgFi Log 165. 1 10.44 Y=A+BHNlX> 97.97 

ll/s Log 136.4 19.53 Y=A+B*LN lXl 67.75 

fl/s Power 151.5 0.021 Y=A*X"B 51.80 
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Table X: Stride length velocity relationships for walking and 

running. <Yl = stride length (m); (X) = velod t.y (m/s}, 

SPEED BEST COEFFICIENTS EQUATION r2 
METHOD FIT A 8 FORM 

WALKING STR IDE LENGTH 

Absolute Power 0.582 0.585 Y=A*X"B 99.36 

st. / s Log 1.727 0. 798 Y=A+B*LN < Xl 96.28 

v/ Tg11 Log 2.526 0.914 Y=A+BHN<Xl 99.88 

ll/s Log 1. 158 0.823 Y=A+BHN<Xl 98.49 

flls Log 0.219 0. 781 Y=A+BHN<Xl 97.71 

RUNNING STRIDE LENGTH 

Absolute Log -1.794 1. 683 Y=A+BHN <X> 99 . 30 

st/s Exp 0.873 0.567 Y=A*EXP<B*Xl 99.90 

v/lg'fi' Power 3.081 0.946 Y=A*X"B 100.0 

ll /s Exp 0 . 898 0.269 Y=A*EXP <B*Xl 97.63 

fl/s Linear 0.088 0. 191 Y=A+B*X 99.52 
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During running however, the cadence and stride length-velocity 

relationships are essentially inverse <Goslin 1985l; as cadence 

decreases stride length increases and oxygen consumption tends to 

increase. These trends are evident in this study and are supported by 

the findings from studies which have imposed variations in stride length 

on subjects !Hogberg 1952a, Cavanagh and Williams 1982). Deviations from 

the optimal (freely chosen) stride length tend to increase the energy 

cost of locomotion. Increased stride lengths (relative to optimal stride 

length) tend to raise oxygen uptake more than do decreases in stride 

length. Although the subjects freely chose their stride l engths, it is 

clear from Figures 8 to 12 that the change in stride length was greater 

than the change in cadence. Based on this logic it may be true to say 

that changes in stride length tended to drive the increase in oxygen 

consumption to a greater extent than did changes in cadence. Burke and 

Berger (19761 suggested that the increased energy cost associated with 

over-striding was due to greater hip rotation, an increase in the amount 

of shoulder movement and a greater vertical displacement of the centre 

of mass of the body . The increase in the energy cost mentioned above is 

obviously linked to a reduced economy. A reduced economy with a larger 

than optimal stride length has been attributed to the increase in 

vertical oscillation of the centre of gravity of the body <Hogberg 

1952al. 

Figure 13 indicates the relationship between relative stride (relative 

to stature) and relative speed (st/sl for the present study and from 

Grieve and Gear <1966) . In relation to the relationsh ip developed by the 

latter authors, the subjects in this study were using greater relative 
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strides at any given relative speed . Goslin <1985) suggests that the 

energetics of locomotion are related to absolute velocities, since the 

results of his work showed that the oxygen consumption was the same in 

males and females at equal absolute velocities, but the oxygen uptake of 

the males was greater than that of the females at the same relative 

velocities. The relationships between relative stride and relative speed 

(s t/s) in the present study can be described by the following equations: 

Walking : 

Rel stride = 0.9657 + 0.4816 *LOG <RSJ (r 0.9918> 

Running: 

Rel stride = 0.4634 * EXP <0.5945 * RS> (r = 0.9984) 

The efficiency of walking is greater than the efficiency of running 

(figures 14 to 18). The use of relative speed does not appear to have 

any effect on the nature of the relationship between efficiency and 

movement velocity for walking. In all cases, with the exception of st/s 

which is described by an exponential equation, the efficiency-walking 

speed relationships are described by inverse linear equations. The 

nature of the relationship between efficiency and running speed is less 

clear-cut. These relationships are described by exponential, logarithmic 

and power fit curves. The efficiency of running tends to increase with 

increases in speed. 
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These trends are supported by the findings of other investigators 

(Cavagna and Kaneko 1977, Goslin 1985), There is however a great deal of 

conflicting evidence related to walking and running efficiencies. While 

most authors agree that the energy cost of walking displays an optimal 

point and the energy cost of running increases linearly with increases 

in velocity, there is substantial disagreement regarding the work done 

during locomotion. Most researchers agree, however, that there is 

considerably greater energy transfer between segments, and energy 

storage during negative work while running compared with the slower form 

of locomotion, walking (Cavagna et al. 1971, Thys et al. 1972, Fardy and 

Hellerstein 1978, Alexander 1980> . This is particularly apparent in 

examining the efficiency of walking and running at the same velocity 

(Wyndham and Strydom 1971) . This feature is demonstrated clearly in 

Figures 14 to 18 where, for walking and running at the same speeds, 

(2.35 m/s, 1.3 st/s, 2.68 11/s) running is more efficient than walking. 

For speeds less than these, walking and running are either equally 

efficient, or walking is significantly more efficient (p<0.05) than 

running. In all cases in this study where subjects walked and ran at the 

same speeds, the efficiency of running was not significantly greater 

than the efficiency of walking (p<0.05). 

Several factors interact to lower the efficiency of running. Most 

authors agree that the vertical power output during running remains 

constant or drops somewhat as velocity increases (Cavagna et al. 1963, 

Fukunaga et al. 1981), however, it still is twice that of walking. The 

major factors which affect efficiency with increases in velocity are; a 

less effective force- velocity relationship (Davies 1971), the 
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involvement of less efficient fast-twitch muscle fibres increases 

<Donovan and Brooks 1977), and arm and leg rotational energy increases 

parabolically <Luhtanen and Komi 1978). 

Ratings of perceived exertion <RPEl are related to the relative 

. 
intensity of an activity <Y.V02 l <Robertson 1982). When local sensations 

of muscle or joint discomfort are significant, however, the RPE -

relationship can be significantly altered <Pandolf 1978, 1982>. The RPE 

- velocity relationships for this study are depicted in Figures 19 to 

23. It is clear that for all speed methods there is an almost linear 

increase in RPE with increases in speed. However, the increase in RPE 

for walking speeds appears to be greater than the increase in RPE for 

running speeds (ie. the slopes of the lines representing these data 

differ). These trends may be somewhat of an artifact of the experimental 

protocol in that several walking speeds (from slow to fast) were 

examined, whereas relatively fewer running speeds were examined. The 

fastest running speed was 2.77 m/s which, in terms of running speed, is 

relatively slow. 

For walking and running at the same speeds, there are no significant 

differences (p<0.05) in the ratings of perceived exertion. This is not 

surprising if one considers that in other studies <Robertson 1982) RPE 

• appear to be highly related to Y.V02. For the speeds at which subjects 

both ran and walked there were no significant differences in submaximal 

. 
V02 <ml/kg/minl. Therefore the relative intensities must also not have 

been significantly different (p<0.05l. However, for the present study 
. 

correlation coefficients for RPE and Y.V02 varied between r = 0.6307 and 
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r = 0.6044 for walking, and r = 0.3966 and r = 0.4269 for running, 

which, in both cases are only moderate correlations. 

Studies which have focused upon the factors involved in the perception 

of effort during isometric muscular work have cited local factors such 

as mechanoreceptors and chemoreceptor activity (Cain and Stevens 1971> 

and tendon, skin and joint ligament receptors (Cain 1973) as affecting 

ratings of perceived exertion. These same factors have also been shown 

to exert significant input into perceptual response during aerobic work 

(Pandolf and Noble 1973, Stamford and Noble 1974, Ekblom et al. 1975>. 

Support for the role of kinesthetic or proprioceptive feedback may also 

be i nferred from the findings of a variety of comparative studies. In 

order to investigate the possibility that stride length and cadence 

variations, and the local factors associated with large stride lengths 

and high cadence at fast walking speeds were driving perceptions of 

effort, correlation coefficients for these gait parameters and RPE were 

calculated. The correlation coefficients for stride length and RPE at 

fast walking speeds varied from r = -0.51 to r = -0.55, and for cadence 

and RPE from r = 0.54 to r = 0 . 60. Although there appears to be a 

slightly stronger relationship between cadence and RPE than between 

stride length and RPE, the direction of these relationships is 

interesting. 

It would appear that at any given fast walking speed () 2.08 m/s) the 

stride length cadence relationship is such that as the speed increases 

stride length decreases relatively and cadence increases to maintain the 

speed. At fast walking speeds stride length is limited primarily by the 

morphology of the pelvis and length of the legs. The stride length - RPE 

- 149 -



relationship is negative because of the relative reduction in the former 

while RPE values continue to increase, being mediated to a large extent 

by cadence. Although these trends may be of some significance in 

determining those factors driving the perceptions of effort during fast 

walking, the actual correlations are only moderate. These findings 

support the contention that it is not only physiological input that 

enables one to adequately describe perception of effort. Many non 

physiological (psychological l factors such as sleep deprivation, 

anxiety, depression and fatigue all contribute in some way to 

influencing the perception of effort under different circumstances. 

Gosli n (1985) reported that it was felt that "local" sensations of 

discomfort accentuate the RPE r esponse at fast walking speeds. He goes 

on to state that many subjects complained that the walk at 1.3 st/s was 

"too fast" and that they nursed tender anterior tibial musculature after 

this walk. 

Several factors have been cited as being influencial in relation to RPE 

while running. These factors include lactate concentrations <Stamford 
. . 

and Noble 1974), VE (Sargeant and Davies 1973), V02 <Edwards et al. 

1972) and proprioceptive feedback <Ekblom et al. 1975). The correlation 

• 
coefficients for the I.V02 max and RPE while running were extremely low 

in the present study, as were these coefficients for stride length - RPE 

and cadence RPE relationships <stride length : r = 0.18 tor= 0.21; 

cadence: r = 0.22 tor = 0. 25>. Blood lactate concentrations would 

probably not have been high enough during any of the running conditi ons 

• 
to have had any significant effect on RPE. The mean /.V02 max for all 

runn i ng speeds was 48.85/.. Assuming that the venti l atory threshold is 
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indicative of large increases in blood lactate, a mean ventilatory 

. 
threshold of 74.47 /.V02 max for the 11 subjects indicates that the 

intensity of the running conditions was substantially below the point at 

which lactate begins to accumulate and have significant effects on 

performance and perceptions of effort. Because of the apparent lack of 

clear evidence for a prominent physiological cue influencing RPE, it may 

be true to say that a number of factors together contributed to affect 

RPE during the running conditions, least of which may have been several 

psychological factors, such as motivation, mood state, fatigue and time 

of day. 

THE LOCOMOTOR INTERFACES 

It is generally and correctly understood that, as a means of locomotion, 

walking is suitable for slower speeds up to a certain limit which 

differs from individual to individual, whereas running is more suitable 

for high speeds COgasawara 1934). The exact speed at which this limit 

occurs has not been specifically identified but appears to be in the 

range of speeds 2.0 m/s to 2.33 m/s (Noble et al. 1973, Kagaya 1976). 

The nature of the oxygen uptake - velocity relationships for walking and 

running create the impression that a) there is a single locomotor 

interface and, b) this interface occurs at the point at which the oxygen 

uptake - velocity curve for walking intersects the oxygen uptake 

velocity curve for running. The data in Table XI indicate from the 

oxygen consumption - velocity relationships developed in this study 
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(Figures 3 to 7), the speeds at which the two curves intersect and the 

measured walk-to-run and run-to-walk interface speeds. 

Table XI The speeds in m/s and relative speed Cst/s, v/lgn, 11/s, 

fl/s) at which the oxygen uptake - velocity curves for 

walking and running intersect. A comparison is drawn 

between these speeds and the speeds at which the 

walk- to-run and run-to-walk interfaces actually occurred. 

SPEED METABOLIC INTERSECTION SPEEDS MEASURED INTERFACE SPEEDS 
METHOD MIS RS WALK-TO-R UN RUN-TO-WALK 

MIS RS MIS RS 

Absolute 2.24 2.22 2.05 

st/s 2.28 1. 27 2 .21 1. 23 2 . 03 1. 13 

v/ rgn 2.31 0.55 2.23 0.53 2.06 0.49 

11/s 2.33 2 .68 2.24 2.57 2.07 2 .38 

fl Is 2. 23 * 8.60 2.20 8 . 47 2.03 7 .82 

x 2.28 2 . 22 2.05 

<* At this speed the energy cost curves did not intersect. This was the 

fastest speed at which subjects walked and ran>. 

It is clear from Table XI above that the average speed (2.28 m/s) at 

which the energy cost curves for walking and running intersec t more 

closely reflects the measured walk- to-run interface speed (2 .22 m/ s ) 

than the run-to-walk interface speed (2 . 05 m/s). Therefore, in genera l 

t he use of the oxygen uptake - velocity curves for walking and running 
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as a means of locating the locomotor interface speeds appears to be more 

useful for the walk-to-run interface speed than for the run-to-walk 

interface speed. The point of intersection between the energy cost 

curves for walking and running also creates the impression of a single 

locomotor interface as mentioned previously. This however is not the 

case as can be seen from Table XI . The measured run-to-walk interface 

speed is significantly slower (p<O.OS> than the the measured walk - to-run 

interface speed , and the speed at which the energy cost curves 

intersect. It is clear therefore that there are two distinctly separate 

locomotor interface speeds and the run-to-walk interface speed is slower 

than both the measured walk- to-run interface speed, and the speed at 

which the energy cost curves intersect. 

The results of a correlation and regression analysis of the data 1n 

Table XI reveals that, despite the small sample sizes, the "metabolic 

intersection speed" is more highly correlated wi th the measured 

walk- to-run interface speed than with the measured run-to-walk interface 

speed (r = 0.841 and r = 0. 7369 respectively). The following equation 

best describes the relationship between the measured 

interface speed and the "metabolic intersection speed". 

walk-to-run 

Walk/run interface speed= 1.5195 + 0 .3075 *met. intersection speed. 

(where speed is in m/s). 

The coefficient of determination for this equation is moderately high 

(r2 = 0 . 7072) and substantially higher than the coefficient of 

determination for the equation which best describes the relationship 
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between the run-to-walk interface speed and the "metabolic intersection 

speed" (r 2 = 0.543). 

Figure 24 indicates, as mentioned above, that the two locomotor 

interface speeds are significantly different lp<0.05l. The walk-to-run 

interface speed occurs at a significantly faster speed than the 

run-to-walk interface speed. The kinematics of gait, as measured in this 

study, differ significantly (p<0.05l at the two identified locomotor 

interfaces. Data at the walk-to-run interface were collected while 

subjects were running, while data at the run-to-walk interface were 

collected on the same subjects while walking <Figures 25 and 26). At the 

former interface subjects accommodated increases in speed by using a 

relatively high cadence and a relatively small stride length. The 

opposite was observed at the run-to-walk interface where subjects used a 

relatively low cadence and a large stride length. Both cadence and 

str ide length at the walk-to-run interface differed significantly 

lp<0.05l from cadence and stride length at the run-to-walk interface. 

These patterns are to be expected since running at 2 . 22 m/s is 

considered to be a slow pace. The natural kinematic adjustments while 

running at this speed would involve a relatively high cadence with a 

short stride length. Walking at 2.05 m/s <1.14 st/s), using the 

classification proposed by Charter is 11982) is considered to be a 

"medium fast" pace. Kinematic adjustments to walking at this speed would 

naturally involve a relatively large stride length and a low cadence. 

In order to attempt to identify the significance of these locomotor 

interfaces in relation to the energy cost of locomotion further 

investigation involved establishing the consistency with which subjects 
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were able to locate the walk-to-run and run-to-walk interface speeds. 

Figure 27 indicates the mean coefficient of variation for speed with all 

speed methods combined . It is clear from this that the former interface 

was located with significantly more precision than the latter interface 

Cp<0 . 05). Candler (1986) suggested that feedback from proprioceptive 

sources such as stretch receptors in the muscles and joints of the legs 

and hips, as well as the limitations imposed by the morphology of the 

pelvis and the legs on fast walking possibly contributed to the more 

consistent location of the walk-to-run interface speed. "These feedback 

mechanisms provided definite cues for a change from walking to running, 

which may have been associated with discomfort or even mild pain caused 

by stretching of the leg muscles and the increased discomfort associated 

with pelvic oscillations at high walking speeds". Furthermore, it is 

suggested that the change in the pattern of locomotion at the 

run -to-wal k interface speed was not facilitated to the same extent by 

the same feedback mechanisms. In this case the subjects were moving at 

very slow running speeds before changing to a walk. There was no 

"painful discomfort" in running at these speeds and the change was 

probably mediated more by input from sensory cues such as the sound of 

the treadmill motor rather than by distinct proprioceptive feedback. 

Maintenance of balance becomes increasingly more difficult at slow 

running speeds because of the relatively 

one leg during the support phase of 

long periods of time spent 

the running cycle. Control 

on 

of 

balance may therefore have been another factor which mediated the change 

from running to walking at the run-to-walk interface. 
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From the relationships between the metabolic intersection speed and the 

two locomotor interface speeds previously discussed it is clear that the 

run-to-walk interface has little significance in terms of the energetics 

of locomotion . This interface, because of the lack of distinct feedback 

cues to facilitate a consistent change in the locomotor pattern at this 

speed, may simply be an "overshoot" of the walk-to-run interface . For 

these reasons further investigation of the run-to- walk interface was not 

carried out in this study. This does not, however, preclude its 

importance in further research related to the locomotor interfaces. 

Additional investigation of the walk-to-run interface involved assessing 

movement responses to walking and running at a constant velocity (2.22 

m/s) . Table XII indicates selected physiological, kinematic and 

psychological parameters measured during walking and running at the 

walk-to-run interface speed and during running at the run-to- walk 

interface speed. 

The energy cost (ml02 /kg/minl of locomotion at the walk-to-run interface 

was not significantly different <p<O.OSJ for walking and running <Figure 

28). On the basis of the previously presented information on the 

"metabolic intersection speed" and the walk-to-run interface speed 

<Table XIIl, this result could possibly have been expected, since the 

speed at which the latter occurred was not very different from the speed 

at which the energy cost curves for walking and running intersected 

(2.22 m/s compared with 2.28 m/s) . Ogasawara (1934) suggests that when 

the speed of movement is essentially the same the differences in the 

energy cost for walking as compared to running range from approximately 

4/. at 2.01 m/s to 15/. at 2.52 m/s and 201. at 2.88 m/s. These speeds fall 
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Table XII: Selected physiological, kinematic and psychological 

parameters at the walk-to-run and run-to-walk interfaces . 

At the walk-to-run interface data were col l ected on 

subjects walking and running . 

MEASURED 
PARAMETER 

SPEED (m/s l 

LOCOMOTOR PATTERN 

. 
V02 (ml/kg/minl 
. 

I. vo2 max 

• V. T. (/. vo2 max) 

EFFICIENCY (/.) 

CADENCE (steps/min} 

STRIDE LENGTH ( m J 

RPE 

% RPE max 

WALK 

26 . 7 

44.9 

61.2 

40.7 

138. 1 

1. 93 

11.2 

63.9 

INTERFACE TYPE 
WALK-TO-RUN RUN-TO-WALK 

2.22 2.05 

RUN RUN 

( 4. 15) 28. 1 ( 1. 94) 

(8. 10) 46.9 (5.26) 

( 11. 1) 61.8 ( 7. 45} 

!5.79) 39.9 (3.82) 

(6.96} 155.5 (6.39) 133.6 ( 10. 9) 

(0. 13} 1. 72 (0. 13} 1. 84 <O. 131 

( 1. 54} 9.5 (1.37} 

(9. 82} 54.2 ( 10.3) 
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substantially below (2.01 m/s) and above (2.52 and 2.88 m/s) the 

walk-to-run interface speed identified in this study. 

It is clear then, that the greater the difference in the speed of 

movement both above and below the walk-to-run interface speed, the 

greater the difference in the energy cost of walking and running at the 

same speeds . The common factor which appears to determine the 

differences in oxygen uptake between walking and running at the same 

speed when the speed is above or below the walk-to- run interface is the 

amount of the total musculature being utilized (Ogasawara 1934) . The 

incre~sed number of muscular movements are themselves a function of: 

ll the shorter length of stride which necessitates a grea ter number of 

strides per unit of distance 

2l the excessive compensatory arm movements across the chest during 

walking at high speeds 

3) the exaggerated transverse plane rotation of the hips and 

corresponding counteraction of the shoulders, and 

4) the sustained contraction of the muscles of the legs due to the 

straight - leg action; walking degenerates into running by virtue 

of a bent knee action at high speeds (Ogasawara 1934). 

Cadence and stride length for walking and running at the walk-to-run 

interface differed significantly (p<0.05). Walking was characterised by 

a relatively slower cadence and larger stride length than running during 

which the opposite kinematic trends were observed (Figures 29 and 30l. 
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Despite significant differences in these gait parameters there was no 

significant difference in the oxygen uptake values for walking and 

running at the walk-to-run interface speed (p<0.05). The gait pattern 

therefore had no effect on the energy cost of locomotion at this speed. 

Van der Walt and Wyndham (1973), in their attempt to produce prediction 

equations for the energy expenditure of walking and running, noted that 

• pace length and leg length account for only 21. of the variance in vo2 

during running and are therefore not considered important factors in 

relation to the prediction of energy costs. However, for a given 

locomotor pattern at any set velocity, variations in stride length 

relative to optimal stride length have a profound effect on the energy 

cost of locomotion . Lengthening the stride relative to the optimal 

stride length is reported to increase vo2 more than decreasing stride 

length relative to the optimal length. 

Table XII shows that for walking and running at the walk-to-run 

i nterface speed, the efficiency of these locomotor patterns is not 

significantly different (p<0 . 05l (Figure 31l. This finding does not 

support the finding of Lloyd and Zacks (1972) who suggest that running 

efficiency is higher than walking efficiency , particularly when walking 

and running are performed at the same velocity (Wyndham and Strydom 

1971). Cavagna et al . (1964> cite the main reason for this difference in 

efficiency between these two forms of locomotion as being the beneficial 

effect of elastic recoil of running. Elastic recoil is lower at walking 

speeds because the energy is absorbed due to increased contraction time. 

Increases in the stretch of the muscle and speed of movement tend to 

increase e lastic recoil (Fardy and Hellerstein 1978). Heglund et al. 
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(1982 ) and Donovan and Brooks <1977) suggest that in normal walking it 

becomes more efficient once the speed exceeds 2 .2 2 m/s. 

Figure 14 depicts the efficiency of walking and running between 1.11 m/s 

and 2.77 m/s. As with the oxygen consumption curves, the efficiency 

curves for walking and running intersect at about 2.22 m/s. This 

therefore is the reason that despite the different locomotor patterns 

being used, there is no difference in efficiency. Since there is no 

difference in the oxygen consumption lml/kg/minl for walking and running 

at the walk-to- run interface speed, the work done must also have been 

the same for walking and running since the efficiency values are not 

different. 

The relative intensity of the work done at the walk-to-run interfac e was 

not significantly different for walking and running (p<0.05J <Table 

XIIJ. However, the relative intensity for both locomotor patterns at 

2 . 22 m/s in this study was substantially less than that reported by 

Kagaya 11976). He reported that at the "metabolic intersection speed'' 

. 
his subjects were working at 64.9/. vo2 max, 19 .95/. harder than the 

subjects in the present study while walking at the walk-to-run int~rface 

speed and 17.95/. harder than when running at this speed. Since Kagaya 

suggests that the "metabolic intersection speed" occurs at 2.14 m/s the 

subjects tested must have had somewhat lower maximal oxygen uptake 

values than the subjects used in this study. However, the relative 
. 

intensities 1/. V02maxJ cited in the study by Kagaya 11976) correspond 

with mean relative RPE values of 63.91/. I± 9.82% RPE max) for walking 

and 54.18% 1~10.31% RPE max) for running in the present study. Despite 
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the large differences between these values, they are not significantly 

different because of the large standard deviations . 

General ratings of perceived exertion were recorded for walking and 

running at the walk-to-run interface speed. The mean RPE value for 

walking was significantly higher (p<0.05) than the mean RPE value for 

running (Table XII> <Figure 32). Mihevic (1981) suggests that central 

and local RPE are related to the absolute and relative intensity of 

exercise respectively. In this study there was no significant difference 

in the relative intensity for walking and running and yet RPE values 

were significantly different. These data tend to indicat e that other 

factors such as those associated with the physiological, kinematic and 

psychological parameters measured in this study as well as unmeasured 

factors, may have had a stronger influence on RPE than absolute or 

relative workloads. Lollgen et al . (1980) fo und that when cycl ing at 

. 
zero load, 701. V02 max, or maximal intensities, RPE was not always 

related to any of the centra l or local cues frequently mentioned. 

However, RPE was linked to central factors at high speeds of limb 

movement even during unloaded pedalling. A relationship between central 

RPE and speed of limb movement, independent of workload, has also been 

shown elsewhere <Croisant 1982). 

The significantly higher RPE for walking was probably not related to 

speed of limb movement since cadence was higher while running at the 

same speed and the RPE was lower than the walking value . It was felt 

rather, that local factors associated with the relatively large stride 

length contributed more to the RPE values during walking . Factors such 

as proprioceptive feedback from muscle spindles, golgi tendon organs and 
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pacinian corpuscles, the stimulation of which resulted from stretching 

of the quadriceps and anterior tibialis muscles at the fast walking 

speeds. The discomfort of excessive pelvic oscillations and compensatory 

arm and shoulder move ments may also have contributed to the 

significantly higher RPE values recorded for walking as opposed to 

running. 

Despite the higher cadence during running relative to walking, in 

absolute terms the mean cadence (155.5 ± 6.39 steps/min) during running 

is not excessively high. Once again the speed of limb movement was 

probably not a major factor driving the RPE response during running. 

Because of the absence of distinct local discomforts dur i ng running, it 

was difficult to isolate specific factors mediating the RPE responses. 

In both cases the intensity of the locomotor tasks performed was less 

. 
than 501. V02 max and only 61.18/. and 61.821. of the ventilatory 

threshold, for walking and running respectively. At no stage did the 

respiratory exchange ratio exceed 1.0. All these factors indicate that 

the walking and running tasks at the walk-to-run interface were 

essentially aerobic and the chances of the factors associated with 

anaerobiosis having any effect on the RPE responses was very slight. 

These conclusions tend to illustrate the multi-faceted nature of 

perceived exertion, and the difficulties associated with identifying 

specific physiologic or psychologic factors influencing RPE in any given 

situation. Morgan (1973) suggests that "the important consideration is 

frequently not what the individual is doing, but rather what he thinks 

he is doing". In order to investigate this statement brief l y, subjects 

were asked to choose either to walk or run at the interface speed !this 
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was denoted the "free choice" locomotor pattern). Following this, if the 

Hfree choice" was a walk, the subjects were "forced" to run at the 

speed on another occasion, and if the "free choice" was a run they 

same 

were 

"forced" to walk at the same speed on another occasion. The RPE values 

for "free choice" and "forced" patterns of locomotion were not 

significantly different (p<0.05l 

the subjects to perform a 

<Figure 321. The fact that 

particular locomotor task 

"forcing" 

did not 

significantly effect the RPE in relation to the RPE for "free choice" 

locomotor tasks, coupled with the fact that it appears that the relative 

intensity had no effect on RPE at the walk-to-run interface, makes an 

explanation of these results, particularly for running, very difficult. 

Had "local" ratings of perceived exertion been col lected significant 

differences may have become evident in each condition. Morgan (19731 

suggests that a portion of the unexplained variance in ratings of 

perceived exertion may be dependent on factors of a psychometric nature. 

However, since none of these factors was measured in this study it is 

impossible to make statements relating to them, and their influence on 

RPE in this situation . 

The lack of a statistically significant difference between the RPE 

values for "free choice" and "forced" locomotor patterns may however 

have been an artifact of the number of subjects who chose to walk and 

run in each category. These are illustrated in Table XIII. 
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Table XIII The total number of subjects in this study was 11 <N = 11>. 

This table indicates the number of subjects who chose to 

walk and/or run when given the "free choice" and "forced" 

conditions at the walk-to-run interface speed. 

CATEGORY OF LOCOMOTOR 
PATTERN 

"FREE CHOICE" 

"FORCED" 

TOTAL N 

NO. OF SUBJECTS 
CHOOSING TO WALK 

3 

8 

11 

NO. OF SUBJECTS 
CHOOSING TO RUN 

8 

3 

11 

Because of the trend indicated in Table XIII above, and the fact that 

when analysed separately the walking and running RPE values are 

significantly different <p<0.05), when all these data are combined, the 

net result is that the RPE values for "free choice" and "forced'' 

locomotor patterns are not significantly different. 

THE USE OF RELATIVE SPEED 

To date most of the research concerning relative speed has focused on 

the effects which relative speed have on the kinetics and kinematics of 

human gait. The use of absolute speed for the anal ysis of gait is 

somewhat invalid since tall and short people are taxed differently at 

the same absolute speeds. The use of speed made relative to some linear 

dimension of the body (stature, leg length, foot length) has the effect 
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of factoring out inter-subject differences in linearity and thereby 

"normalizing" the gait patterns at any given relative speed. 

Related to the fact that relative speed has the effect of reducing the 

inter-subject variability in certain gait parameters is the hint that it 

(relative speed) will have the same effect on the physiological 

responses during human locomotion (Goslin 1985). Katch et al. (1982> 

recognise two sources of variability in human responses, biological and 

technological. Out of a total variabi lity of 5.6/., these authors suggest 

that biological sources account for 90/. and technological sources less 

than 10/.. If one considers the number of factors which contribute to 

biological variability, particularly in relation to oxygen consumption 

and economy of locomotion, finding a single factor which significantly 

influences variability in any given situation is a difficult task . 

The two major issues considered in this study revolved around 

determining the effects of relative speed on the variability in the 

speed at which the two locomotor interfaces occurred, and secondly, the 

effects of relative speed on the energy cost of human locomotion. 

The significant difference in the speeds at which the two locomotor 

interfaces occurred, and the possible reasons for these differences were 

discussed earlier . In computing the mean coefficient of variation for 

these speeds, all five speed methods were combined since it was felt 

that a larger sample would have resulted in a more conclusive statement 

being generated on the basis of the results of the statistical analysis. 

Figures 33 and 34 illustrate the inter-subject variability in speed for 

each speed method separately at the run-to-walk interface and 
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walk-to-run interface respectively. Both figures indicate that the use 

of rel a tive speed in attempting to reduce the variability with which 

subjects identify the locomotor interfaces has no significant influence 

(p<0.05). This implies that using absolute speed (m/s) is as good a 

means as any to use for identifying the walk-to-run and run-to-walk 

interface speeds. A comparison of the va lues given in these figures 

(Figures 33 and 34) from Table XIV reveals that for each speed method, 

the mean coefficient of variation for speed is greater at the 

run-to-walk interface than at the walk-to-run interface. These 

individual means clearly indicate why, when all these data are combined, 

there is significantly greater inter- subject variability in speed at the 

run-to-walk interface than at the walk-to-run interface. There is an 

extreme paucity of data regarding this issue in the literature therefore 

comparison with the findings of other researchers has been impossible. 

Table XIV Mean coefficients of variation for speed, both absolute 

(m/s), and relative <stls, vllgfi, 11/s, fl/s) at the 

walk-to-run and run-to-walk interfaces. 

SPEED INTERFACE TYPE 
METHOD WALK-TO-RUN RUN-TO-WALK 

ALL COMBINED 2. 79 4.66 

ABSOLUTE <m/s) 2.78 4.60 

st/s 2.77 4 . 70 

v/lgn 2.84 4.64 

11/s 2. 79 4.68 

fl/s 2. 77 4.68 
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Variations in submaximal oxygen consumption of as high as 501. have been 

reported when subjects are compared (Dill et al. 1930). Their data also 

reveal that a difference in excess of 301. still exists if the vo2 is 

expressed in relative terms (ml/kg/min). Several other researchers have 

reported inter-subject variations in oxygen uptake of similar 

magnitudes; 301. (Daniels 1974), 261. and 201. for trained female and male 

runners respectively <Farrel et al . 1979> , 201. <Cureton and Sparling 

1980). There are several factors which have been reported to influence 

the energy cost of locomotion and therefore produce quite drastic 

inter-subject variations, not least of which is the speed of locomotion. 

Costill et al. (1973> examined 16 trained distance runners running at 
. 

4.46 m/s and found a variation of 121. in submaximal V02 , while Williams 

<1980> reported a variation of 17/. in a group of 31 recreational runners 

at 3.57 m/s. 

The results of this study show that the use of relative speed in four 

different forms each using different measures of morphological linearity 

appears to have no significant effect (p<0.05) in reducing the 

• 
inter-subject variability in vo2 when compared to absolute speed (m/s). 

Mean coefficients of variation for oxygen uptake (ml/kg/min) are 

presented for walking and running separately and walking and running 

combined in Table XIV <Figures 35 to 37>. In all cases the variability 

is greater for the relative speed methods than for absolute speed. In 

. 
several cases the variability in vo2 for relative speed is s ignificantly 

greater <p<O.OSJ than that for absolute speed. One possible reason for 

• 
inter-subject variations in vo2 not accounted for by using relative 

speed is differences in the distributions of mass amoung the limb 
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segments. These differences can be marked between individuals with 

identical total body mass . Body mass appears to be an important factor 

related to the energy cost of locomotion <McArdle et al. 1981), to the 

extent that when using absolute speed (m/sl this is the only physical 

phenomenon commonly factored out (ie . vo2 was expressed relative to body 

mass) . In the case of all the relative speed methods, differences in 

morphological linearity between subjects, as well as differences in body 
. 

mass, were factored out and the variability in submaximal vo2 was 

greater using relative speed as opposed to absolute speed. 

Other anatomical variations may also have a potential impact on 

between-individual variations in energy cost which are not accountable 

for using the methods employed in this study. Although there is a 

paucity of data on this, it is not unreasonable to suppose that there is 

a large variability between individuals of the same body size in the 

distance of the insertions of key muscles from joint centres <Cavanagh 

and Kram 1985l. Other aspects of muscle architecture, such as fibre 

orientation, and fibre length in a g i ven muscle could also have an 

effect on the energy cost of locomotion. For example substrate 

utilization, number and activity of mitochondria, effectiveness of 

aerobic enzymes, muscle and blood pH and muscle type. Individual 

differences in these factors may drive differences in oxygen consumption 

and not be influenced significantly by the effects of normalizing human 

gait by using relative speed (Goslin 1985). 

Va r iability in efficiency i s reported to differ according to the type of 

activity being performed as wel l as the method used to calculate 

mechan i c a l energy. Different people are using different means of 
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calculating efficiency and reporting different values of variability 

between subjects (Gosl i n 1985>. For example variations in efficiency 

have been reported to range from 29.5% to 2.5/. <Erickson et al. 1946, 

Williams et al. 1966) respectively. Variations in muscular efficiency 

when defined as the ratio of mechanical work to the metabolic energy 

expended <Stainsby et al. 1980!, range from between -120/. for downhill 

treadmill walking to +250/. for level treadmill walking <Margaria 1968, 

Pierrynowski et al. 19801. The mean coefficient of variation for 

efficiency for walking and running across all five speed methods is 

9.73%. This compares favourably with the value cited by Shephard (1976) 

for treadmill locomotion. Table XV indicates the coeff icients of 

variation for efficiency in walking and running separately and walking 

and running combined for each speed method. Relative speed, in the forms 

used in this study, has no significant effect on the variabil ity 1n 

efficiency between subjects. 

Previous work done at Rhodes University (Williams 1985) on the effects 

of stature on oxygen uptake indicated that at absolute speeds between 

0.875 m/s and 3.325 m/s short people <163 . 1 ± 4.9 cml had a 

significantly higher vo2 (ml/kg/minl (p<0.05l than tall people <190.8 ± 

3. 7 cml. However, when these subjects performed the same walking and 

running tasks at relative speeds (st/s and v/~ there were no 

s ignificant differences (p<0.05l in oxygen uptake between the two 

groups . These data suggest that the use of relative speed in reducing 

inter-subject variability in oxygen consumption is more effective than 

absolute speed when diverse ranges in stature are a feature of the 

subject pool. In this case the mean difference was 27.7 em . 
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However, as the data from the present study suggests, when the 

variability in the measures of linearity used for each relative speed 

method is small, then the use of relative speed as a means of equalizing 

subjects on the basis of the energy cost of locomotion is somewhat 

worthless. Absolute speed may be used equally as effectively for groups 

of people with similar linear dimensions for the measurement of the 

energy cost of locomotion. 

The effects of relative speed on the variability of the kinematic 

parameters measured in this study, namely cadence and stride length, 

appear to have produced similar trends as the previously discussed 

energy cost parameters <Table XV). Relative speed methods st/s and 11/s 

tend to reduce the variability in walking cadence, but for the most part 

the variability in cadence at relative speeds is no different from that 

at absolute speed. The use of relative speed <11/s) significantly 

reduces stride length variability while walking at speeds between 1.24 

11/s and 2.68 11/s <p<0.05l. This may be due to the relationship between 

length of leg and length of stride. While running, on the other hand, 

the use of relative speed (fl/sl significantly increases the variability 

in stride length <p<0.05l. 

The lack of significant trends in the variability of the kinematic 

parameters in this study may also be due to the fact that the subjects 

on ly differed very slightly in measurements of stature, leg length and 

foot length. As a result, setting the movement velocity relative to 

these linear dimensions had little effect on the gait parameters 

measured. It is suggested that when more diverse ranges of linearity are 
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Table XV : Mean coefficients of variation for selected performance 

variables using different speed methods (m/s, st/s, 

vl/'g'fi , llls, fl/sl . Walking and running data are 

presented separately and as combined data . 

PARAMETER SPEED METHOD 
Absolute st/s v/ lgfi llls fl/s 

. 
vo2 (ml/kg/minl 

Walk 8 . 16 10.6 9 . 01 11.9 12.2 

Run 7.06 9 . 20 6 . 92 11. 1 10 . 3 

Walk + Run 8 . 57 10. 1 9. 01 13 . 0 11. 7 

EFFICIENCY (%) 

Walk 9 . 51 9 . 13 10.6 10 . 4 9 . 91 

Run 7.97 9.20 10 . 7 10 . 6 8.52 

Walk + Run 9 . 28 9 . 47 10 . 6 10 . 7 9.29 

CADENCE (steEs/minl 

Walk 5 . 86 3 . 66 4 . 38 3 . 50 3 . 95 

Run 5.30 5 . 09 5. 11 4.45 6.04 

Walk + Run 5 . 86 4.20 4 . 66 3 . 58 4.88 

STRIDE LENGTH (m) 

Walk 5 . 12 7. 14 5.66 4 . 88 8 . 02 

Run 5 . 25 8.06 6 . 65 7 . 20 10 . 6 

Walk + Run 5.36 7.46 6 . 04 5 . 81 9 . 14 
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a feature of the subject pool then relative speed becomes an effective 

means of factoring out these differences in linearity. 
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CHAPTER FIVE 

SUMMARY , CONCLUSIONS AND RECOMMENDATIONS 

AIMS OF THE STUDY 

This study sought to examine selected physiological, kinematic and 

psychological parameters related to human locomotion using absolute 

speed (m/s) and four relative speed methods based upon measures of 

morphological linearity (st/s, vlfgfi, ll/s, fl/s). Particular attention 

was paid to the movement responses which occurred at the walk-to-run 

interface; a speed which d i ffered from individual to individual, but 

below which people generally prefer to walk and above which people tend 

to prefer to run. The run-to-walk interface. speed was also identified 

but was not investigated to the same extent as the walk-to-run interface 

since the former did not appear to have any metabolic significance. 

The questions addressed aimed at attempting to explain the significance 

of relative speed as a means of reducing inter-subject variability in 

physiological responses during locomotion . Secondly , to determine 

whether or not there were two locomotor interfaces or a single interface 

for both forms of human locomotion , and finally, to establish the 

significance of these interfaces in relation to metabolic parameters. 
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The following hypotheses were developed in accordance with the above 

questions : 

HYPOTHESIS ONE: That there is no difference in the speed at which 

subjects change from a walk to a run at the walk-to-run interface, and 

from a run to a walk at the run-to-walk interface. 

HYPOTHESIS TWO: That the use of relative speed reduces the 

variability in the speeds at which subjects located the walk-to-run 

interface speed and the run-to-walk interface speed when compared with 

the variability in speed at the same interfaces for absolute speed. 

HYPOTHESIS THREE: That there is no difference between the movement 

responses during walking and running at the walk-to-run interface in the 

following categor ies of variables: a) kinematic 

b> physiological 

c) psychological (perceptual>. 

HYPOTHESIS FOUR: That the use of relative speed reduces inter-subject 

variability in the selected kinematic, physiological and psychological 

parameters during walking and running. 

HYPOTHESIS FIVE: That the use of relative speed linearizes the oxygen 

consumption- velocity relationship across the locomotor interfaces. 
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METHODS 

Eleven male caucasian subjects volunteered to participate in this study 

(mean age 21.55 ± 3. 72 years; body mass 71.7 ± 6.49 kg; stature 180.3 ± 

7.47 em). They all performed a test of maximal aerobic power on a 

treadmill using a computer assisted on-line system to collect and 

analyse the data. This test yielded a mean maximal oxygen uptake value 

for the group of 60.15 ± 5.54 ml/kg/min . Several anthropometric 

measurements were performed, the mean values being: leg length 86.7 ± 

6.29 em, foot length 26.28 ± 1.54 em, % body fat 8.39 ± 2 . 45, and body 

surface area 1.91 ± 0.12 m squared. Following these tests subjects were 

involved in a treadmill test during which the walk-to-run and 

run-to-walk interface speeds were located. Each subject performed 10 

increasing speed trials and 10 decreasing speed trials. 

During four subsequent visits to the laboratory each subject completed 

49 walking and/or running conditions each of which were 4-minutes long. 

Absolute speed (m/s), and four relative speed methods were used (st/s, 

v/lgfi, 11/s, fl/s). Furthermore, two 4-minute conditions at the 

walk-to-run interface speed were completed, one walking and one running. 

During each of these tests oxygen uptake, respiratory exchange ratio, 

c~dence and ratings of perceived exertion !RPEl were measured. Measures 

of efficiency (Y,) and stride length were derived from the physiological 

and kinematic data respectively. 
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The results were analysed using s ingle variable statistics, one-way 

analysis of variance and one independent regress ion analyses. A 0.05 

level of probabi l ity wa s chosen. 

RESULTS 

ll The relationship between oxygen uptake and velocity for walking is 

curvilinear, whereas the same relationship for running is linear . 

These findings are consistent with those of several other authors 
. 

<Astrand and Rodahl 1977, McArdle et al. 1981). 

The nature of the oxygen uptake-velocity relationsh ip for walking 

in this study was best described by an exponential equation. The 

use of relative speed has no apparent effect on this relationship . 

Host previous authors have found a least-squares power fit best 

describes this rel ationship. It is suggested that the reasons for 

this discrepancy may be twofold: 1l that in most of the previous 

work subjects have not walked at extremely fast speeds, and 2l the 

use of relative speed is a procedure sufficient to slightly alter 

the nature of this relationship . 

The oxygen uptake-running velocity re l ationships do not provide as 

clear a picture in terms of the nature of these relationships as 

the oxygen uptake-walking velocity relationships. For three of the 

five speed methods a power equation provided the best least-

squares fit (absolute, st/s, v/lgnl, while a linear equation and an 
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exponential equation provided the best least-squares fit for 

relative speed methods 11/s and fl/s respectively. The significance 

of these trends was not clear . 

2> Cadence and stride length were found to increase linearly with 

increases in movement velocity for walking and running. These 

findings are consistent with those of Charteris et al. (1982) and 

Hogberg (1952bl, and Knuttgen {1961) respectively. The nature of 

the cadence and stride length-velocity relationships provided no 

clear trends. However, the coeff i cients of determination for all 

regression equations were relatively high (walking cadence: r2= 

97.2 tO 99.8; running cadence : r 2 = 51.8 to 97.97; walking stride 

length: r 2 = 96.28 to 99.88; running stride length: r 2 = 97.63 to 

100>. 

Increases in walking speed appear to have been achieved by 

increases in both cadence and stride length. However, at the faster 

walking speeds <> 1.2 st/s, 0.47 v/fgn, 2.2 11/s, 7.6 fl/s) an 

increase in speed appears to have been achieved by an increase in 

cadence which was disproportionate to the increase in stride 

length. For increases in running speed, however, there were only 

small changes in cadence with relatively larger increases in stride 

length. 

The lack of specific trends for the cadence and stride 

length-velocity relationships indicated that relative speed had 

little effect on the nature of these relationships . 
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3) The efficiency of walking was found to be greater than the 

efficiency of running. The use of relative speed appeared not to 

have any significant effect on the nature of the relationship 

between efficiency and movement velocity for walking. In all cases, 

with the exception of st/s which is described by an exponential 

equation, the efficiency-walking speed relationships are described 

by linear equations. 

The nature of the re lationships between efficiency and running 

speed are less clear- cut in that these relationships are described 

by exponential, logarithmic and power fit equations. The efficiency 

of running tended to increase with increases in speed . This finding 

along with t he finding of an inverted "U"- shaped curve for walking 

efficiencies is supportive of the findings in the literature. 

4) With increases in movement velocity ratings of perceived exertion 

appeared to increase in an almost linear fashion. However, the 

increase in RPE for walking speeds appeared to be greater than the 

increase in RPE for running speeds. These trends may be an artifact 

of the experimental protocol in that fewer running speeds were 

examined. In addition to this the fastest running speed was only 

2.77 m/s which is relatively slow. 

For walking and running at the same speeds there were no 

significant differences in RPE (p<0.05). In previous work, 

Robertson (1982) noted that RPE was highly related to the relative 

intensity of the work done (% of maximal oxygen uptake}. For 
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walking and running at the same speeds in this study there were no 

significant differences 1n relative intens i ty (p<0 . 05) the refore on 

this basis it is not surprising that there were no significant 

differences in RPE. 

Stride length and cadence appeared to have a moderate effect on 

RPE . For movement velocities at which both walking and running were 

performed the correlation coefficient for stride length and RPE 

varied from r = -0.51 to -0.55, and for cadence and RPE from r = 

0.54 to 0.60 . 

These findings emphasised the multi-faceted nature of RPE and the 

difficulty of isolating single physiological or kinematic cues 

which drive perceptions of effort in any situation. 

5> The nature of the oxygen uptake-velocity curves for walking and 

running creates the impression that there is a single locomotor 

interface. In this study it was found , firstly that there are two 

distinctly separate locomotor interfaces (p<0 . 05>, and secondly 

that the "metabolic intersection point'' more closely reflects the 

speed at which the walk-to-run interface occurs than the speed at 

which the run-to-walk i nterface occurs . 

Furthermore it was found that the speed at which the walk-to- run 

interface occurred compared favourably with the "metabolic 

intersection speeds" cited in the literature. 
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WALK-TO-RUN INTERFACE SPEED: 2.22 m/s 

RUN-TO-WALK INTERFACE SPEED: 2.05 m/s 

METABOLIC INTERSECTION SPEED: 2.28 m/s 

The correlation coefficient for the ''metabolic intersection speed" 

and the walk-to-run interface speed in this study was r = 0.7369. 

6) The two kinematic parameters investigated in this study (cadence 

and stride length) differed significantly (p<0.05) at the two 

locomotor interfaces. At the walk-to-run interface subjects 

accommodated increases in speed by using a relatively high cadence 

and a relatively short stride length. At the run-to-walk interface 

subjects used a relatively low cadence and longer stride length. 

These patterns were to be expected since running at 2.22 m/s is 

considered to be an extremely slow running pace. The natural 

kinematic adjustments for running at this speed would involve a 

high cadence and short stride length. While walking at 2.05 m/s is 

considered to be a "medium fast pace" <Charteris 1982). Kinematic 

adjustments to this speed would involve relatively longer stride 

lengths and a slower cadence. 

7) The walk-to-run interface speed was located more precisely by all 

subjects than was the run-to-walk interface. The coefficient of 

variation for speed at the former was significantly less than that 

at the latter interface speed (p<O.OSl. It was suggested that 

distinct proprioceptive feedback provided cues for the more 

consistent location of the walk-to-run interface while these cues 
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were absent at the slower speeds and as a result there were no 

distinct cues which assisted subjects in locating the run-to-walk 

interface speed. Furthermore , the run-to-walk interface appeared to 

have little metabolic significance. 

8) When the treadmill speed was kept constant at the speed at which 

the walk-to-run interface occurred (2.22 m/s) there was no 

significant difference in the oxygen uptake values for walking and 

running (p<O.OSl. This strongly confirmed that this speed was in 

fact very close to that speed at which the energy cost curves 

(ml02 /kg/minl for walking and running intersected. 

9l Cadence and stride length differed significantly at the walk-to-run 

interface for walking and running (p(0 .05). Walking was 

characterised by a relatively slower cadence and longer stride 

length than running during which the opposite kinematic trends were 

observed. Despite 

parameters, there 

significant differences in the kinematic 

was no difference in the energy cost 

<ml02 /kg/min) at the walk-to-run interface. It was concluded that 

the gait pattern had no significant effect on the energy cost of 

locomotion at the walk-to-run interface speed. 

lOl Efficiency was not significantly different for walking and running 

at the walk-to-run interface (p<O .O Sl . This finding tends to 

contradict those in the literature particularly those of Wyndham 

and Strydom (1971} who suggest that running efficiency is higher 
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than that of walking particularly when these two locomotor patterns 

are performed at the same velocity. 

The reason that efficiency is not significantly different for 

walking and running in this study is that the efficiency curves for 

these two l ocomotor patterns intersect at about 2.22 m/s, the speed 

at which the walk-to-run interface occurs. Since efficiency was 

essentially the same for walking and running and there was no 

difference in the oxygen uptake for these two locomotor patterns a t 

the walk-to- run interface speed, it was concluded that the work 

done must have been the same for walking and running at this speed. 

11) The mean RPE value for walking was significantly higher than the 

mean RPE value for running at the walk-to-run interface (p<0.05). 

Considering the results discussed up to now, factors other than 

the physiological parameters measured in this study must have been 

driving the perceived exertion responses. It was suggested that the 

kinematic parameters along with psychological factors of a 

psychometric nature may have been the primary mediators of RPE a t 

the walk-to-run interface. During walking at th i s speed large 

pelvic oscillations and proprioceptive feedback associated with 

these movements may have influenced ratings of perceived exertion. 

In order to investigate the premise "that the important 

consideration is frequently not what the individual is doing but 

rather what he thinks he is doing" which influences RPE (Morgan 

1973), this parameter was examined during "free choice" and 
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"forced" locomotor patterns. The RPE values for these two 

conditions were not · significantly different (p<0.05l. However, 

these results may have been an artifact of the number of subjects 

who chose to walk and run in each condition. 

12l Relative speed, in the four forms used in this study, had no 

significant effect on the variability of any of the parameters 

measured (p<O.OSl . It is suggested that the reason for these 

results was the lack of diversity amongst the subjects chosen in 

the measures of morphological linearity used in the relative speed 

calculations (stature, leg length, and foot length). On the basis 

of these findings it was concluded that unless diverse 

morphological linearity is a feature of ones subject pool, absolute 

speed is as effective as relative speed in reducing inter-subject 

variability in the physiological, kinematic and psychological 

parameters measured in this study. 

CONCLUSIONS 

ll The two forms of human locomotion, walking and running, are 

distinctly different and in evaluating these gait patterns 

consideration must be given to this fact. 

2l The impression created by the energy cost curves, that there is a 

single locomotor interface for both walking and running is a false 

one . There are two distinctly different locomotor interfaces, the 
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walk-to-run interface and the run-to-walk interface. The former 

appears to correspond with the "metabolic intersection point" and 

therefore has some metabolic significance. The latter appears to be 

merely an "overshoot" of the walk-to-run interface and presently 

has no apparent metabolic significance. 

3) Because the walk-to-run interface speed corresponds with the 

intersection point of the energy cost curves, physiological 

responses to walking and running at this speed do not differ 

significantly. However, cadence and stride length patterns for 

these two locomotor patterns are distinctly different at this 

point. 

4 } The identification of single physiological or kinematic factors 

during perceptions of exertion in any given situation is an 

extremely difficult if not impossible task. Perceived exertion 

should therefore be considered a multi-factorial concept and should 

be evaluated as such. 

5) The use of relative speed as a technique for reducing inter-subject 

variability in physiological and kinematic factors is worthless 

unless diverse ranges in morphological linearity are a 

characteristic of one's subject pool. 
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HYPOTHESIS ACCEPTANCE I REJECTION 

HYPOTHESIS ONE: Tentative acceptance of the Alternate Hypothesis. 

The findings of this study lead one to tentatively accept the Alternate 

Hypothesis (p<O.OS> as follows: 

That there is a difference in the speed at which subjects change from a 

walk to a run at the walk-to-run interface, and from a run to a walk at 

the run - to-walk interface. 

HYPOTHESIS TWO: Tentative acceptance of the Alternate Hypothesis . 

The findings of this study lead one to tentatively accept the Alternate 

Hypothesis Cp<O.OSl as fo l lows : 

That the use of relative speed does not reduce the variability in the 

speeds at which subjects locate the walk-to-run interface speed and the 

run - to- walk interface speed when compared to the vari abili ty in speed at 

the same interfaces for absolute speed. 

HYPOTHESIS THREE: 

a) Tentative acceptance of the Alternate Hypothesis 

b ) Tentative acceptance 

c) Tentative acceptance of the Alternate Hypothesis 

a) The findin gs of this study lead one to tentatively accept the 

Alternate Hypothesis (p<O.OS> as follows: 
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That there are differences in the kinematic parameters as measured in 

this study during walking and running at the walk-to-run interface 

speed. 

bl The findings of this study lead one to tentatively accept the Null 

Hypothesis (p<0.05l as follows: 

That there are no differences in the physiological responses during 

walking and running at the walk-to-run interface speed 

cl The findings of this study lead one to tentatively accept the 

Alternate Hypothesis <p<0.05l as follows: 

That there are differences in ratings of perceived exertion during 

walking and running at the walk-to-run interface speed. 

HYPOTHESIS FOUR: Tentative acceptance of the Alternate Hypothesis. 

The findings of this study lead one to tentatively accept the Alternate 

Hypothesis (p<0.05l as follows: 

That the use of relative speed does not reduce inter-subject variability 

in the selected physiological, kinematic and psychological parameters 

measured in this study during walking and running. 

HYPOTHESIS FIVE: Tentative acceptance of the Alternate Hypothesis. 

The findings of this study lead one to tentatively accept the Alternate 

Hypothesis <p<0.05) as follow~ : 
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That the use of relative speed does not linearize the oxygen 

consumption-velocity relationshi p across the locomotor interfaces. 

RECOMMENDATIONS 

1) That the run-to-walk interface be examined in the same way as the 

walk-to-run interface was in this study. This will enhance our 

understanding of the physiological, kinematic and psychological 

factors associated with human locomotion at this speed, and allow 

comparisons to be made with the data collectad at the walk-to-run 

interface. 

2> Since there appears to be no significant difference in the 

physiological responses to walking and running at the walk-to-run 

interface speed, but the kinematic parameters measured differ 

significantly during walking and running at this speed, future 

researchers would be advised to undertake a detailed analysis of 

human gait at the walk - to-run interface. A similar analysis may 

also be performed at the run - to-walk interface. 

3) It appears that relative speed is not effective in r educing 

inter-subject variability when the people being investigated are of 

similar linear dimensions. Future research may concentrate on 

examining the effects of using relative speed on inter-subject 

variability in physiological responses to human locomotion where 

there is a large diversity of linearity between people. In doing 
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so, a critical value for differences in linearity between subjects 

may be identified above which it would be beneficial to use 

relative speed as a means of reducing variability, and below which 

absolute speed would be the most effective procedure to use. 

4) In this study a 15-point graded category Borg scale was used to 

assess general ratings of perceived exertion during walking and 

running. It is suggested that in future research local RPE values 

also be collected since these values may enhance the understanding 

of the factors driving RPE, particularly at fast walking speeds 

where local factors associated with long stride lengths may overide 

the cardiovascular factors thought to mediate general ratings of 

perceived exertion. 

- 202 -



REFERENCES 

Alexander, R. MeN. (19841 Stride length and speed for adults, children, 
and fossil hominids. American Journal of Physical Anthropology, 63, 
23-27. 

Alexander, R. MeN. 119801 Optimal walking techniques for quadrupeds and 
bipeds. Journal of Zoology (London), 192, 97-117 . 

Alexander, R. MeN . 119771 Terrestrial Locomotion . In Mechanics and 
Energetics of Terrestrial Locomotion. (Edited by Alexander, R. MeN. 
and Goldspink, G.l. Chapman and Hall: London, 168-203 . 

Alexander, R. MeN. (19761 Estimates of speed in dinosaurs . Nature, 261, 
129-130. 

Alexander, R. 
exerted in 
383-390. 

MeN., Jayes, 
walking and 

A.S. 119801 
running. 

Fourier analysis of forces 
Journal of Biomechanics, 13, 

Armstrong, L.E., Costill, D.L. 119851 Variability of respiration and 
metabolism: Responses to submaximal cycling and running. Research 
Quarterly for Exercise and Sport, 56, 93-96. 

Aronchiuk, J., Burke, E. J. 119761 The effects of varied rest intervals 
following warm-up upon subsequent ratings of perceived exertion, 
heart rate and state anxiety. In Carton , R.L., Rhodes, E. C. (19851 
A critical review of the literature on rating scales for perceived 
exertion. Sports Medicine, 2, 198-222. 

Asmussen, E., Bonde-Petersen, F. 119741 Apparent efficiency and 
of elastic energy in human muscles during exercise. 
Physiologica Scandinavica , 92, 537 - 545 . 

storage 
Acta 

. 
Astrand, P.O. , Rodahl, K. 11977) Textbook of Work Physiology (2nd 

edition) . McGraw-Hill: New York. 

Bakers, J . H.C .M., Tenney, S.M. 11970 1 The perception of some sensations 
associated with breathing. Respiratory Physiology , 10, 85-92. 

Bar-Or, 0 . 
Borg,G. 

119771 Age-related changes in exercise prescription. 
lEd. I Physical Work and Effort. Pergamon Press, Sweden. 

In 

Benedict, F. G., Murschhauser , H. (19151 Energy transformation during 
horizontal walking. Carnegie Institute: Walsh, Pub. No. 231. 

Bhambhani, Y. , Singh, M. (19851 Metabolic and cinematographic analysis 
of walk ing and running in men and women . Medicine and Science in 
Sports and Exercise, 17 , 131-137 . 

- 203 -



Bobbert, A.C.. (1960) Energy expenditure in level and grade walking. 
Journal of Applied Physiology, 15, 1015-1021. 

Boje, 0. (1944) Energy production, pulmonary ventilation, and length of 
steps in well-trained runners on a treadmill. Acta Physiologica 
Scandinavica, 7, 362-375. 

Booyens, J., Keatinge, W.R. (1957) The expenditure of energy by men and 
women walking. Journal of Physiology, 138, 165-171. 

Borg, G. (1982) Psychophysical basis of perceived exertion . Medicine and 
Science in Sports and Exercise, 14, 371-381. 

Borg, G. (1973) Perceived Exertion. A note on history and methods. 
Medicine and Science in Sports, 5, 90-93 . 

Borg, G. (1970) Perceived exertion as an indicator of somatic stress. 
Scandinavian Journal of Rehabilitation Medicine, 2, 92-98. 

Borg, G. (1962> Physical Performance and Perceived Exertion. Gleerup, 
Lund: Sweden. 

Borg, G., Linderholm, H. (1967> Perceived exertion and pulse rate during 
graded exercise in various age groups. Acta Medica Scandinavica, 
<Suppl. 472>, 194-206. 

Borg, G., Noble, B.J. <1974) Perceived exertion. In Wilmore (ed.) 
Exercise and Sport Sciences Reviews. Academic Press: New York. 

Boring, E.G. (1969) Perspective: Artifact and Control. In Artifact in 
Behavioural Research . R. Rosenthal and R.L. Rosnow <Eds.) Academic 
Press: New York. 

Bransford, D.R., Howley, E.T. (1977) Oxygen cost of running in trained 
and untrained men and women. Medicine and Science in Sports, 9, 
41-44. 

Broer, M. (1966) Efficiency of Human Movement (2nd edition) . W.B. 
Saunders Company: Philadelphia. 

Brooks, G. A., Donovan, C.M., White, T.P. <1984) Estimation of 
energy production and efficiency in rats during exercise . 
of Applied Physiology, 56, 520-525. 

Burke, E.J., Berger, R.A. <1976> Energy cost of running 
different stride lengths. New Zealand Journal of Health, 
Education and Recreation, 9, 96-99 . 

- 204 -

anaerobic 
Journal 

at three 
Physical 



Cafarelli, E. (1977) Peripheral and central inputs to the effort sense 
during cycling exercise . European Journal of Applied Physiology and 
Occupational Physiology, 37, 181-189. 

Cafarelli, E., Cain, W.S., Stevens, J . C. (1977) Effort of dynamic 
exercise: Influence of load, duration and task. Ergonomics, 20, 
147-158. 

Cain, W.S. (1973) Nature of perceived effort and fatigue: Roles of 
strength and blood flow in muscle contractions. Journal of Motor 
Behaviour, 5, 33- 47 . 

Cain, W.S., Stevens, J.C. (1971) Effort in sustained and phasic 
hand-grip contractions. American Journal of Psychology, 84, 52-65. 

Candler, P. O. (1986) Selected physiological, kinematic and psychological 
responses at the walk-to-run and run-to-walk interfaces . S.A. 
Journal for Research in Sport, Physical Education and Receation. 
<In Press). 

Carton, R. L. , Rhodes, E. C. <1985) A critical review of the literature on 
rating scales for perceived exertion . Sports Medicine, 2, 198-222 . 

Caterisano, A., McMurray, R.G. (1982l Energy cost of exercise in males 
and females matched for height. Medicine and Science in Sports and 
Exercise, 14, 147. 

Catlin, M.E., Dressendorfer , R.H. <1979) Effect of shoe weight on the 
energy cost of running <Abstract). Medicine and Science in Sports, 
11 ' 80. 

Cavagna, G.A., Heglund, N.C . , Taylor, C.R . (1977) Mechanical work in 
terrestrial locomotion: two basic mechanisms for minimizing energy 
expenditure . American Journal of Physiology, 233 , 243-261. 

Cavagna, G. A., Kaneko, M. <1977) Mechanical work and efficiency in level 
walking and running . Journal of Physiology, 268, 467-481 . 

Cavagna , G. A., Komarek, L., Mazzoleni , S. (1971> The mechanics of sprint 
running. Journal of Physiology, 217, 709-721 . 

Cavagna , G.A., Margaria, R. (1966) Mechanics of walking. Journal of 
Applied Physiology, 21, 271-278. 

Cavagna, G.A. , Saibene, F.P., Margaria, R. <1964) Mechanical work in 
running. Journal of Applied Physiology, 19, 249-256. 

Cavagna, G. A., Saibene, F.P . , Margaria, R. (1963) External work in 
walking . Journal of Applied Physiology, 18 , 1-9. 

- 205 -



Cavagna, G. A., Thys, H., Zamboni, A. <1976) The sources of external work 
in level walking and running. Journal of Physiology, 262, 639-657 . 

Cavanagh, P.R., Kram, R. (1985a) The efficiency of human movement - a 

statement of the problem. Medicine and Science in Sports and 
Exercise, 17, 304-308. 

Cavanagh, P. R., Kram, R. ( 1985bl Mechanical and muscular factors 
affecting the efficiency of human movement. Medicine and Science in 
Sports and Exercise, 17, 326-331. 

Cavanagh, P.R . , 
overview. 
University, 

Kram, R. <1983) The efficiency of human movement - an 
In Goslin, B.R. <1985) Ph.D . Dissertation, Rhodes 
Grahamstown, South Africa. <Unpublished). 

Cavanagh, P.R., Williams, K. R. (1982) The effect of stride length 
variation on oxygen uptake during distance running. Medicine and 
Science in Sports and Exercise, 14, 30-35. 

Cavanagh, P.R., Williams, K.R., Hodgson, 
stride length variation on 02 uptake 
Medicine and Science in Sports, 10, 63. 

J.L. <1978) The effect of 
during distance running . 

Charteris, J. <1982J Human gait cyclograms: conventions, speed 
relationships and clinical applications. International Journal of 
Rehabilitation Research, 5, 507-518 . 

Charteris, J . , Cooper, L.A., Bruce, J.R . 
conceptual model for studying human 
Movement Studies, 2, 233-238. 

( 1 9 7 6 l H u rna n K i net i c s : A 
movement. Journal of Human 

Charteris, J., Wall, J.C., Nottrodt , J . W. (1982J Pliocene hominid gait: 
new interpretations based on available footprint data from Laetoli . 
American Journal of Physical Anthropol£KY, 58, 133-144 . 

Conley, D.L., Krahenbuhl, G.S. <1980) Running economy 
running performance of highly trained athletes . 
Science in Sports and Exercise, 12, 357-360. 

and distance 
Medicine and 

Costill , D.L. <1970) Metabolic responses during distance running. 
Journal of Applied Physiology, 28, 251-255. 

Costill, D.L., Fox, E.L. (1969) Energetics of marathon running. Medicine 
and Science in Sports, 1, 81-86. 

Costill, D.L., Thomason, H. , Roberts, E. (1973) Fractional 
of the aerobic capacity during distance running. 
Science i~orts, 5, 248-252. 

- 206 -

uti 1 i z at ion 
Medicine and 



Cotes, J.E., Meade, F. (1960l The energy expenditure and mechanical 
energy demand in walking . Ergonomics, 3, 97-119. 

Cotes, J.E., Meade, F. <1959) Physical training in relation to the 
energy expenditure of walking and to factors controlling 
respiration during exercise. Ergonomics, 2, 195-206 . 

Croisant, P.T. (1982l Effect of pedal rate, brake load, and power on 
rating of perceived exertion <Abstract). Medicine and Science in 

--------------~~~~--~ Sports and Exercise, 14, 158. 

Cureton, K.J., Sparling, P.B. <1980) Distance running performance and 
metabolic responses to running in men and women with excess weight 
experimentally equated.M __ e_d_i_c_i_n_e ___ a_n __ d ____ S_c_i_e_n_c_e __ ~i~n~~S~p~o~r~t~s--~a~n~d 
Exercise, 12, 288-294. 

Dal Monte, A., Fucci, S., Manoni, A. (1974) The treadmill as a training 
and simulating instrument in middle - and long - distance running. 
Journal of Sports Medicine and Physical Fitness, 14, 67-72. 

Daniels, J.T. <1985) A physiologist's view of running economy. Medicine 
and Science in Sports and Exercise, 17 , 332-338. 

Daniels, J. <1974) Physiological characteristics of champion male 
athletes. Research Quarterly for Exercise and Sport, 45, 342-348. 

Daniels, J., Oldridge, N. (1971) Changes in oxygen consumption of young 
boys during growth and running training. Medicine and Science in 
Sports, 3, 161-165. 

• Danie ls, J., Scardina, N., Foley , P. (1984) Vo2 submax during five modes 
of exercise. Proceedings of the World Congress on Sports Medicine, 
Vienna, 1982. Bach!, N., Prokop, L., Suckert, R. <Edsl. Vienna: 
Urban and Schwartsenberg, 604-615. 

Das, R.N., Ganguli, S. (1979) Pre l iminary observations on parameters of 
human locomotion. Ergonomics, 22, 1231-1242. 

Davis, J.A. (1985) Anaerobic threshold: review of the concept and 
directions for future research . Medicine and Science in Sports and 
Exercise, 17, 6-18. 

Davies, C.T.M., Barnes, C. (1972l Negative (eccentric) work. I. Effects 
of repeated exercise. Ergonomics, 15, 3-14. 

Davies, C.T.M., Sargeant, A.J. 
practolol on the perception 
Ergonomics, 22, 1141-1146. 

(1979) The effects of atropine and 
of exertion during treadmill exercise. 

- 207 -



Davies, R.E. <1971> Energy- rich phosphagens. Advances in Experimental 
Medicine and Biology, 11, 327- 339. 

Dean, G. A. ( 1965> An analysis of the energy expenditure in level and 
grade walking . Ergonomics, 8, 31 - 47. 

de Mello, J.J ., Cureton, K.J., Boineau, R.E., Singh, M.M. ( 1985) Effects 
of state of training and gender on ratings of perceived exertion at 
the lactate threshold . Medicine and Science in Sports and Exercise, 
17, 198. 

Dill, D.B. (1965> Oxygen used 
running on the treadmill . 
19-22. 

in horizonta l and grade walking 
Journal of Applied Physiology, 

and 
20' 

Dill, D.B., Edwards , H.T. , Talbott, J.H. (1930) Studies 
activity, VI, responses of several individuals to 
~ournal of Physiology (London), 69, 267-305. 

in muscular 
a fixed task. 

Dishman. R. <1978 > Aerobic power, estimation of phys ical ability and 
attraction to physical activity. Research Quarterly for Exercise 
and Sport, 49 , 285-292. 

Doc kter, R., Sharkey, B. <1971> Note on some physiologi cal and 
subjective reactions to exercise and training. Perceptual and Motor 
Sk ills, 32, 233 -2 34. 

Donovan, C. M., Brooks, G.A. (1977> Muscular 
steady-rate exercise. II. Effects of walking 
Journal of Applied Physiology, 43, 431 - 439. 

efficiency 
speed and work 

during 
rate. 

Dressendorfer, R.H . (1979 ) Oxygen requirements of post - coronary and 
competitive marathon r unners during road running. Journal of Sports 
Medicine and Physical Fitness, 19, 15-22. 

Durnin, J.V.G . A. , Namyslowski, 
energy expenditure of 
Physi o logy, 143, 573- 578. 

L. (1958) Individual variations in the 
standardized activities. Journal of 

Edgerton, V. R. ( 1976) Neuromuscular adaptation to power and endurance 
work. Canadian Journal of Applied Sport Sciences, 1, 49-58. 

Edwards, R.H . T., Melcher, A., Hesser, C. M., Wigertz, 0., Ekelund, L.G. 
(1972) Physiological correlates of perce ived exertion in contin uous 
and intermittent exe rcise with the same average power output. 
~uropean Journal of Clinica l Investigation, 2, 108 -1 14. 

Ei sler , H. (1962> Subjective scales of force for a large muscle group . 
Journal of Experimental Psychology, 64, 253- 267. 

- 208 -



Ekblom , B., Goldbarg, A.N. (1971) The influence of training and 
factors on the subjective rating of perceived exertion. 
Physiologica Scandinavica, 83, 399-406. 

other 
Acta 

Ekblom, B., Lovegren, 0., Alderin, M., Fridstrom, M., Satterstrom, G. 
<1975) Effect of short-term physical training on patients with 
rheumatoid arthritis I. Scandinavian Journal of Rheumatology, 4, 
80-86 . 

Elftman, H. (1939bl The function of muscles in locomotion . American 
Journal of Physiology , 125, 357-366. 

Erickson, L. , Simonson, E., Taylor, H.L., Alexander, H., Keys, A. (1946) 
The energy cost of horizontal and grade walking on the motor-driven 
treadmill. American Journal of Physiology, 145, 391-401. 

Falls, H.B., Humphrey, ~.D. (1976) Energy cost of running and wa lking in 
young women. Medicine and Science in Sports, 8, 9-13. 

Fardy, P.S., Hellerstein, H.K. <1978) A comparison of continuous 
intermittent progressive multistage exercise testing. Medicine 
Science in Sports, 10, 7- 12. 

and 
and 

Farrell, P.A., Wilmore, ,J . H., Coyle, E. F. , Billing, J.E . , Costill, D.L. 
(1979) Plasma lactate accummulation and distance running 
performance. Medicine and Science in Sports, 11, 338- 344. 

Fellingham, G. W., Roundy, E. S., Fisher, A. G., Bryce, G.R . <1978> Caloric 
cost of walking and running. Medicine and Science in Sports, 10, 
132-136. 

Fenn, W.O. <1930> Work against gravity and work due to velocity changes 
in running. American Journa l of Physiology, 93 , 433- 462. 

Ferguson, G.A. (1981) Statistical Analysis in Psychology and Education 
<5th ed.). McGraw- Hill : New York. 

Frederick, E. C. <1985) Synthesis , experimentation and the 
of economical movement. Medicine and Science in 
Exercise, 17, 44-47. 

biomechanics 
Sports and 

Frederick, E. C., Clarke, T.E., Larsen, J.L., Cooper, L.B. <1983) The 
effects of shoe cushioning on the oxygen demands of running . In 
Biomechanical Aspects of Sports Shoes and Playing Surfaces (Nigg, 
B., Kerr, B. Eds.) University of Calgary Printing Services : 
Calgary. 

Fukunaga, T., Matsuo, A. , Ichikawa, M. (1981> Mechanical energy output 
and joint movements in sprint running . Ergonomics, 24, 765-772. 

- 209 -



Fukunaga, T., Matsuo, A., Yuasa, 
Effect of running velocity 
Ergonomics, 23, 123-136. 

K., Fujimatsu, H., Asahina, K. <1980> 
on external mechanical power output. 

Fullerton, G. S., Cattell, J .M. <1982> On the perception of small 
differences. University of Pennsylvania Press: Philadelphia. 

Furusawa, K., Hill, A.V., Long, C. N.H., Lupton, H. <1924) 
exercise and oxygen requirement. Proceedings of the Royal 
of London <Biology), 97, 167-176. 

Muscular 
Society 

Gaesser, G. A., Brooks, 
post-exercise oxygen 
Sports and Exercise, 

G. A. <1984) Metabolic bases of excess 
consumption: A review. Medicine and Science in 
16, 29-43. 

Garry, R.C., Wishart, G.M. (1931J On the existence of a most efficient 
speed in bicycle pedalling, and the problem of determining human 
muscular efficiency. Journal of Physiology, 72, 426-437. 

Goslin, B.R. (1985> 
Dissertation, 
<Unpublished). 

Economy and Efficiency of Human Locomotion. Ph.D. 
Rhodes University, Grahamstown, South Africa. 

Goslin , B.R., Campbell, M., Bosch, A.N., Candler, P.D. <1985) Assessment 
of Aerobic Response: An on-line, computer-aided data acquisition 
system. S.A. Journal for Research in Sport, Physical Education and 
Recreation, 8, 53-61. 

Grieve, D.W. <1968) Gait patterns and the speed of walking. Bio-medical 
Engineering, 3, 119-122. 

Grieve, D.W., Gear, R.J. <1966> The relationships between length of 
stride, step frequency, time of swing and speed of walking for 
children and adults. Ergonomics, 5, 379-399. 

Hagberg, J.M., Mullin, J.P., Giese, M.D., Spitznagel, E. (1981) Effect 
of pedalling rate on submaximal exercise responses of competitive 
cyclists. Journal of Applied Physiology, 51, 447-451. 

Harrison , G.A., Weiner, J.S . , Tanner, J.M., Barnicot, N. A. <1977> Human 
Biology (2nd edition). Oxford University Press: Oxford. 

Heglund, N.C., Fedak, M.A., Taylor , C.R., Cavagna, G.A. (1982) 
Energetics and mechanics of terrestrial locomotion. IV. Total 
mechanical energy changes as a function of speed and body s ize in 
birds and mamma ls . Journal of Experimental Biology, 97, 57-66. 

Henry, F.M. <1951) Individual differences in oxygen metabolism at two 
speeds of movement. Research Quarterly for Exercise and Sport, 22, 
324-333 . 

- 210 -



Hinrichs, R.N., Cavanagh, P.R. (1983) Upper extremity contributions to 
angular momentum in running. Biomechanics VIII-B, 4B, 641-647. 

Hogberg, P. (1952a) How do stride length and stride frequency influence 
the energy-output during running? Arbeitsphysiologie, 14, 437-441. 

Hogberg, P. 11952bl Length of stride, stride frequency, "flight" period 
and maximum distance between the feet during running with different 
speeds. Arbeitsphysiologie, 14, 431-436. 

Holloszy, J.O., Coyle, E.F. 
endurance exercise and 
Applied Physiology, 56, 

(1984) Adaptations of skeletal muscle 
their metabolic consequences. Journa l 
831-838. 

to 
of 

Horstman, D. H. (1977) Exercise performance at 5 degrees C (Abstract). 
Medicine and Science in Sports, 9, 52. 

Horstman, D., Kowal, D., Vaughan, L., Stivanelli, A. 11979c) The 
influence of previous physical experience on the perception of work 
effort <Abstract). Medicine and Science in Sports, 11, 79. 

Horstman, D., Morgan, W.P., Cymerman, A., Stokes, J. (1979a) 
of effort during constant work to self- imposed 
Perceptual and Motor Skills, 48, 1111-1126. 

Perception 
exhaustion. 

Howley, E.T., Glover, M.E. (1974) The caloric costs of running and 
walking one mile for men and women . Medicine and Science in Sports, 
6, 235-237. 

Hueting, J.E. (1965) An attempt to quantify sensations of 
physical fatigue. In Carton, R.L., Rhodes, E.C . (1985) A 
review of the literature on rating scales for perceived 
Sports Medicine, 2, 198-222. 

general 
critical 

exertion. 

Irvin, E. F., Drummond, B.J. 11982> Circadian changes in resting heart 
rate and body temperature, maximal oxygen consumption and perceived 
exertion. Ergonomics, 25, 381-386. 

Ito, A., Komi, P.V., Sjodin, B., Bosco, C., Karlsson, 
Mechanical efficiency of posit ive work in running at 
speeds. Medicine and Science in Sports and Exercise, 15, 

J. (1983) 
different 

299-308. 

Kagaya , H. 11976 ) Cardiorespiratory responses to optimal speed of 
walking and to "Metabolic Intersection" speed of walking and 
running. In Exercise Physiology, Book 4, Vol. 4 <Landry, F., Orban, 
W.A.R. editors). Symposia Specialists: Quebec. 

Kaneko, M., Ito, A., Toyooka, J. <1979) Mechanical work and efficiency 
of running in place . Medicine and Science in Sports, 11, 85. 

- 211 -



Katch, V.L . 1 Sady, S.S., Freedson, P. (1982) Biological variability in 
maximum aerobic power. Medicine and Science in Sports and Exercise, 
14, 21-25. 

Kay, C., Shephard, R.J. <1969) On muscle strength and the threshold of 
anaerobic work. Internationale Zeitschrift fur Angewandte 
Physiologie, 27, 311-328. 

Kilborn, A. <1971) Physical training in women . Scandinavian Journal of 
Clinical and Laboratory Investigation, 28, 1-34. 

Knuttgen, H.G. <1961) Oxygen uptake and pulse rate while running with 
undetermined and determined stride lengths at different speeds . 
Acta Physiologica Scandinavica, 52, 366-371. 

Koller, E., Starter, G., Palmer, J., Docktor, R. , Mandell, A. (1966) 
Stress in subjects undergoing sleep deprivation. Psychosomatic 
Me d i c i n e , 2 8 , 1 0 1 - 1 1 3 . 

Komi, P. V., Bosco, C. {1978) Utilization of stored elastic energy in leg 
extensor muscles by men and women. Medicine and Science in Sports, 
10, 261-265. 

Kostka, C. E., Cafarelli, E. {1982) Effect of pH on 
lateralis EMG during cycling exercise. 
Physiology , 52, 1181-1185. 

sensation and 
Journal of 

vast us 
Applied 

Kram, R., Cavanagh, P.R., Kerns, M.M. (1985) Day to day variation in 
freely chosen running stride length. Medicine and Science in Sports 
and Exercise, 17, 237. 

Leger, L., Mercier, D. (1984) Gross energy cost of horizontal treadmill 
and track running. Sports Medicine, 1, 270-277. 

Lewis, S.F., Taylor, W.F., Graham, R.M., Pettinger, W.A. , Schutte, J.E., 
Blomqvist, C.G. <1983) Cardiovascular responses to exercise as 
functions of absolute and relative work load. Journal of Applied 
Physiology, 54, 1314-1323. 

Lewis, S., Thompson, P., Areskog, N.H., Vodak, P., Marconyak , H., 
Debusk, R., Mellen, S . , Haskell, W. <1980) Transfer effects of 
endurance training to exercise with untrained li mbs. European 
Journal of Appl ied Physiology, 44, 25-34. 

Linderholm, H. <1967) Experience from training of conscripts. Forsvars -
Medicin, 3, 188-191. 

Lloyd , B.B., Zacks, R.M. (1972) The mechanical efficiency of treadmill 
running against a horizontal impending force. Journal of 
Physiology, 223, 355- 363. 

- 212 -



Lohman, T.G. (1982) Body composition methodology in sports medicine. The 
Physician and Sportsmedicine, 10, 47. 

Lollgen, H., Grahame, T., Sjogaard, G. (1980) Muscle metabolites , force 
and perceived exe rtion bicycling at various pedal rates. Medicine 
and Science in Sports and Exercise, 12, 345-351. 

Lollgen, H., Ulmer, H., Cross, R., Wilbert, G., Neidling, G. ( 1975> 
Methodological aspects of perceived exertion rating and its 
relation to pedalling rate and rotating mass. European Journal of 
Applied Physiology, 34, 205-215. 

Lollgen, H., Ulmer, H.V., Niedling, G.V. (1977) Heart rate and 
perceptual responses to exercise with different pedalling speed in 
normal subjects and patients. European Journal of Applied 
Physiology, 37, 297-304. 

Luhtanen, P., Komi, P.V. <1978) Mechanical energy states during running. 
European Journal of Applied Physiology, 38, 41-48. 

Lukin, L., Ralston, H.J. (1968> Gravitational, kinetic and metabolic 
factors in human locomotion. Journal of Physiology, 194, 11P. 

Mahadeva, K., Passmore, R., Woolf, B. (1953> Individual variations in 
the metabolic cost of standardized exercises: the effects of food, 
age, sex and race. Journal of Physiology, 121, 225-231. 

Marchetti, M., Capozzo, A., Figura, F., Felici, F. <1983> Race walking 
versus ambulation and walking. Biomechanics VIII-B, 4B, 669-675. 

Margaria, R. (1968) Positive and negative work performances and their 
efficiencies in human locomotion. Internationale Zeitschrift fur 
Angewandte Physiologie, 25, 339-351. 

Margaria, R., Aghemo, P. , Pinera Limas, F. <1975) A simple relation 
between performance in running and maximal aerobic power. Journal 
of Applied Physiol ogy, 38, 351-352. 

Margaria, R. , Cerretelli, P. , Aghemo, P. , Sassi, G. <1963) Energy cost 
of running. Journal of Applied Physiology, 18, 367-370. 

Mayhew, J.L. (1977> Oxygen cost and energy expenditure of running in 
trained runners . British Journal of Sports Medicine, 11, 116-121. 

- 213 -



McArdle, W.D., Katch, F. I., Katch, V.L. 11981> Exercise Physiology 
=E:-n-:-e-:r~g..,.y:-",'-:--N:-:-u-'-t-'-r..:..i...:t..:..i...:o:..:;n;:__..:..a=-n:.:..=d _ _.:.:H:.:u:..::m::.:a::.:n~_P:.....::.e.:..r..:.f..::o:.:.r_:m::.:a::.:n.:.:c=..e=-. Lea and Feb i g e r : 
Phil a del phi a. 

McMiken, D.F., Daniels, J.T. 11976) Aerobic requirements and 
aerobic power in treadmill and track running. Medicine and 
in Sports, 8, 14 - 17. 

maximum 
Science 

Menier, D.R., Pugh, L.G.C.E. 11968) The relation of oxygen intake and 
velocity of walking and running, in competition walkers. Journal of 
Physiology, 197 , 717-721. 

Michael, E.D., Eckhardt, L. 11972) The selection of hard work by trained 
and non-trained subjects . Medicine and Science in Sports, 4, 
107-110. 

Michael, E.D., Hackett, P. <1972) Physiological variables related to the 
selection of work effort on a treadmill and bicycle . Research 
Quarterly for Exercise and Sport, 43, 216-225. 

Mihevic, P.M. (1981l Sensory cues for perceived exertion: A review. 
Medicine and Science in Sports and Exercise, 13, 150-163. 

Mihevic, P.M. <1979) The influence of fitness and selected psychological 
variables on perceived exertion. In Carton, R.L. , Rhodes, E. C. 
119851 A critical review of the literature on rating scales of 
perceived exertion. Sports Medicine, 2, 198-222. 

Mihevic, P.M., Byrnes, W.C., Horvarth, S.M. 11981al Perceived exertion 
and selected physio l ogical responses during perceptually 
comfortable and hard exercise <Abstract>. Medicine and Science in 
Sports and Exercise, 13, 73. 

Mihevi c, P.M. 7 Byrnes, W.C., Horvarth S.M. <1982) Perceived exertion and 
selected physiological responses during bicycle exercise under 
hyperoxic conditions <Abstract!. Medicine and Science in Sports and 
Exercise, 14, 157. 

Mihevic, P.M., Morgan, W. P. 119801 Perceptual and heart rate sensitivity 
to changes in exercise intensity <Abstract). Medicine and Science 
in Sports and Exercise, 12, 112. 

M i 11 e r , A . T. , B 1 yt h 7 C . S . ( 1 9 55 ) I n f l u en c e 
content on the metabolic cost of 
Physiology, 8, 139-141. 

of body type and body fat 
work.J __ o_u_r_n_a_l_..:..o...:f'---'---A~p~p~l~i~e~d 

Morgan , W.P. (19771 Perception of effort in selected samples of 
athletes and soldiers. In Borg <Ed. l Physical Work and 
Pergamon Press: Sweden. 

- 214 -

Olympic 
Effort. 



Morgan , W. P. (1973) Psychological factors influencing perceived 
exertion . Medicine and Science in Sports, 5, 97-103. 

Morgan, W.P., Hirota, K., Weitz, G.A., 
perturbation of perceived exertion: 
American Journa l of Clinical Hypnosis, 

Balke, B. <1976) Hypnotic 
ventilatory consequences. 

189, 182-190. 

Morgan, W.P., Pollock, M.L . <1977) Psychological characterization of the 
elite distance runner. Annals of the New York Academy of Sciences, 
301 1 382-403 • 

Morgan, W.P., Roberts, J.A. , Brand, F.R., 
Psychologic effects of chronic physical 
Science in Sports, 2 , 213-217 . 

Feinerman, 
activity. 

A.D. (1970l 
Medicine and 

Morgan, W.P., Roberts, J . A., Feinerman, A.D. (1971) Psychologic effect 
of accute physical activity. Archives of Physical Medicine and 

--------------~~--~--~~~~~~~ 
Rehabilitation, 52, 422-425. 

Murray, M.P . , Drought, A.B., Kory, R.C. (1964) Walking patterns of 
normal men. The Journal of Bone and Joint Surgery, 46- A, 335-360. 

Nelson, R.C . , Dillman, C.J., Lagasse, P., Bickett, P. (1972) 
Biomechanics of overground versus treadmill running. Medicine and 
Science in Sports, 4, 233-240 . 

Noakes , T. <1985 ) Lore of Running . Oxford University Press: Cape Town. 

Noble, B.J. <1982) Clinical applications of perceived exertion. Medicine 
and Science in Sports and Exercise, 14, 406-411. 

Noble, B.J., Borg , G.A.V., Jacobs, I., Ceci, R., Kaiser, P. (1983J A 
category- ratio perceived exertion scale: Relationship to blood and 
muscle lactates and heart rate. Medicine and Science in Sports and 
Exercise, · 15, 523-528 . 

Noble, B.J., Metz, K.F., Pandolf, K.B., Bell, C.W., Cafarelli, E., Sime, 
W.E . (1973) Perceived exertion during walking and running. Medicine 
and Science in Sports, 5, 116- 120. 

Ogasawara, H. (1934) Energy expenditure in walking and running. Journal 
of Physiology, 81, 255-264 . 

Pandolf, K.B . <1982) Differentiated ratings of perceived exertion during 
physical exercise . Medicine and Science in Sports and Exercise, 14, 
397-405. 

Pandolf , K.B. 
dominating 
Perceptual 

<1978J Influence of local 
rated perceived exertion 

and Motor Skills, 46, 683-698. 

- 215 -

and central factors in 
during physical work. 



Pandolf, K.B. (1977J Psychological and physiological factors influencing 
perceived exertion. In Borg (ed.) Physical Work and Effort. 
Pergamon Press: Sweden. 

Pandolf, K.B., Cafarelli, E. 1 Nobl e, B.J., Metz, K.F. (1972J Perce ptual 
responses during prolonged work . Perceptual and Motor Skills, 35, 
975-985. 

Pandolf, K.B., Kamen, E., Noble, B.J. (1978) Perceived exerti on and 
physiological responses during negative and positive work in 
climbing a laddermill. Journal of Sports Medicine and Physical 
Fitness, 18, 227-236. ~~~~~~~~~=-~~~~--~~~~~~~ 

Pandolf, K.B . , Noble, B.J. 
resistance changes on 
outputs on the bicycle 
5, 132-136. 

( 1973> The 
perceived 

ergometer. 

effect of pedalling speed and 
exertion for equivalent power 
Medicine and Science in Sports, 

Passmore, R., Durnin, J.V.G.A. 11955> Human energy expenditure. 
Physiological Reviews, 35, 801-840 . 

Pate, R.R., Kriska, A. <1984} Physiological basis of the sex difference 
in cardiorespiratory endurance. Sports Medicine, 1, 87-98. 

Patton, J.F., Morgan, W.P., Vogel, J.A. 11977) Perceived exertion of 
absolute work during a military physical training programme. 
European Journal of Applied Physiology, 36 , 107-114. 

Pierrynowski , M.R., Winter, D.A., Norman, R. W. 11980 > Transfers of 
mechanical energy within the total body and mechanical efficiency 
during treadmill walking. Ergonomics, 23, 147- 156. 

Pollock, M.L., Jackson, A. S., Pate, R.R. 11980> Discriminant analysis of 
physiological differences between good and elite distance runners. 
Research Quarterly for Exercise and Sport, 51, 521-532 . 

Pugh, L.G.C.E. (1971) The influence of wind resistance in running and 
walking and the mechanical efficiency of work against horizontal or 
vertical forces. Journal of Physiology, 213, 255- 276. 

Pugh, L. G.C . E. 11970) Oxygen intake in track and treadmill running 
observations on the effect of air resistance. Journal 
Physio l ogy, 207, 823-835. 

with 
of 

Ralston, H.J. (1958> Energy -speed relation and optimal speed during 
level walking. Arbeitsphysiologie, 17, 277-283. 

Reilly, T., Robinson, G., Minors, D.S. <1984> Some circulatory responses 
to exercise at. different times of day. Medicine and Science in 
Sports and Exercise, 16 , 4 77-482. 

- 216 -



Ridge, B.R . , Pykes, F.S . , Roberts, A.D. (1976) 
ergometer performance after kayak and bicycle 
Medicine and Science in Sports, 8, 18-22. 

Responses 
ergometer 

to kayak 
training. 

Robertson, D. G. E., Winter, D.A. (1979) Prediction of ground reaction 
forces during dynamic exercise . Medicine and Science in Sports and 
Exercise, 14, 390-396. 

Robertson, R.J. ( 1982) 
dynamic exercise. 
390-396 . 

Central signs of perceived exertion during 
Medicine and Science in Sports and Exercise, 14, 

Robertson, R.J., Caspersen, C.J., Allison , T.G. 1 Skrinar, G.S., Abbott, 
R.A., Metz, K.F. C1982al Differentiated perceptions of exertion and 
energy cost of young women while carrying loads. European Journal 
of Applied Physiology, 49, 69-78. 

Robertson, R., Gilcher, R., Metz, K. (1979cl Central circulation and 
work capacity after red blood cell reinfusion under normoxia and 
hypoxia in women <Abstract). Medicine and Science in Sports, 11, 
98. 

Robertson , R. J., Gillespie, R.L., McCarthy, J., Rose, K.D. (1979a) 
Differentiated perceptions of exertion: Part I. Mode of integration 
of regional signals. Perceptual and Motor Skills, 49, 683-689. 

Robertson , R.J., Gillespie, A.L., McCarthy, J., Rose, K.D . C1979b) 
Differentiated perceptions of exercise: Part II. Relationship to 
local and central physiological responses. Perceptual and Motor 
Skills, 49, 691-697. 

Rosenrot, P., Wall, J.C., Charteris, J. <1980> The relationship between 
velocity, stride time, support time a nd swing time during normal 
walking . Journal of Human Movement Studies , 6, 323-335. 

Sakurai, S., Miyashita, M. <1 985) Mechanical energy changes during 
treadmill running. Medicine and Science in Sports and Exercise, 17, 
148-152. 

Sargeant, A.J., Davies, C.T . M. (1 973 > Perceived exertion during rhythmic 
exercise involving different muscle masses . Journal of Human 
Ergology, 2, 3-11. 

Saunders , M., Inman, V.T., Eberhart , 
normal and pathological gait. 
Surgery , 35-A, 543-558. 

H.D. (1953) Major determinants in 
The Journal of Bone and Joint 

Shephard, R.J. C1984a) Sleep, biorhythms and human performance . Sports 
Medicine, 1 , 11-37. 

- 21 7 -



Shephard, R.J . 11976> Energetics. A rational groundwork for conditioning 
heart and skeletal muscle . Journal of Sports Medicine, 16, 197-204. 

Shephard, R.J. 11969) A nomogram to calculate the oxygen-cost of running 
at slow speeds. Journal of Sports Medicine, 9, 10-16. 

Shields, S.L. 11982) The effects of varying lengths of stride on 
performance during submaximal treadmill stress testing. Journal of 
Sports Medicine and Physical Fitness, 22, 66-72 . 

Sidney, K.H., Shephard, R.J . 11977) Perception of exertion in the 
elderly, effects of aging, mode of exercise, and physical training. 
Perceptual and Motor Skills, 44, 999-1010. 

Sinning, W.E., Dolny, D. G., Little, K.D., Cunningham, L.N. , Racaniello, 
A., Siconolfi, S.F., Sholes, J.L. (1985> Validity of "generalized" 
equations for body composition analysis in male athletes. Medicine 
and Science in Sports and Exercise, 17, 124-130. 

Sjodin, B. 11983> Efficiency of human movement. A biochemist's view. In 
Goslin, B.R. 11985> Ph.D. Dissertation, Rhodes University, 
Grahamstown, South Africa. (Unpublished). 

Skinner, J.S., Borg, G., Buskirk, E.R. <1969> Physiological and 
perceptual reactions to exertion of young men differing in activity 
and body size. In Franks <Ed.) Exercise and Fitness. The Athletic 
Institute: Chicago. 

Skinner, J.S., Hutsler, R., Bergsteinova, V., Buskirk, E. R. (1973) 
Perception of effort during different types of exercise and under 
d i f fer en t en v i ron menta 1 con d i t i on s . :....:M-=-e-=-d-=-i -=-c..::.i..;.;n...;;e---"a'-'-n'-'d---'-S'-c'-1'-' e"-n;..;._c..:.:..:.:e--=:.i .;.;:n--=S...~:p...::oc.:.r....:t:.=s , 
5, 110-115. 

Sloan, A.W. <1967> Estimation of body fat in young men . Journal of 
Applied Physiology, 23, 311-315. 

Slocum, D.B., James, S.L. (1968l Biomechanics of running. Journal of the 
American Medical Association, 205, 97-104. 

Smutok, M.A., Skrinar, G.S., Pandolf, K.B. <1980) Exercise intensity : 
Subjective regulation by perceived exertion. Archives of Physical 
Medicine and Rehabilitation, 61, 569-574. 

Sparling, P.B., Cureton, K.J. 11983) Biological determinants of the sex 
difference in 1-mile run performance. Medicine and Science in 
Sports and Exercise, 15, 218-223. 

Stainsby, W.N., Gladden, L.B., Barclay, J.K., Wilson, B.A. 11980l 
Exercise efficiency: validity of base-line subtractions. Journal of 
Applied Physiology, 48, 518-522. 

- 218 -



Stamford, B.A. 1 Noble, B.J. (1974l Metabolic cost and 
effort during bicycle ergometer work performance. 
Science in Sports and Exercise, 6, 226-231. 

perception of 
Medicine and 

Steindler , A. (1935) Mechanics of Normal and Pathological Locomotion in 
Man. Charles C. Thomas: Springfield, Illi nois, 378-384. 

Suzuki, Y. (1979l Mechanical efficiency of fast -and slow- twitch 
muscle fibres in man during cycling. Journal of Applied Physiology, 
47, 263-267. 

Taguchi, S., Nakamura, E., Gliner, J. (1980) Personal rhythm, work 
intensity and mechanical efficiency. Medicine and Science in Sports 
and Exercise, 12, 119. 

Tanner, J.M. (1964) The Physique of the Olympic Athlete . George Allen 
and Unwin Ltd. : London. 

Taves , C . L. , Charter i s , J . , Wa 11 , J . C . ( 1 9 8 5 ) A speed r e 1 ate d k i n e rna tic 
analysis of overground and treadmill walking. In Biomechanics IX-A 
(Winter, O.A., Norman, R.W., Wells, R.P. 1 Hayes, K.C., Patla, A.E. 
Editors). Human Kinetics Publishers: Champaign, Illinois, 423-426. 

Taylor, C. I. 11944) Some properties of maximal and submaximal exercise 
with reference to physiological variation and the measurement of 
exercise tolerance. American Journal of Physi~, 142, 200-212. 

Taylor, C.R., Schmidt-Nielson, K., 
energetic cost of running to body 
of Physiology, 219, 1104 - 1107. 

Raab, J.L. (1970J Scaling of 
size in mammals . American Journal 

Taylor, C.R., Shkolnik, A., Dmi 'el, 
Running in cheetahs, gazelles, 
configuration . American Journal 

R. , Baharav, D. , Borut, A. (1974) 
and goats: energy cost and limb 

of Physiology, 277, 848-850. 

Thys, H., Faraggiana, T. , Margaria, R. (1972) Utilization of muscle 
elasticity in exercise. Journal of Applied Physiology, 32, 491 - 494. 

Vander Straaten, J.H.M. , Lohman, A.H.M., Van Linge, B. 
combined electromyographic and photographic study of the 
control of the knee during walking. Journal of Human 
Studies, 1, 25- 32 . 

11975J A 
muscular 
Movement 

Van der Walt, W. H., Wyndham, C. H. <1973) An equation for prediction of 
energy expenditure of walking and running. Journal of Applied 
Physiology, 34, 559-563 . 

Wall , J .C. (1986) Personal Communication, Rhodes University, 
Grahamstown, South Africa . 

- 2 19 -



Wall, J .C ., Charteris, J. (1981) A kinematic study of long-term 
habituation to treadmill walking. Ergonomics, 24, 531-542. 

Wall, J.C., Charteris, J. (1980) The process of habituation to treadmill 
walking at different velocities. Ergonomics, 23, 425-435. 

Weiser, P.C., Stamper, D.A. (1977> Psycho-physiological interactions 
leading to increased effort, leg fatigue and respiratory distress 
during prolonged, strenuous bicycle riding. In Borg (Ed.) Physical 
Work and Effort . Pergamon Press: Sweden. 

Wells, C.L., Plowman, S.A. 
performance: biological 
Sportsmedicine, 11, 52-63. 

(1983) Sexual differences in athletic 
or behavioural? The Physician and 

Weltman, A., Katch, V. <1976> Min-by-min respiratory exchange and oxygen 
uptake kinet~cs during steady-state exercise in subjects of high 
and low max V02. The Research Quarterly for Exercise and Sport, 47, 
490-498. 

White, D. S . <1977) Muscle mechanics. In Mechan i cs and Energetics of 
Animal Locomotion <Al exander, R. MeN., Goldspink, G. Eds.) Chapman 
and Hall: London. 

Whiting, H.T.A. (1975> Editorial. Journal of Human Movement Studies, 1, 
1- 4. 

Wigertz, 0. (1970) Dynamics of ventilation and heart rate response to 
sinusoidal exercise intensity. Journal of Applied Physiology, 29, 
208-218. 

Williams, C.G., Wyndham, C. H., Morrison , J.F. (1966) The influence of 
weight and stature on the mechanical efficiency of men. 
Internationale Zeitschrift fur Angewandte Physiologie, 23, 107-124. 

Williams, K.R. (1980) A biomechanical and physiological evaluation of 
running efficiency. Ph.D. Dissertation, The Pennsylvania State 
University. 

Williams, K.R., Cavanagh, P.R. (1983) A model for the calculation of 
mechanical power during distance running. Journal of Biomechanics , 
16, 115-128. 

Williams, M.A. (1985) The effect of differences in stature on the 
relationship between oxygen consumption and relative velocity. 
Honours Degree Thesis, Rhodes University, Grahamstown, South 
Africa. (Unpublished). 

Williams, M.H. (1981) Blood doping: An update. Physician and 
Sportsmedicine, 9, 59-62. 

- 220 -



Williams, M., Lindhjem, M., Schuster, R. (1978) The effect of blood 
infusion upon endurance capacity and ratings of perceived exertion . 
M~e~d~i~c~i_n~e __ a_n_d ___ S_c_i_e_n_c_e __ l_·n ___ S~p_o_r_t __ s, 10, 113-118 . 

Wilmore, J.H., Brown, C. H. (1974) Physiological profiles of women 
distance runners. Medicine and Science in Sports, 6, 178-181. 

Winter, D.A. (1983bl Energy generation and absorption at the ankle and 
knee during fast, natural and slow cadences. Clinical Orthopaedics 
and Related Research, 175, 147-154. 

Winter, D.A. <l982al Energetics of human movement part I: walking and 
running. The Australian Journal of Sport Sciences, 2, 3-6. 

Winter, D.A. (1982bl Energetics of human movement part II: practical 
analyses and assessments. The Australian Journal of Sport Sciences, 
2, 26- 32. 

Winter, D.A. (1979a) A new definition of mechanical work done in human 
movement. Journal of Applied Physiology, 46, 79-83. 

Winter, D.A. <1978al Calculation and interpretation of mechanical energy 
of movement. Exercise and Sports Sc iences Review, 6, 183-201. 

Winter , D.A., Robertson , D. G. E. <1978) Joint torque and energetic 
patterns in normal gait . Biological Cybernetics, 29, 137-142. 

Wyndham, C.H . , Heyns, A. J. (1969l Determinants of oxygen 
maximum oxygen intake of Bantu and Caucasi an males . 
Zeitschrift fur Angewandte Physiologie , 27, 51-75. 

consumption and 
Internationale 

Wyndham, C.H., Strydom, N.B . (1971) Mechanical efficiency of a 
walker. South African Medical Journal, 45, 551-553. 

Wyndham, C. H., Strydom, N.B., Morrison , J.F., Williams, C.G., 
G., Peter, J., Cooke, H.M, Joffe., A. (1963) The influence 
body weight on oxygen consumption and on physical working 
of manual labourers . Ergonomics, 6, 275- 286 . 

champion 

Bredell, 
of gross 
capacity 

Wyndham, C. H. , Van der Walt, W.H., Van Rensburg, A.J . , Rogers, G.G., 
Strydom, N.B. (1971> The influence of body weight on energy 
expenditure during walking on a road and on a treadmill . 
Internationale Zeitschrift fur Angewandte Physiologie, 29, 285-292. 

Wyndham, C. H., Williams, C. G., Watson, M. I., Munro, A. H. <1967) 
Improving the accuracy of prediction of an individual's maximum 
oxygen intake. Internationals Zeitschrift fur Angewandte 
Physiologie, 23, 354-366. 

- 221 -



Zani, A., Rossi, B., Borriello, A., Mecacci, L. <1984) Diurnal 
interindividual differences in the habitual activity pattern of top 
level athletes. Journal of Sports Medicine, 24, 307-310 . 

Zarrugh, M.V. <1981) Power requirements and mechanical efficiency of 
treadmill walking. Journal of Biomechanics, 14, 157-165. 

Zarrugh, M.V., Todd , F.N., Ralston, H.J. (1974} Optimization of 
expenditure during level walking. European Journal of 
Physiology, 33, 293-306. 

- 222 -

energy 
Applied 



APPENDIX 1 

Informed consent form 

Pre - test questionnaire 

RPE information sheet 

Borg Scale 

- 2 2 3 -



RHODES UNIVERSITY 

DEPAR'D1ENI' OF HUMAN t-OVEMENI' SIDDIES AND PHYSICAL ElXJCATION 

~ CONSENI' FORM 

I, having been fully 

inforrred of the research entitled OXYGEN CONSUMPTION TRENDS 

AT THE WM$../ RUN INI'ERFPCE do give my consent to act as a 

subject in the above narred research. 

PRCCEDURES, RISKS AND BENEFITS 

YOO will be asked to corrplete a test of rraximal ~rking capacity involving 

a progressively increasing speed run on the treadmill, during which your 

oxygen consumption will be continuously measured via inspired and expired 

air analysis. At the same testing session, prior to the V02 max test 

several anthrop:Jf!'etric rreasurenents will be obtained. These will include 

body mass, stature, sitting height, and ~ skinfolds. 

In addition to the Vo2 max test you will be asked to report to the 

laboratory on another 5 occaisions. The first will be to establish your 

interface speed by means of 20 randomly assigned increasing and decreasing 

speed tests (10 of each). The interface speed will be established to 

determine at which speeds, during the actual data collection you will run 

at and which you will walk at. 

The next 4 visits to the laboratory will involve you catt:>leting 12 randomly 

assigned walking and running conditions ( 48 conditions in all) • Each 

condition will be 4 minutes; at rrUnute 2 you will be asked to come on to 

the mouth piece . From rrUnute 3 - 4 a one rrUnute gas sample will be taken 

using the on - line system. Prior to each of the 4 sessions resting heart rate 

will be taken with you in the supine position (lying down). Between each of 

the 4 minute testing bouts you will be required to lie down until your 
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heart cate is within 10 beats of the previously determined resting value. 

During each 4 minute rout, in addition to the data obtained fran the on­

line system cadence and ratings of perceived exertion and discomfort will 

be taken. 

The risks you rray encounter during this experi..rrent are similar to those 

experienced during light to heavy exercise. During the V02 rrax test there 

will be a safety person on hand at all tirres to protect your interests. 

The benefits you will accrue will include personal information about your 

maximal exercise capacity, at which absolute and relative speed in the 

chosen range you are most economical, an estimation of % tody fat, lean 

tody mass, ideal tody mass. Apart frcm these benefits you will gain 

valuable experience pertaining to the use of equiprent and data collection 

procedures in general. Furthemore, you will be providi!'Xj a valuable 

service to the advancerrent of our knowledge in this area of hurra.n 

perfornance. 
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I am fully aware of the procedures involved as well as the 

potential risks and benefits attendant to my participation 

as expla i ned to me verbally and in writing. In agreeing to 

participate in this research, I waive any legal recourse 

against the researchers or Rhodes University, from any and 

all claims resulting from personal injuries sustained. 

This waiver shall be binding upon my heirs and personal 

representati ves. I realize that it is necessary for me to 

promptly report to the researcher any signs or symptoms 

indicating any abnormality or distress. 

I am aware that I may withdraw my consent and withdraw from 

participation in the research at any time. I am aware that 

my anonymity will be protected at all times, and agree that 

the information collected may be used and published for 

statistical or scientific purposes. 

I have read the foregoing and I understand it . Any 

questions which may have occurred to me have been answered 

to my satisfaction. 

Subject (or legal representative) 

(PRINT NAME) (SIGNATURE) 
*********************************************************** 

Person Administering Informed Consent 

(PRINT NA.'i.E) (SIGNATURE) (DATE) 
*********************************************************** 

Witness 

(PRINT NA."tE) (SIGNATURE) (DATE) 
******* **************************************************** 

Project Supervisor 

(PRINT NA."tE) (SIGNATURE) (DATE) 
*********************************************************** 
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WORK PHYSIOLOGY L~BORATORY 

PRE-TEST QUESTIONNAIRE 

Experiment 

Name : __________________________________ __ Subject number: __________ __ 

Date: ----------------------------------
Time of Day: ______________ __ 

1) Hours of steep last night?: ____________________________________ ___ 

2) Do you feel well rested? YES NO 

3) Any illnesses or injuries during the past two weeks? YES NO 

4) Time of last meal? __________________________ _ Normal, Big, Small? 

5) Are you ~n any medication? YES NO 

6) Have you had anything to eat, drink or smoke during the last hour? 

YES NO 

7) Is there any reason why you should not participate in this test? 
YES NO 

Signature of Subject -----------------------------
~1anature of JnvestJgator 
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"We want you to estimate how hard you feel the 

work is: that is we want you to rate the degree 

of perceived exertion you feel. By perceived 

exertion we mean the total amount of exertion 

and physical fatigue, cornpining all sensations 

and feelings of physical stress, effort and 

fatigue. Don't concern yourself with ~ny one 

factor such as leg discomfort or shortness of 

breath, but try to concentrate on your total 

inner feeling of exertion. Try to estimate as 

honestly and objectively as possible. Don•t 

underestimate the degree of exertion you feel, 

but don•t overestimate it either. Just try to 

estimate as accurately as possible. When you 

are asked to rate your work, you should do so 

by giving the numerical value on the scale in 

front of you which indicates your evaluation 

of your perceived exertion at that moment. A 

rating of 6 corresponds with feelings of exertion 

while standing quietly on the tre~dmill . A 

rating of 20 reflects maximal exertion. " 



RATINGS OF PERCEIVED EXERTION 

6 

7 VERY VERY LIGHT 

8 

9 VERY LIGHT 

10 

11 FAIRLY LIGHT 

12 

13 SOMEWHAT HARD 

14 

15 HARD 

16 

17 VERY HARD 

18 

19 VERY VERY HARD 

20 

<After Borg 19701 
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APPENDIX 2 

On - Line Computer-Aided Data Acquisition System 

Computer program "CONT30" 

Computer program "MANUAL" 
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With the advent of electronic gas analysers and accurate, reliable 

volumeters coupled with powerful, dedicated microprocessors the 

open-circuit method of metabolic assessment has become substantially 

less cumbersome (Goslin et al. 1985}. This combination of high 

technology allowE continuous analysis of respiratory gas exchange, in 

addition to which a hard copy of subjects responses is immediately 

available following each sample period . 

The following equations comprise the "computational package" used in the 

on-line computer-aided data acquisition system (Goslin 1985). 

1) Partial Pressure of Water Vapour (PH2o) (mmHg): 

PH
2

o = EXP(2.303*(8.10765-(1750.286/(235+T)))) 

Where T = gas temperature (degrees C) 

2) Correction factor to reduce ambient conditions to 

standard temperature and pressure, dry (STPD): 

STPD = (273 / (273+T))*((PB-(FRH*PH 2o))/760) 
FACTOR. 

Where PB = barometric pressure (mm Hg) 

Frui = fractional relative humidity of inspired 

air 

. 
3) Correction of Inspired ambient volume (VI) for sample 

duration and STPD: 

VISTPD(l . min-1 ) = VI(l)*STPD FACTOR*(60/ Time) 

Where Time = sample duration (s) 
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4) Fractional nitrogen inspired (FIN2 ) and expired (FEN2 ): 

FIN 2 = l-(FI02+FIC0 2 ) 

FEN 2 = l-(FE0 2+FEC02 ) 

5) Oxygen Consumption (vo2 ): 
. -l 
vo2 (l.min ) = VISTPD*(FI02-((FIN2/FEN2 )*FE02 )) 

. 
6) Carbon Dioxide Production (vco2 ): 

• -1 . 
VC02 (l.min ) = VISTPD*(((FIN2/FEN2 )*FEC0 2 )-FIC02 ) 

7) Respiratory exchange ratio (R): 

8) Oxygen consumption per kilogram of body mass (vo2 ): 
. -1 -1 . -l 
vo2 (ml.kg .min. ) = (HHHJ*vo2 (l.min ))/Body mass (kg) 

9) Breathing frequency (f): 

f(br.min-1 ) = f(br)*(60/sample duration(s)) 

10) Average tidal volume (Vt): 

Vt(l.br-1 ) = VISTPD(l.min-1 ) /f(br.min-1 ) 

11) Ventilatory Equivalent (V.E.) for oxygen: 
. -1 . -1 

V.E. for 0 2 = (VISTPD(l.min )/V02 (l.min ))/10 
-1 (l.l0fJmlo 2 ) 

12) Ventilatory Equivalent (V.E.) for carbon dioxide: 
. -l . -1 

V.E. for co 2 = (VISTPD(l.min )/VC02 (l.min ))/10 
-1 ( 1.100mlco2 ) 
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13) Oxygen pulse (o 2 Pulse): 
. -1 -1 

o 2 Pulse= (1000*vo2 (l.min )}/heart rate(b.min ) 
-1 (mlo2 .bt ) 

. 
14) Estimated cardiac output (Q): 

. -1 . -1 -1 
Q(l.min )=(ZZ+(5.2*V02 (ml.kg .min )))*{BM/1000) 

Where ZZ = 66 if male subject 

ZZ = 75 if female subject 

BM = Body mass (kg) 

15) Stroke volume (S.V.): 

-1 • -1 -1 S.V. (ml.bt ) = (1000*Q(l.min ))/heart rate (b . min ) 
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813 REM " CONT3;3' 
98 REM ON-LINE PHYSIOLOGICAL DATA COLLECTION 
95 REt-1 CCtH I NUOUS AUTOMAT! C SAt1PLES EVERY 38 SECONDS WITH SAMPLE DURATION 25 SEC 
CNOS 1 
tBB REM FIRST SAMPLE STARTS AT a MIN 3a SECONDS - LAST SAMPLE IS AT 25 MINUTES 
I I B POKE HEX < '29" ) , HEX< "7E" > :REM - CHANGE MEMEI'IO 
129 DIM CL~(59) 10<59) IC<5G> IHR(5(3 ) IT<5a> I IV<5a> ,PW(59) ,SF<5a> 
125 DIM A( 2 1 > 1PV <Sa> 
!313 DIM N<50 > 1VS<513> ,V0<50) 1R<50 ) ,E0 <5G> 1EC<5a) ,OP<5a> ,FI (3) 
1 4 a D 1 M so< 5o > I sv < 5 a > 1 Rv < 5 a > 1 a < 5 a > I v c < 5 e > 1 F < 5 a > 1 TV< 5 a > 
145 DIM SP<513) 
ISG DATA 9.2993 19.9904 1 9.7993 
169 DATA 13.9876 
179 FOR I=l TO 3:READ FI<I>:NEXT 
ISO READ VF 
199 EXEC,"GET TTMER":REM- LOAD TIMING ROUTINE 
289 POKE HEX<"24"),HEX<"7F">:POKE HEX<"25") 1 HEX<"B9") 
219 PRINT"THIS IS A PROGRAM TO ENABLE YOU TO COLLECT PHYSIOLOGICAL DATA" 
229 PRINT"ON-LINE. YOU WILL BE ASKED TO ENTER CERTAIN INFORMATION." 
239 PRINT"THE COMPUTER WILL ASK YOU TO ENTER FIRST AND LAST SAMPLE TIMES" 
235 PRINT"AS WELL AS THE REPEATING SAMPLING SEQUENCE YOU WANT FOR EACH 19 MINUTE 
s• 
249 PRINT" ":PRINT" " 
245 PRINT"YOU MUST LEAVE AT LEAST 5 SECONDS BETWEEN THE END OF ONE SAMPLE" 
247 PRINT"AND THE BEGINNING OF THE NEXT FOR PRINTER OUTPUT." 
259 PRINT" ":PRINT" " 
269 PRINT:PRINT"PLEASE ENTER THE FOLLOWING INFORMATION:-• 
27a INPUT"SUBJECT NAME: ",NH~ 
289 INPUT"SUBJECT SEX<M/F): ",SX$ 
285 IF SX$()"M" AND SX$(>"F" GOTO 2Ba 
299 INPUT"SUBJECT MASS<KG>: ",WT 
295 IF WT<29 GOTO 299 
296 IF WT>129 GOTO 298 
389 INPUT"SUBJECT AGE<YRS>: ",AG 
304 PRINT"NOW ENTER THE MAXIMAL OXYGEN UPTAKE OF YOUR SUBJECT <ENTER a rF UNKNOW 
N> -• 
3a5 INPUT"SUBJECT MAX V02 <ML/KG/MIN>: ";MV 
319 INPUT"EXPERIMENT: ",E$ 
329 INPUT"CONDITION: " 1 C$ 
339 INPUT"DATE: " 1 DA$ 
349 I NPUT"TIME OF DAY: ",TI$ 
359 INPUT"BAR<>METRIC PRESSURE<HM HG): • 1 8P 
355 IF BP<678 GOTO 35a 
356 IF BP>768 GOTO 350 
3613 INPUT"RELATIVE HUMIDITY<%>: ",RH 
365 IF RH<O GOTO 369 
366 IF RH>198 GOTO 369 
379 DEF FNRI<X>=INT<Ia*X+9.5)/1B 
389 DEF FNR2<X>=INT<1B9*X+a . 5>/19a 
399 DEF FNR3<X >=INT< 199B*X+9.5)/1999 
395 DEF FNR4<X>=INT<tai3B9*X+9,5)/198aa 
408 FH=RH/109 
419 K=9:G=e 
429 REM- SET UP TO READ INSPIRED VOLUME <16 BIT NUMBER ON PORT a> 
439 POKE HEX<"B9BI">,a:POKE HEX<'BBBa">,a:POKE HEX<"B891">,4 
449 POKE HEX<"8893">,a:POKE HEX<"8BB2">,9:POKE HEX<"B993") 1 4 
458 REM - SET UP A/D <CHANNELS B.-3) 
469 POKE 32777 1 9:POKE 32776,9:POKE 32777,4 
478 POKE 32779,9 : POKE 32778,9:POKE 32779,4 
489 POKE 32799 1 9:POKE 32798 1255:POKE 32799,4 
498 OPEN'B.PRINT.SYS" AS 0 
SBB PRINT MB, TAB<29>;"0N-LINE PHYSIOLOGICAL DATA ' 
SIB PP.INT MB, TAB<2B>;"==========================· 
S28 PR!t.JT liB I 
S6B PR INT 110 1 'EXPERIMENT: • ;E~ 
570 PRINT 119 1 "CONDITION: ';C$ 
S80 PP.II'IT 110 1 
S?B PRINT IIB 1"SUBJECT NAME: ";NH~;· <";SX$;">';TAB<513>;"AGE: "!AG;TAB<65>;'1"1ASS 

<KG> : ' ;WT 
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595 PRINT 1113, " " 
597 IF MV=I3 GOTO 6BG 
573 PRINT 1113, "MAXIMAL OXYGEN UPTAKE <ML/KG/HIN): ";HV 
5¥9 PRINT liB,"" 
6130 PRitH 1113,"DATE: ";DA~;TAB<5B>;"TIHE OF DAY: ";Tl~ 
605 PRINT ItO," • 
6113 PRINT 1113,"8AROMETRIC PRESSURE <HH HG>: ";BP;TAB<SB>;"RELATl\...'E HUMIDITY(%): 
"; RH 
6213 PRHJT 
6313 PRINT 
6413 PRINT 
65B PRINT 
66B PRINT 
665 PRI NT 
666 PR INT 
6713 PRINT 
P FE02 
690 PRINT 
690 PRINT 
7BB PRINT 
71B PRINT 

1113' 
1113 , "THE COLL;f11'l HEADED ' TIME ' SHOWS THE ELAPSED T I HE FROM THE START • ; 
118, "OF THE EXPERIHEt'-IT TO THE START OF THE CURRENT SAMPLE PERl OD. • 
110 , "THE NUMBER l N BRACKETS IS THE SAMPLE DURATION l N SECONDS. • 
II >J , • • : P R HH It 9 , " " 

~a, ~---------------------------------------------------------------·; 
~a , "---------------------------------------------------------------· 
110 1 "NO TIME R V02 V02 VC02 R VI ( STPD> HR F TEH 
FEC02 "; 
11 9, " VE-02 VE-C02 Q SV 02 PU VT SPEED• 
110 I • ML/KG L/H L/H L/H 8/H 8R/H"; 
IIB,TAB<B4);"L/1BBHL L/H HL/B HL/B L/BR KH/HR" 
Me, ·---------------------------------------------------------------·; 

712 PRINT 1113, "------------------------- ---------- ----------------------------• 
731 FS=30 
741 LS=l5BB 
745 SO< K+ 1 >=25 
750 H=2B 
760 A<0 >=B 
770 FOR G=1 TO H 
775 A <G>=A<G-1)+30 
795 NEXT G 
820 PRINT:PRINT:INPUT"PRESS S 1 THEN PRESS RETURN TO START THE EXPERIMENT" 1 B~ 
825 IF 8~<> "5" GOTO 820 
830 X=USR<X> :REM - START THE CLOCK 
840 GOSU8 3700 
845 GOSUB 34BB 
850 IF U>=FS-1 GOTO 960 
855 IF U>=<T3+1) THEN GOTO 840 
868 GOTO 845 
865 SD<K+1>=SD<K> 
866 IF K>l GOTO 877 
868 G=1 
870 D=A<G> :L=SD<K> 
871 IF D><FS+L+4)THEN GOTO 905 
872 G=G+1 
874 IF G<>H THEN GOTO 870 
875 G=0 
977 G=G+1 
878 IF G<><H+ 1 ) THEN GOTO 905 
880 FOR G=l TO H 
885 A<G>=A<G>+60B 
9BB NEXT G 
90 3 G=1 
905 GOSU8 3790 
91B GOSU8 34BB 
915 IF U>=LS-1 THEN GOTO 960 
92B IF U>=A<G>-1 THEN GOTO 960 
925 IF U>=<T3+1) THEN GOTO 905 
930 GOTO 9 1B 
96B K=K+l:REH- INITIAL IZE 
965 N=O:OT=O:TC=B:TH=0:TT=B:8B=5BB:CC=6BB:F<K+1>=B:DD=B:EE=B:GG=B 
966 HH:O:SP=I3 
970 REt1 START SAMPLE TI MER 
980 SlS=CHRS<PEEK<HEX<"7F97"))):S2S=CHRS<PEEK<HEX<"7F98">>> 
990 Tl=le•VALCS1S)+VALCS2~> 
!GOO SIS=CHRs<PEEK<HEX<"7F97">>>:S2S=CHRSCPEEK<HEX<"7F9 8" >>> 
1010 T2=10•VAL<SIS)+VAL<S2S> 
11320 IF Tl <>T2 GOTO 1B4B 
10 30 GOTO 10B0 
113413 VI=<PEEK<HEX <"8002">> • 256 +PEEK <HEX<"B00B ">>>/1B 
1B50 PRINT:PRINT"IIIIIIIIIIIIIIIIIIIIIIM" 
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I 8 6•} REt1 - READ THE CLOCK 
1870 HI$=CHR~<PEEK <HEXC'7F93'))) :H2~=CHR~<PEEK<HEX<"7F94'))) 
1080 HI5=CHR~<PEEK<HEX<'7F95"))):M2~=CHR~<PEEKCHEXC'7F96 " ))) 

1898 SI$=CHR$CPEEK<HEXC"7F97'))) :S2$=CHR~CPEEK<HEXC"7F98'))) 
1100 CLSCK)=HI$+-H25+-":'+MJS+M2~+":'+S1$+S2$ 
1110 REM- DETERMINE SAMPLE END 
11 20 FT=613 •< 1 B •\..'AL<M1 'S) +VAL<H2'S)) +I B•VAL< Sl ~)+VAL< S2~> +SOCK) 
1148 PO~E 32798,8 
11 60 GOSUB 301313 
1165 IF CK><FT-1) GOTO 1378 
11713 02=<PEEK<32778>•256+PEEK<32776))/108 
11 75 N=N+ I 
1188 OT=OT+02 
121313 POKE 32798,1 
1210 GOSUB 313138 
1215 IF CK><FT-1> GOTO 1379 
12213 CO=<PEEK<32778>•256+PEEKC32776))/1BB 
1225 DD=DD+I 
1238 TC=TC+CO 
12413 GOSUB 3298 
1268 POKE 32798,2 
1279 GOSUB 3990 
1275 JF CK><FT-1> GOTO 1370 
1288 HR=<<PEEK<32778>•256+PEEKC32776))/1B)+19 
1285 EE=EE+1 
1290 TH=TH+HR 
131313 IF GG<2B GOTO 1328 
13135 JF <GG-2B> = HH GOTO 1328 
1310 POKE 32798,4 
1311 GOSUB 3298 
1312 GOSUB 313B B 
1314 JF CK><FT-1> GOTO 1379 
1316 S=<<PEEK<32778)*256+PEEKC32776>>•B.B954226>-B.B5997 
1318 HH=HH+1 
1328 SP=SP+S 
1322 GOTO 1149 
1328 POKE 32798,3 
1339 GOSUB 3998 
1332 GOSUB 32BB 
1335 IF CK> < FT-D GOTO 1379 
1340 T=<PEEK<32778>•256+PEEKC32776>-2731)/1B 
1345 GG=GG+1 
1358 TT=TT+T 
1360 GOTO 11413 
13713 V2=<PEEK<HEXC"8B82">>•256+PEEK<HEX<"8888")))/19 
1388 IF V2<V1 THEN V2=V2+499.5 
1399 JVCK>=<V2-V1>•VF 
1489 O<K>=OT/N:C<K>=TC/DD:HR<K>=TH/EE:T<K>=TT/GG 
1495 SP<K>=SP/HH 
1419 OCK)=QCK)/1B0:C<K>=C<K>/199 
1420 PW<K>=EXP<2.3B3•C8.19765-<175B.286/(235+T<K>>>>> 
1430 SF<K>=<273/(273+T<K>>>•<<BP-CFH•PWCK)))/76B) 
1449 N<K>=l-<O<K>+CCK)) 
1459 VS<K>=IV<K>•SF<K>•<6B/SD<K>> 
1469 VO<K>=VS<K>•<FI<1>-<<FI<3>/NCK>>•O<K>>> 
1479 VCCK>=VS<K>•<<<FIC3)/NCK>>•C<K>>-FI<2>> 
1488 R<K>=VCCK)/VOCK> 
1499 RV<K>=VO<K>•1B99/WT 
1493 IF MV=B GOTO 151313 
1495 PV <K>=<RV<K)/MV)*1BB 
1589 F<K>=F<K> •60/SO<K> 
1519 TV<K >= VS<K)/FCK) 
1520 PRINT :PRI NT'SAMPLE ";K;"- REL V02=";FNRl<RVCK));• R=";FNR2<R<K»;" 

SPEEOCKM/H>=" ;FNR2<SPCK>> 
1530 IF K<3 GOTO 1569 
1548 PRINT:PRINT"%MAX V02=' ;FNRICPVCK>>;" LAST DV02=' ;INTC<VO<K-1>-VO<K-2>>•1 
BOB>;' THIS DV02=";INT<CVOCK>-VOCK-l>>•IBBB> 
1560 PRINT:ZZ=66:IF SX'S="F' THEN ZZ=75 
1579 I=K 
15813 EO< I >=<VS< I )/VQ( I> )/I B 
15913 EC<I >=<VS<I>/VCCl))/1 9 
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1595 IF HR < l > = a GOTO I 61 a 
169a OP<I>=VO<I>•taaa/HR<I> 
16ta RV<I>=V0(1)tt199B/WT 
1629 Q(l>=22+<5.2ttRV<I>> 
1639 Q( I >=Q < I) •WT/1 aea 
1640 IF HR<I>=9 GOTO 1679 
1650 SV<I>= <Q<J >•1B09)/HR<I> 
1669 PRINT Me,• • 
1679 PRINT MB, I;TAB<3>;CL$CI>;"<";SD<I>;">";TAB<1B>;FNRI<RV<I>>;TAB<25>;FNR2<VO 
< I> ) ; TAB< 31 ) ; FNR2 < VC < I > > ; TAB< 37 > ; FNR2 < R < I > > ; 
1689 PRINT 119, TAB<43> ;FNR2<VS( I)> ;TA8(51); INT<HR( I)) ;TAB< 57>; INT<F< I>); 
1685 PRINT liB 1 TAB< 61); FNRt <T< I>) ;TAB< 66); FNR4( O< I)) ;TAB< 74> ;FNR4< C< I)>; 
1699 PRINT IHl, TAB<82> ;FNR2<EO<I>> ;TABC88> ;FNP.:.:t::C(l)) ;TA8(95) ;FNR1<Q<I>>; 
1 6 9 5 P R I NT II a , T A 8 < 1 a I ) ; I NT < SV < I ) ) ; T A 8 ( 1 a 6 ) l FN R 2 ( 0 P < I ) > ; T A 8 < 1 1 3 ) ; FN R 2 < TV< I ) ) ; 
1799 PRINT liB, TAB(l2B>;FNR2<SP<I>> 
1749 IF U>=LS-1 THEN GOTO 1750 
1745 GOTO 865 
1750 POKE HEX<"8913">,B:POKE HEX<"8B12">,HEX<"8B">:REM- STOP CLOCK 
1769 END 
3900 M1$=CHR$CPEEK<HEX<"7F95">>>:M2$=CHR$(PEEK<HEX<"7F96">>> 
3019 Sl$=CHRSCPEEK<HEX<"7F97"))):52$=CHR$CPEEK<HEX<"7F98"))) 
3029 CK=6B*<lB•VAL<Ml$)+VAL<M2$))+1B•VAL(S1$)+VAL<S2$) 
3049 RETURN 
3299 AA=<PEEK<HEX<"8aB2">>•256+PEEK<HEX<"8BBB")))/19 
3219 IF 8B=CC AND AA<>BB THEN F<K>=F<K>+1 
3229 CC=BB:BB=AA 
3239 RETURN 
3499 H1S=CHR$CPEEK<HEX<"7F93"))):H2$=CHRs<PEEK<HEX<"7F94"))) 
3419 M1$=CHRS<PEEK<HEX<"7F95">>>:M2$=CHR$(PEEK<HEX<"7F96"))) 
3 429 S1S=CHR$<PEEK<HEX<"7F97">>>:S2$=CHR$<PEEK<HEX<"7F98"))) 
3439 U=36B9*<1B*VAL<H1S)+VAL(H2$))+60*(1B*VAL<Ml$)+VAL<M2$))+1B*VAL<S1$)+VAL<S2$ 
) 

3 440 CKS=H1S+H2S+":"+Ml$+M2$+":"+S1$+S2$ 
3459 IF U>=<T3+1) THEN PRINT CK$ 1 

3469 RETURN 
3799 H1$=CHRs<PEEK<HEX<"7F93">>>:H2$=CHRS<PEEK<HEX<"7F94"))) 
3719 M1$=CHRS<PEEK<HEX<"7F95"))):M2$=CHR$(PEEK<HEX<"7F96"))) 
3729 S1$=CHRS<PEEK<HEX<"7F97"))):52$=CHRSCPEEK<HEX<"7F98"))) 
3739 T3=36Ba•<1B*VAL<H1$)+VAL<H2$))+60•<19•VAL<M1$)+VAL<M2$))+1B*VAL<Sl$)+VAL<S2 
$) 

3749 RETURN 
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813 REM "MANUAL" 
·~o RE~1 ON-LINE PHYSIOLOGICAL DATA COLLECTION 
1 a>.! REt1 IRREGULAR SAMPLI t-JG INTERVALS - MANUAL 
1 1 a POKE HEX< "2a" > , HE~« "7E" > :REM - CHANGE MEMEND 
1 213 DIM CL t. <50> , 0 <50) , C < 513) , HR <58> , T <59> , IV< 513) , PW <59) , SF< 50> 
125 DIM A<2l>, PV<513> 
1 3 0 D l M t·l < 5 I) > , V S < 5 a > , V 0 < 50 ) , R < 5 a > , E 0 < 59 > , E C ( 513 > , 0 P < 5 B > , F I < 3) 
1413 DH1 SD<Sa> ,SV<SO> ,R'.!<50) ,Q(513> ,VCC59> ,FC59) ,TVC58) 
145 DIM SP<50> 
15a DATA 13.2093,a.OI3134,0.7?aJ 
16a DATA 9.9876 
170 FOR I=! TO 3:READ FI<I> :NEXT 
1 81) READ I..'F 
1 90 EXEC, • GET TIMER" :REM - LOAD TIMING ROUTINE 
29a POKE HEX< • 24") ,HEX<" 7F"): POKE HEX<" 25"), HEX< "139") 
210 PRINT"THIS IS A PROGRAM TO ENABLE YOU TO COLLECT PHYSIOLOGICAL DATA" 
229 PRINT"OI'l-LINE. YOU WILL BE ASKED TO ENTER CERTAIN INFORMATION.• 
239 PRINT"THE COMPUTER WILL THEN WAIT FOR YOU TO PRESS A CERTAIN KEY" 
249 PRINT"BEFORE SAMPLING FOR A GIVEN PERIOD. THIS PROCESS MAY BE REPEATED" 
2513 PRINT"UNTIL THE EXPERIMENT IS TERMINATED BY PRESSING ANOTHER KEY." 
269 PRINT:PRINT"PLEASE ENTER THE FOLLOWING INFORMATION:-• 
279 !NPUT"SUBJECT NAME: ",NM$ 
280 !NPUT"SUBJECT SEX(t-1/F): ",SX~ 

285 IF SXS<>"M" AND SX$()"F" GOTO 289 
290 INPUT"SUBJECT MASS<KG>: ",WT 
295 IF WT<20 GOTO 29a 
296 IF WT>t2a GOTO 2?9 
300 INPUT"SUBJECT AGE<YRS>: ",AG 
3a4 PRINT"NOW ENTER THE MAXIMUM OXYGEN UPTAKE OF YOUR SUBJECT <ENTER 9 IF LNKNOW 
N> -• 
385 INPUT"SUBJECT MAX V02 <ML/KG/MIN>: ";MV 
319 INPUT" EXPERIMENT: ",E$ 
320 INPUT"CONDITION: ",C$ 
338 INPUT"DATE: ",DA$ 
34a INPUT"TIME OF DAY: ",TI$ 
359 INPUT"BAROMETRIC PRESSURE<MM HG): ",BP 
355 IF BP<67a GOTO 358 
356 IF BP>76a GOTO 3513 
360 INPUT"RELATIYE HUMIDITY(%): ",RH 
365 IF RH<9 GOTO 369 
366 IF RH>1013 GOTO 360 
379 DEF FNR1<X>=INT<1a•X+a.5>/19 
389 DEF FNR2<X>=INTC199*X+9 . 5)/199 
39a DEF FNR3<X>=INT(19B9•X+9.5)/1909 
395 DEF FNR4<X>=INT<199a9•X+9.5)/199aa 
4aa FH=RH/laa 
41 o K=9 
4213 REM -SET UP TO READ INSPiRED VOLUME <16 BIT NUMBER ON PORT 9) 
439 POKE HEX<"B991">,9:POKE HEX<"8999">,9:POKE HEX<"B991">,4 
44a POKE HEX<"8BB3"),9:POKE HEX<"8992">,B:POKE HEX<"BBI33">,4 
459 REM - SET UP A/D <CHANNELS 9-3) 
460 POKE 32777,9:POKE 32776,B:POKE 32777,4 
478 POKE 32779,B:POKE 32778,9:POKE 32779,4 
480 POKE 32799,B:POKE 32798,255:POKE 32799,4 
4?9 OPEN" e. PR!t-IT . SYS" AS 9 
500 PRINT ~0, TA8C29>;"0N-LINE PHYSIOLOGICAL DATA" 
51 9 P R I ~~T I* 0 1 TA 8 < 29 > ; "========-================== • 
520 PRINT liB, 
560 PRINT 1*0, "EXPERIMENT : " ;E~ 

570 PRINT #0, "CONDITION : ";C~ 
589 PRII'JT 1*0, 
5$•(3 PRINT 110, "SUBJECT NAME: ";NM'5;" <" ; SX~;">";TA9<5B>;"AGE: ";AG;TABC65>;"MAS 
S <KG): ";WT 
595 PRINT 1*0, 
597 IF MV=B GOTO 600 
598 PRINT 119, "t1AX!t1AL OXYGEN UPTAKE <ML/KG/t-IIN): ";MV 
599 PRINT 110 1 "" 

6BO PRINT 1*0, "(lATE: ";DA~;TA8(59); " TIME OF DAY: ";TI~ 
685 PRINT 1*0, 
610 PRINT 110, "BAROMETRIC PRESSURE <MM HG>: " ;BP;TA8<59> ;" RELATIVE HUMIDITY<%):. 

"; RH 
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620 PRINT NO, 
630 PRitiT NO, "THE COLUt·lt~ HEADED 'T IME ' SHOWS THE ELAPSED T IME FROM THE START " 
649 PR I ~JT ~~~, • OF THE EX PERl MENT TO THE START OF THE CURRENT SAMPLE PER I OD. • 
650 PR l NT 11 13 , "THE NUMBER IN BRACKETS IS THE SAMPLE DURATION IN SEC a-lOS." 
660 PRI NT 110, " ":PR INT 110, • " 
665 PRINT NO, "---------------------------------------------------------------•; 
6~6 PRI~'T ~o . H---------------------------------------------------------------· 
670 PRINT 110, "tiO TIME R V02 V02 VC02 R VI<STPD > HR F TEM 
P FE02 FEC02"; 
689 PRINT 110, " VE-02 VE-C02 Q SV 02 PU VT SPEED" 
690 PR II'IT ItO , " ML/KG L/M L/M L/M 8/ M 8R/M"; 
700 PRINT NO, TAB C84>;"L/IOOML L/M ML/8 ML/8 L/BR KM/HR" 
710 PRINT ItO, "-- ------------------------ -------------------------------------•; 
712 PRINT 110, •---------------------------------------------------------------· 
859 PRII'IT:PRINT:lNPUT"PRESS S, THEN PRESS RETURN TO START THE EXPERIMENT" ,BS 
860 IF 8$()"S" GOTO 850 
879 X=USR<X>:REM- START THE CLOCK AND INITIALIZE 
889 N=B:OT=9:TC=O:TH=B:TT=B:BB=SOO:CC=6B9:F<K+1)=0 
899 DD=0:EE=9:GG=0 :HH=9:SP=9 
909 PRINT : INPUT"ENTER NEW SAMPLE DURATIDN?<Y/N) ",ANS 
919 IF AN'S= "N" THEN SD<K+1 >=SD <K>: GOTO 925 
920 PRINT:INPUT"ENTER DURATION IN SECONDS: " ,SD <K+1) 
925 PRINT:INPUT"CHECK TREADMILL SPEED?<Y/N) ",TSS 
926 IF TSS="Y" THEN GOSUB 3590 
930 PRINT:II'IPUT"TO SAMPLE: PRESS S <RETURN) " 1 KS 
940 IF KS<>"S " AND KS<>"T" GOTO 939 
959 I F Ks="T" GOTO 1750 
969 K=K+ I 
979 REM START SAMPLE TIMER 
989 S1S=CHR'SCPEEK<HEX<"7F97"))):S2S=CHRS<PEEK<HEX<"7F98"))) 
999 T!=l9*VAL(Sl$)+VAL<S2S> 
1009 SIS=CHRS<PEEK <HEXC"7F97"))):S2S= CHRS<PEEK(HEX<"7F98"))) 
!BIB T2=19•VAL(SI$)+VAL<S2S> 
1029 IF Tl<>T2 GOTO 1949 
1939 GOTO I 909 
1049 VI=<PEEK<HEX<"80B2"))*256+PEEK<HEX<"B990")))/10 
1059 PRINT"ItltiiiiMMMIIIIIIIIII" 
1060 REM - READ THE CLOCK 
1979 HIS=CHRS<PEEK<HEX<"7F93">>>:H2S=CHRSCPEEK<HEX<"7F94"))) 
1980 M!S=CHRS<PEEK<HEX<"7F95")) ) :M2S=CHRS<PEEK<HEX<"7F96"))) 
1999 SIS=CHRS<PEEK<HEX<"7F97">>>:S2S=CHRS<PEEK<HEX<"7F98"))) 
1199 CLSCK>=H1$+H2S+" :"+M1$+M2$+":"+S1S+S2$ 
1119 REM- DETERMINE SAMPLE END 
1129 FT=3699• <10•VAL<HIS>+VAL<H2S))+69*(10*VAL<M1$)+VAL<M2S>>+19*VAL(S!S)+VAL<S2 
$ ) 

1125 FT=FT+SD< K> 
1149 POKE 32798,9 
1169 GOSUB 3900 
1165 IF CK><FT-1) GOTO 1379 
1179 02=<PEEK<32778>•256+PEEK<32776))/19B 
11 75 N==N+ 1 
11 80 OT=OT+02 
1290 POKE 32798,1 
1210 GOSUB 3990 
1215 IF CK>CFT-1> GOTO 1379 . 
1229 CO=<PEEK<32778>•256+PEEK<32776))/19B 
1 225 DO= DO+ I 
1230 TC=T C+CO 
1249 GOSUB 3200 
1260 POKE 32798 1 2 
1279 GOSUB 3900 
1275 IF CK><FT-1> GOTO 1379 
1280 HP.=<<PEEK<32778>•256+PEEKC32776))/19>+10 
1285 EE=EE+ I 
12'70 TH=TH +HR 
13 00 IF GG<2B GOTO 1328 
1395 IF CGG-2B>~HH GOTO 1328 
1310 POKE 32798,4 
1311 GOSUB 3290 
1312 GOSUB 3ee o 
1314 IF CK><FT-1> GOTO 1379 
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1316 S=<<PEEK~32778>•256+PEEK<32776>>•0.0054226>-0.05997 
1313 HH=HH+ I 
1320 SP=SP+S 
1322 GOTO I 1413 
1328 POkE 32793,3 
1330 GOSU8 3000 
1332 GOSU8 3209 
1335 IF CK> <FT-1> GOTO 1378 
134u T=<PEEK<32778>•256+PEEK<32776>-2731)/18 
1345 GG=GG+I 
1350 TT=TT+T 
1368 GOTO 1143 
1370 V2=CPEEKCHEXC"8992">>•256+PEEKCHEXC"8099")))/18 
1380 IF V2CV1 THEN V2=V2+409 . 5 
1390 IV<K>=CV2-V1>•VF 
1480 O<K>=OT/N:CCK>=TC/OO:HR<K>=TH/EE:T<K>=TT/GG 
1485 SP<K>=SP/HH 
1418 O<K>=OCK)/108:CCK>=C<K)/180 
1420 PW<K>=EXPC2.303•<8.10765-C I750.286/C235+T<K>>>>> 
1438 SFCK)=C273/C273+T<K>>>•<<BP-CFH•PWCK)))/760) 
1440 N<K>=1-<0<K>+C<K>> 
1458 VS<K>=IV<K>•SF<K>•<68/SD<K>> 
1460 VO<K>=VS<K>•<FICI>-<<FI<3>/NCK))*O<K>>> 
1479 VCCK>=VSCK)*CCCFIC3)/NCK>>•C<K>>-FIC2)) 
1480 R<K>=VCCK)/VOCK> 
1498 RVCK>=VOCK)*I088/WT 
1493 IF MV=B GOTO 1599 
1495 PV<K>=<RVCK)/MV)•188 
1588 F<K>=FCK)*60/SDCK) 
1518 TVCK)= VSCK)/FCK> 
1528 PRINT:PRINT"SAMPLE ";K;" - REL V02=" ;FNR1CRVCK>>;• R=";FNR2<RCK>>;" 

SPEEDCKM/H)=";FNR2CSP<K>> 
1525 IF MV=B GOTO 1538 
1527 PRINT:PRINT"PERCENT OF MAX V02=";FNRICPV<K>> 
1530 IF K<3 GOTO 1560 
1540 PRINT:PRINT"SAMPLE ";K;" LAST OV02=";INTCCVOCK-1)-VO<K-2>>•1888);• THIS D 
VD2="; tNT< cvoc K> -voc K-1 > > *1 0ee > 
1560 Z2=66:IF SXS="F" THEN 22=75 
1579 I=K 
1588 EO<I>=<VSCI)/VOCI>)/!o 
1598 EC<I>=<VS<I>/VCC!))/10 
1595 IF HR<I> = 8 GOTO 1619 
1680 OP<I>=VOCI)*1888/HRCI> 
1610 RVCI>=VOCI)*1880/WT 
1628 QCI>=22+<5.2•RV<I>> 
1630 QCI>=QCI>•WT/1080 
1640 IF HRCI>=B GOTO 1678 
1659 SV<I>=<QCI>•1000>/HR<I> 
1668 PRINT MB," • 
1 6 7 9 P R I NT M B , I ; T A 8 < 3 ) ; C L $ C I ) ; • C • ; S D C I ) ; " ) " ; TAB < 1 8 ) ; FN R 1 C RV C I ) ) ; TAB < 2 5 ) ; FN R 2 < V 0 
C I ) > ; TAB C 31 ) ; FNR2 < VC < I ) ) ; TAB< 37) ; FNR2 < R C I ) ) ; 
1680 PRINT lt0, TABC43>;FNR2CVSCI>>;TABC51);INTCHRCI>>;TABC57>;INT<F<I>>; 
1 6 8 5 P R I NT M 8 , T A 8 C 6 I > ; FN R I <T C I ) ) ; TAB < 6 6 ) ; FN R 4 C 0 < I ) ) ; T A 8 < 7 4 ) ; FN R 4 < C C I ) ) ; 
1690 PRINT ItO, TAB<B2> ;FNR2<EO<I>>;TABC88>;FNR2<EC<I>>;TABC95>;FNRICQCI>>; 
1 6 9 5 P R I NT It 0 , TAB < I 8 I > ; I NT < SV < I ) ) ; TAB < 1 8 6 ) ; FN R 2 < 0 P < I ) ) ; TAB C 1 1 3 ) ; FN R 2 < TV C I ) ) ; 
1708 PRINT MB, TAB<I28>;FNR2<SPCI>> 
I 71 8 IF M\..1=0 GOTO I 748 
1715 PRINT Me, •• 
172 8 PRINT MO, TABC3>;"/.V02 MAX= ";FNRICPVCI>> 
1748 GOTO 336 
1758 POKE HEXC"8013"·),8:POKE HEXC"8612">,HEXC"88"> :REM- STOP CLOCK 
1769 END 
3800 MIS=CHR$CPEEK<HEX< "7F95" > > > :M2~=CHR~CPEEK<HEX< "7F96"))) 
3885 HIS=CHRlCPEEKCHEXC"7F93"))):H2S=CHR$CPEEKCHEXC"7F94"))) 
3010 SIS=CHRSCPEEK<HEXC"7F97">>> :52S=CHR~<PEEK<HEXC"7F98">>> 
3820 CK=3688•CIB•VAL<His>+VALCH2$))+60•<IB*VAL<MI~)+VAL <M2S))+I8•VALCSIS)+VALCS2 
$) 
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3848 RETURN 
3200 AA=<PEEK<HEX< " BB02"))*256+PEEK<HEX<"88BB")))/10 
32tB IF BB=CC AND AA<>BB THEN F<K>=F<K>+t 
3229 CC=BB:BB=AA 
3239 RETURN 
3590 FOR HH=l TO 19 : REM SPEED CHECK SUBROUTINE 
3519 PP=B:SP=B 
3529 POKE 32798,4 
3539 FOR KK=1 TO 15 :NEXT KK 
3549 S=<<PEEK<32778>•256+PEEK<32776>>•B.0054226>-0.B5997 
3558 PP=PP+ I 
3569 SP=SP+S 
357B IF PP<16 GOTO 3528 
3589 SP=SP/PP 
3599 PRINT"SPEED<KM/H>~ " ;SP 
3689 NEXT MM 
3618 SP=B 
3629 RETURN 
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APPENDIX 3 

Equations and relationships used for computed data 

Computer program "WALK/RUN" 
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EQUATIONS AND RELATIONSHIPS USED FOR COMPUTED DATA 

1. PERCENT FAT 

2. 

Body density 1.1043 - 10.001327 * TSl - 10.00131 * SSl 

where TS = Thigh skinfold 

SS = Subscapular skinfold. 

%Fat= ( (4.95/body density) - 4.5) * 100 

LEAN BODY MASS 

(kgl 

body mass - (body mass * (/. fat/100) 

(kg) (kgl 

J. IDEAL BODY MASS= lean body mass I 11 - <ideal I. fat/100ll 

(kg) <kgl 

where Ideal % Fat for males is 121.. 

4. BSA = (body mass 0 · 425 ) * (stature * 0 · 725 ) * 0.007184 

(kgl leml 

5. LEG LENGTH stature - sitting height 

<em) <em) (em) 

6. STRIDE LENGTH = 2 * (velocity/cadencel 

(ml (m/minl (steps/min) 

7. RELATIVE STRIDE= stride length/stature 

(st./ st.ri de) (ml (m) 

8. RELATIVE SPEED = velocity/stature 

lst/sl (m/sl lml 

- 243 -



9. RELATIVE SPEED = velocity//grav1ty * stature 

(v/ /gfil (m/sl (9. 18} (m} 

10. RELATIVE SPEED = velocity/leg length 

< 11 /s l (m/s} (m} 

11. RELATIVE SPEED = velocity/foot length 

(fl/sl (m/s} (m} 

12. GROSS ENERGY COST = V02 * EE 

(kJ/minl (l/minl <kJ/ll 

where EE = 19.616 + (((R- 0.707l I 0.293) * 1.511} 

(kJ/1> 

and R = respiratory exchange ratio 

13 . NET ENERGY COST = gross energy cost - rest energy cost 

<kJ/minl <kJ/minl (kJ/minl 

14. ECONOMY 

. vo2 per absolute speed = V02 I velocity 

(m1/kg/min per km/hrl <km/hrl 

. . 
vo2 per relative speed (st/s) = vo2 I RS 

( ml/kg I rni n per st/s) ( stl s} 

. . vo2 per relative speed (v/ !gfil vo2 I RS 

(ml/kg/min per v//gfil (v / lgfil 

. vo2 per relative s peed (11/s) = V02 I RS 

(ml/kg/min per ll/s) ( 11/s) 
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. 
vo2 per relative speed (fl/s) = 

. 
V02 I RS 

Cml/kg/min per fl/sl Cfl/sl 

15. Power Output <Heglund et al. 1982) 

Power= << (0.478 * V1 · 53 l + <0.685 * Vl + 0 . 072J * BM + GW 

CWl Ckgl CWJ 

where V = velocity (m/ sl 

GW = grade work 

grade work = <body mass * 9.8> * (grade fraction) * V 

<Wl <kgl 

16. EFFICIENCY 

NET EFFICIENCY = <<power * 0.061 I net energy cost> * 100 

(I.) CWl CkJ/minl 

NOTE: See attached computer program - "WALK/RUN". 
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100 
II 0 
120 
130 
140 

REM WALKRUN 
REM CALCULATES A NUMBER OF '·lARIABLES 
REM RELATED TO EFF ICI8KY AND ECCN()1Y OF LOCOHOTICN 
HOME 
DEF 
DEF 
DEF 
OEF 

!NT 
!NT 
!NT 
!NT 

C< + 0 • 5 l 
<10 ~X + 0.5) I 10 
<100 ~X+ ~.5) I 100 
<100 0 *X + 0.5) I 1000 

D'S = 

I SO 
160 
170 
180 
190 
200 
300 
310 
320 
330 
340 
350 
380 
390 
395 
400 
410 
420 
430 
440 
3000 
3010 
3020 
3030 
3040 
3050 
3060 
30BO 
3090 
3100 
3290 
3295 
3300 
3330 
3340 
3350 
3360 
3370 
3380 
3390 
3400 
3410 
3420 

FN RO ~)(l 

FN R1 ·:X> = 
FN R2(.() 
FN R3<X) 
CHR$ <4> 

Wi = 

3430 
3440 
3450 
3460 
3465 
3470 
34BO 
3490 
4000 
4010 

PRINT 
PRINT : 
IF Ai = 
PRINT : 
IF B$ = 
PRINT : 
IF C1 = 
PRINT : 
IF F5 = 
CLEAR 

INPUT 'SUBJECT NAME? ';NAME1 
INPUT "CALCULATE ANTHROPOMETRIC RESULTS <YIN>? ";AS 
"'( • THEN GOSUB 300 0 
INPUT "CALCULATE INTERFACE TEST DATA <YIN>? ';BS 
'Y' THEN GOSUB 4000 
INPUT 'CALCULATE WALK/RUN TEST DATA <YIN)? ';CS 
"(' THEN GOSUB 4500 
INPUT "CALCULATE MORE DATA FOR THIS SUBJECT <YIN)? ';FS 
•y• THEJ'.I GOTO 300 

PRINT: INPUT 'CALCULATE RESULTS FOR ANOTHER SUBJECT <YIN>? ';GS 
IF G$ = 'Y' THEN GOTO 130 
HOME 
PRINT 'THANK YOU AND CHEERS!' 
END 

REM ANTHROPOMETRY SUBROUTINE 
HOME 
PRINT "INPUT THE FOLLOWING DATA:" 
PRINT INPUT 'STATURE (CH)? ';ST 
PRINT INPUT "SITTING HEIGHT <CM>? ';SH 
PRINT INPUT 'FOOT LENGTH <CH>? ';FL 
PRINT INPUT 'BODY MASS <KG>? ';BH 
PRINT INPUT "SUBSCAPULAR SKINFOLO <MN>? ';SS 
PRINT INPUT "THIGH SKINFOLO <HN>? ';TS 

0 = 1.1043- <0.001327 * TS> - <0.00131 * SS> 
PF = << 4.95 I D> - 4.5) 
BL = BM * PF 
LBH = BH - BL 
IBM= <BH- BL> I <1 - <12 I 100)) 
SA <BH · 0.425> * <ST • 0.725> * 0.007184 
LL = ST - SH 
LS = <LL I ST> * 100 
FR = <FL I LL> * 100 

PRINT Di;'PRII1 ' 
PRINT : PRINT 'ANTHROPOMETRY FOR: ';NAHE1 
PRINT :PRINT 'PERCEJ'.IT FAT=' ; FN RI<PF * 
PRINT 'LEAN BODY MASS <KG>='; FN R1<LBH> 
PRINT 'IDEAL BODY MASS <KG>='; FN R1< I BH 

1 ) 

100) 

- 1) ; ' TO ' ; 

PRINT 
PRINT 
PRINT 
PRINT 
PRINT 

'BODY SURFACE AREA <SO .M.)= 'i FN R2<SA> 
"LEG LENGTH <CH>= '; FN R1<LL) 
'LEG LENGTH AS/. OF STATURE='; FN R1<LS> 
• FOOT LENGTH AS ;~ OF LEG LENGTH = 'i FN R1 ( FR) 
: PRINT 

PRINT ~ i 'PRIIO • 
H()1E 
RETURN 
REM INTERFACE SPEED TEST SUBROUTINE 
REM CALCULATES VARIABLES OF MECHANICAL 
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4020 
4030 
4040 
4050 
4060 
4070 
4080 
4090 
4100 
4105 
4110 
4120 
4130 
4140 
4150 
4160 
4170 

4180 
4190 
4200 
4210 
4500 
4503 
4505 
4510 
4520 
4530 
4550 
4560 
4570 
4590 
4600 
4640 

REH NATURE AT THE WALK/RUN OR 
REH RUN/WALK INTERFACE SPEED 
PRINT : PRINT 'INPUT THE FOLLOWING INFORMATION:' 
PRINT : INPUT 'ACTUAL SPEED- THIS SAMPLE (KH/Hl? ';SP 
PRINT : INPUT 'CADENCE <STEPS/MIN>? • ;CA 
GOSUB 7000 
PRINT Di;'PRIII' 
PRINT : PRlNT 'INTERFACE SPEED RESULTS FOR: • ;NAMES$ 
PRINT 
PRINT 'STRIDE LENGTH <H> = '; FN R2<SL> 
PRINT 'STEP LENGTH/CADENCE RATIO (H/STIS> = '; FN R2<SC> 
PRINT 'REL. SP. <STIS> = '; FN R2< RS> 
PRINT 'REL. SP. <LEG LENGTHS/S) = '; FN R2<RL> 
PRINT 'REL. SP. <FOOT LENGTHSIS> = '; FN R2<RF> 
PRINT 'REL.SP.(FROUDE> = •; FN R2(RG> 
PRINT 0$; • PRitO" 
PRINT : PRINT : PRINT : INPUT 'ANOTHER INTERFACE TEST SAMPLE FOR TH 

IS SUBJECT <YIN>? ';H$ 
IF H$ = •y• THEN GOTO 4050 
IF H$ < ) 'N" GOTO 41 70 
HCl1E 
RETURN 
REH WALK/RUN TEST SUBROUTINE 
PRINT INPUT 'VENT.THRESHOLD<MLIKGIHIN>? ';VT 
PRINT INPUT "THIS SUBJECT'S MAX RPE IS? ';MR 
PRINT : PRINT 'INPUT THE FOLLOWING INFORMATION:' 
PRINT : INPUT 'ACTUAL SPEED FOR THIS SAMPLE (KH/Hl? ';SP 
PRINT : INPUT "RELATIVE SPEED FOR THIS SAMPLE? ';RS 
PRINT Di; 'PRit1' 
PRINT : PRINT 'WALK/RUN TEST RESULTS FOR: • ;NAME"$ 
PRINT :PRINT 'AT A RELATIVE SPEED OF ';RS 
PRINT Di; 'PRitO" 
GOSUB 6000 
PRINT : PRINT : PRINT : INPUT 'ANOTHER WALK/RUN SAMPLE FOR THIS SUB 

JECT <YIN)? '; 1$ 
4650 IF I$ = •y• THEN GOTO 4510 
4660 IF 1$ < > 'N" THEN GOTO 4640 
46 70 HCl1E 
46BO RETURN 
6000 REH CALCULATION SUBROUTINE FOR 
6010 REM ECONCt1Y AND EFFICIENCY 
6100 PRINT : PRINT 'INPUT THE FOLLOWING DATA:" 
6120 PRINT : !~PUT 'CADENCE <STEPS/MIN>? ';CA 
6130 IF MR = 0 THEN GOTO 6150 
61 40 PRINT : INPUT 'RPE SCALE SCORE? ';RPE 
6150 PRINT : INPUT "V02 <LIHIN>? ';V02 
6160 PRINT : INPUT 'RESP. EXCH. RATIO <R>? • ;R 
6170 IF R > I THEN R =I 
6180 IF R < 0.707 THEN R = 0 . 707 
6190 EE = 19.616 + <«R- 0 . 707> I 0.293> * 1.511) 
6200 EC = V02 * EE 
6210 CS = <<EC I BH> I CA) * 1000 
6230 GOSUB 7000 
6240 VM = SP I 0.06 
6260 E1 = <<V02 * 1000) I BH> I SP 
6270 SL = 2 * <VN / CA> 
6290 SC = <SL * 30) / CA 
6300 RL = <VH I 60> / <LL I 100) 
6310 RF = <VM I 60) I <FL I 100) 
6320 RS = <SP I 3.6> I <ST I 100) 
6325 E2 = «V02 * 1000) I BH> I RL 
6330 E3 = <<V02 * 1000> / BH> I RS 
6340 CM = <<EC I BH> I VM> * 1000 
6400 GW = <BH * 9 . 8) * <GO I 100) * <SP I 3.6) 
64 I 0 V = SP I 3. 6 
6420 PI= (((0.478 * V. 1.53) + (0.685 * V> + 0.072> * BH> + GW 
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6430 E5 = < <V02 t I 0 00 IIIII 
6435 PR = <RPE / HR) ~ 100 
6440 PVT = <<<V02 t 1000) I BH) I VT) t 100 
6442 PR = <RPE / HR> * 100 
6445 NC = EC - <<BH • 0 . 0035> * EE > 
6450 E4 = ( <V02 * I 000) I Bt1) / RF 
6455 NIE,. «PI * 0.06) INC>* 100 
6460 REH OlJTPUT OF E AND E DATA 
647J PRINT D$;'PRM1' 
6480 PRINT : PRINT : PRINT "/.VENT .THRESHOLD(/.) 'i FN RO<PVT> 
6490 PRINT '/.MAX RPE(/.) = '; FN RO<PR> 
6500 PRINT "STRIDE LENGTH <H> = "; FN R2<SL> 
6510 PRINT "STEP LENGTH/CADENCE RATIO<MIST/S) = '; FN R2<SC> 
6690 PRINT : PRINT : PRINT "ENERGY COST DATA:" 
6700 PRINT : PRINT 'GROSS ENERGY COST (KJ/HIN> = "; FN R2<EC> 
6720 PRINT 'ENERGY COST PER STEP(J/KG> = "; FN R2<CS) 
6750 PRINT "ENERGY COST PER DISTANCE (J/KG/H) ~ '; FN R2<CM> 
6760 PRINT 1 PRINT : PRINT : PRINT "LOCOMOTION ECONOMY:" 
6770 PRINT 'V02 PER REL. SPEED <HLIKG PER ST/S) = '; FN R2<E3) 
6780 PRINT "V02 PER REL. SPEED <HL/KG PER LL/S) = "; FN R2<E2) 
6785 PRINT "V02 PER REL. SPEED <HLIKG PER FL/S) = '; FN R2<E4) 
6790 PRINT "V02 PER REL. SPEED<HLIKG PER FROUDE> = "; FN R2<E5> 
6795 PRINT "V02 PER ABS. SPEED <NLIKG PER KN/H) = '; FN R2<EI) 
6850 PRINT : PRINT : PRINT "POWER OlJTPUT<W> = "; FN RI<PI) 
6860 PRINT "EFFICIENCY (/.) = •; FN RI<NIE) 
6900 PRINT D$;"PRMO" 
6910 RETURN 
7000 REN CALCULATES SPEED INFORMATION 
7010 VN = SP I 0.06 
7020 SL ~ 2 * <VN / CA> 
7030 SC = <SL * 30) / CA 
7040 RS = <SP / 3.6> / <ST / 100) 
7050 RL = <VN / 60> / <LL I 100) 
7060 RF = <VN / 60> / <FL / 100) 
7070 RG = <SP / 3.6) / (9.8 * <ST / 100)) • 0.5 
7080 RETURN 
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APPENDIX 4 

Data collection sheets 
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WALK/RUN PRonx:::T 

MAX TEsr DATA SHEET 

NAME: 

DATE: I I TIME: 

~OMmRIC P~~: ______ .~ RELATIVE HUMIDITY: ____ % 

:OODY MASS: __________ kg 

Check 

Adrrllnister pre-test _questionnaire 

Load "Cont30" 

__ Start clock and conputer together 

TIME SPEED CAD~E TIME SPEED CAD~E 
(min) (km/h) ( steps/min) (min) (km/h) (steps/min) 

0 8 8 16 

1 9 9 17 

2 10 10 17+1% 

3 11 11 17+2% 

4 12 12 17+3% 

5 13 13 17+4% 

6 14 14 17+5% 

7 15 

MAX R.P.E. MP.X vo2 c ml/kg/mi n > 

- 250 -



WALK/RUN PROJ"B:::T 

ANI'HROPOMETERY AND INI'ER.FACE SPEED TEST DATA SHEET 

~~--------------- AGE ____________ __ 

TIME __________ _ DATE I I 
-----'-----'-----

AN'I'HROR).MErRY SKINFOIDS 

Stature ----------- &lbscapu1ar -------
Sitting Height _________ _ Thigh -----------

Fcot Length ________ _ 

Bcdy Mass __________ _ 

INI'ERFACE TEST 

TRIAL 00. ME:IHOD INI'ERFACE CADEOCE/ TRIAL 00. METHOD INI'ERFACE CADEN:E/ 
SPEED MIN. SPEED MIN. 

1 ll 

2 12 

3 l3 

4 14 

5 15 

6 16 

7 17 

8 18 

9 19 

10 20 

INI'ERFACE SPEED _____________ _ 
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WALK/RUN 

WALK/RUN DATA SHEET 

~~--------------- WALK/RUN SESSION 1 2 3 4 

DATE:.....___!.! _ ___.!..../ __ TIME OF DAY __________ _ 

BODY MASS~------ BAR.Cl-1EI'RIC PRESSURE -----
MAX V02 RELATIVE HUMIDITY -----

~~---------- UG ~TH~--------

~ ~HT ____ _ 

INI'ERFACE SPEED ____ _ RFSTIN:; HEART RATE:__ __ _ 

TRIAL ID. SPEED SPEED WALK RUN CADEN::E/ RPE CSR REX: HEART 
RATE MEI'HOD REL KM MIN. 

- 1 WALK RUN 

2 WALK RUN 

3 WALK RUN 

4 WALK RUN 

5 WALK RUN 

6 WALK RUN 

7 WALK RUN 

8 WALK RON 

9 WALK RON 

10 WALK RUN 

11 WALK RUN 

12 WALK RUN 

13 WALK RON 
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1) 

2) 

3) 

NAME: 

TIME: 

WALK RUN PRQJOCT 

INI'ER.FPCE V0 2 

DATE: 

BARRa-1El'RIC PRESSURE: rrmHg 

RElATIVE HUMIDITY: % 

TEMPERA'IURE: c 

INI'ERFACE SPEED : KM/HR 

REsriN3 HEART RATE: 

MEI'Ha) WALK RUN SPEED CN:JEN:E 

PREFERRED WALK ruN 

FORCED WALK RJN 

FORCED WALK RJN 
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APPENDIX 5 

Tables of statistical summaries of data for 11 male subjects 
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Table XVI Statistical summary of general information for 11 male 

subjects. 

PARAMETER MEAN S.D. 

AGE <YRS> 21.55 3 . 72 

STATURE (em) 180.30 7.47 

SITTING HEIGHT (em) 93.62 4. 12 

BODY MASS (kg) 71. 70 6.49 

FOOT LENGTH (em) 26.28 1. 54 

I. BODY FAT 8.39 2.45 

LEAN BODY MASS (kg) 65.66 6 . 18 

BODY SURFACE AREA (m2J 1. 91 0 . 12 

LEG LENGTH (em) 86.70 6.29 

LEG LENGTH/ STATURE ( I. ) 48.05 2. 18 

FOOT LENGTH / LEG LENGTH (I. ) 30.39 1. 75 

MAX RPE 17.64 1. 63 
. 

MAX vo2 (ml/kg/min l 60. 15 5.54 
. 

v. T. (/. max V02 > 74.74 3.94 

v. T. (ml/kg/minl 44.82 5.02 

v. T. (velocity m/s) 4 . 04 0.036 
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Table XVII 

SUBJECT 

SR 

MW 

TR 

PC 

RC 

NM 

GP 

BA 

JR 

PM 

PD 

X 

SD 

Statistical summary of absolute (m/s) and relative speeds 

<st/s, v/rgfi, 11/s, fl/s) at which the walk-to-run 

interface speed occurred. Mean data are presented for 

each subject. 

WALK-TO-RUN INTERFACE SPEEDS 

m/s st/s v/Tgh 11/s £1/s 

2. 13 1. 32 0.53 2.94 8. 78 

2.03 1. 17 0.49 2.56 8.47 

2.48 1. 37 0.59 2.85 9.44 

2.20 1. 20 0.52 2.48 8.55 

2.28 1. 26 0.54 2.43 8 . 36 

2.41 1. 35 0.58 2.86 8.86 

2.29 1. 22 0.53 2.58 8. 18 

2. 18 1. 17 0.57 2 .41 8. 19 

2.03 1. 13 0.48 2.38 8.21 

2.20 1. 16 0.51 2.46 7.62 

2.24 1. 23 0.53 2.39 8.55 

2 . 22 1. 23 0.53 2.58 8 . 47 

0. 14 0 . 08 .035 0.21 0.47 
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Table XVIII: Statistical summary of absolute (m/s) and relative speeds 

<stls, vlfgn, 11/s, fl/s) at which the run- to- walk 

interface speed occurred. Mean data are presented for 

each subject. 

SUBJECT RUN-TO-WALK INTERFACE SPEEDS 

m/s st/s v//gfi 11/s fl/s 

SR 2. 10 1. 30 0.53 2.89 8.66 

MW 2.00 1. 15 0.49 2.53 8.35 

TR 2.03 1. 11 0.48 2 .30 7.62 

PC 1.97 1. 07 0.46 2.22 7.66 

RC 2.09 1. 16 0.50 2.22 7 . 66 

NM 2.04 1. 15 0 . 49 2 . 42 7.50 

GP 2. 13 1. 14 0.50 2.40 7 . 60 

BA 2 . 21 1.19 0.52 2. 45 8.33 

JR 2.08 1. 16 0.49 2.44 8.4 1 

PM 2.05 1. 08 0.48 2.29 7.09 

PD 1. 86 1. 02 0.44 1. 98 7.09 

X 2.05 1.13 0.49 2.38 7 . 82 

SD .091 .073 .025 0.54 0 . 54 
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Table XIX Statistical summary of cadence (steps/min) and stride 

length (m) at the walk-to- run and run-to-walk interfaces 

respectively. Mean data are presented for each subject. 

SUBJECT W-R INTERFACE R-W INTERFACE 

CADENCE STRIDE LENGTH CADENCE STRIDE LENGTH 

SR 167 1. 54 164 1. 54 

MW 161 1. 52 136 1.77 

TR 159 1. 87 132 1. 83 

PC 14 9 1.77 127 1. 86 

RC 156 1. 76 133 1. 89 

NM 156 1. 85 130 1. 87 

GP 157 1. 75 132 1. 94 

BA 146 1. 79 130 2.04 

JR 160 1. 52 137 1. 81 

PM 147 1. 81 124 1. 98 

PD 153 1. 76 125 1. 79 

-X 155.5 1. 72 134 1. 85 

SD 6.39 0. 13 10.87 0. 13 
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Table XX Statistical summary of general information for walking at 

the walk-to-run interface speed. Mean data are presented 

for each subject.. 

. . 
SUBJECT CADENCE STRIDE vo2 EFFICIENCY RPE I.V02max 

(steps/minJ LENGTH (mJ (ml/kg/min} (I.} (ml/kg/min} 

SR 148 2.01 32.6 36.8 12 50.6 

MW 134 1. 81 19.9 52.5 10 36.8 

TR 132 1. 97 23.4 46.8 12 37.9 

PC 152 1. 68 26 . 1 39.6 13 45.8 

RC 138 1. 76 21.2 47.3 11 31.3 

GP 136 1. 94 23 . 9 35.6 13 40.7 

NM 138 1. 98 29.6 36.6 1 1 49.5 

PO 134 2.05 27 . 0 42.4 9 45.8 

PM 142 2.04 30. 1 38.9 9 43.9 

JR 137 1. 95 30.8 34.9 13 60.2 

BA 128 2.07 29.0 36.7 10 51.9 

X 138. 1 1. 93 20 . 69 40 . 74 11. 18 44.95 

so 6.96 0. 13 4. 15 5.79 1. 54 8. 10 
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Table XXI Statistical summary of general information for running at 

the run-to-walk interface speed. Mean data are presented 

for each subject . 

. . 
SUBJECT CADENCE STRIDE vo2 EFFICIENCY RPE /.V02max 

(steps/min} LENGTH (m} (ml/kg/min} (/.} (ml/kg/min} 

SR 172 1. 48 26 . 7 39. 1 9 46.9 

MW 160 1. 53 25.9 37.7 10 38.2 

TR 150 1. 76 29.3 45.2 10 49 .8 

PC 158 1. 7 4 31.4 34.7 10 49.5 

RC 156 1.77 27.6 41.7 8 46.7 

GP 150 1. 92 26.5 45.9 7 38.7 

NM 148 1. 82 28. 1 39.5 11 54.9 

PD 154 1. 72 30.0 36.0 8 53.8 

PM 156 1. 90 28.7 43.5 9 44.5 

JR 158 1. 53 24 . 9 39.9 11 45 .8 

BA 148 1. 76 29.4 35.9 11 47.6 

X 155.5 1. 72 28.05 39.92 9 .45 46.95 

SD 6 .93 0. 15 1. 94 3.80 1. 37 5 .26 
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Table XXI I Statistical summary of absolute speed (km/ hr l at various 

relative speeds (st/sl . The following conversion factor 

was used to convert km/hr to m/s: 

m/s = km/hr * 0.277. 

SPEED (st./sl ABSOLUTE SPEED (km/hrl 
MEAN SD 

0.6 3 . 89 0. 16 
0. 7 4.55 0 . 19 
0.8 5. 19 0.21 
0.9 5. 84 0.24 
1.0 6.49 0.27 
1 . 1 7. 14 0.29 
1. 2 7. 79 0.32 
1. 3 8.44 0.35 
1.4 9.08 0.38 
1.5 9.74 0. 40 
1.6 10.39 0.43 

Table XXIII: Statistical summary of absolute speed at various speeds 
(v/ /gFil . 

SPEED (v/.lg11J ABSOLUTE SPEED (km/h r l 
MEAN SD 

0. 27 4 .08 0 . 08 
0.31 4.69 0.09 
0.35 5.29 0. 11 
0.39 5.90 0. 12 
0.43 6.51 0. 14 
0. 47 7. 11 0 . 15 
0 . 51 7. 72 0. 16 
0.55 8.33 0. 17 
0.59 8.93 0. 19 
0.63 9.53 0. 19 
0 . 67 10. 14 0 .21 
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Table XXIV; Statistical summary of absolute speed at various relative 
speeds Cll/s) . 

SPEED (ll/s) ABSOLUTE SPEED Ckm/hr) 
MEAN so 

1. 24 3.93 0.21 
1. 48 4 . 69 0.25 
1. 72 5.45 0.29 
1.96 6.22 0.32 
2.20 6.98 0.36 
2. 44 7. 74 0.40 
2.68 8.50 0.45 
2.92 9.26 0.48 
3. 16 10.02 0.52 

Table XXV Statistical summary of absolute speed at various relative 
speeds (fl /s). 

SPEED Cfl/sl ABSOLUTE SPEED (km/hr l 
MEAN SD 

4 . 6 4 . 35 0.26 
5.6 5.29 0.31 
6.6 6.24 0.37 
7.6 7. 19 0.42 
8.6 8. 14 0.48 
9.6 9.08 0 . 54 
10.6 10. 10 0.52 
11.6 10.97 0.65 
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Table XXVI: Summary of the number of subjects who chose to walk and/ or 

run at various velocities. 

SPEED 
WALK 

Absolute (km/hr l 
4 11 
5 11 
6 
6.5 
7 
7 .5 
8 
8.5 
9 
10 

Relative (st/s) 
0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 

Relative (v/rgfil 
0 . 27 
0.31 
0.35 
0.39 
0. 43 
0.47 
0.51 
0.55 
0.59 
0.63 
0.67 

11 
11 
11 

9 
5 
2 

11 
11 
11 
11 
11 
11 

6 
3 

11 
11 
11 
11 
11 
11 

8 
2 

LOCOMOTOR PATTERN 

- 2bJ -

RUN 

2 
6 
9 

11 
11 

5 
8 

11 
11 
11 

3 
9 

11 
11 
11 



Table XXVI continued: 

Relat.i ve !ll/s) 

1. 24 10 
1. 48 10 
I. 72 10 
1. 96 10 
2.2 10 
2 .44 6 4 
2.68 2 8 
2. 92 10 
3. 16 10 

Relative (fl/sl 
4. 6 11 
5.6 11 
6.6 11 
7.6 10 1 
8. 6 4 7 
9.6 11 
10. 6 11 
11. 6 1 1 

- 26 4 -



Table XXVII: Statistical summary of cadence (steps/min) at various 

velocities. 

SPEED CADENCE 
WALK RUN 

Absolute (km/hrl MEAN so MEAN so 
4 101 5 . 09 
5 116 .5 16.3 
6 120 6.29 
6.5 123 5.39 
7 128. 1 7.0 1 
7.5 133. 1 13.89 157 4.24 
8 134.8 1. 79 155.3 12.75 
8.5 141 1. 41 157. 7 9.4 
9 159.5 6. 75 
10 160 8.63 

Relative (st/s) 
0.6 99 . 18 3. 7 1 
0. 7 106 5. 14 
0.8 113 5.09 
0.9 118.9 4 . 50 
1.0 122.7 4.67 
1.1 128 3.03 
1. 2 134.6 3. 72 153.6 9.93 
1. 3 146.7 5.03 156.7 6 . 67 
1.4 158 7. 85 
1.5 159.3 8.54 
1.6 160 7.04 

Relative (v//gfil 
0 . 27 101.8 5.33 
0.31 108 5.58 
0. 35 112 .9 6.02 
0 . 39 118.7 4.20 
0. 43 124.5 5.94 
0 . 4 7 128.5 6.00 
0.51 134.5 5.83 158 10.6 
0.55 140 2.83 158.8 4.81 
0.59 159.5 6.93 
0. 63 160 . 5 8.63 
0.67 160. 7 9. 77 
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Table XXVII continued: 

SPEED 

Relative (11/s) 
1. 24 
1. 48 
1. 72 
1. 96 
2 .20 
2.44 
2 . 68 
2. 92 
3. 16 

Relative (fl/s) 
4.6 
5.6 
6.6 
7.6 
8.6 
9.6 
10.6 
11. 6 

WALK 
MEAN 

98.6 
106.4 
115 
119.6 
125 
132 
141 

104.4 
112. 4 
120.9 
129.4 
143 . 5 

so 

4.00 
4. 70 
4. 14 
3.50 
4.74 
3 .58 
4.24 

4.08 
3.67 
4.41 
4.00 
8.39 

CADENCE 
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RUN 
MEAN 

152.5 
157.5 
158 
157.8 

158.3 
159.5 
158.9 
159.6 

so 

7. 19 
5.73 
6.05 
4 . 05 

9.85 
8.63 
11.00 
10 .54 



Table XXVIII: Statistical summary of stride length ( m) at various 
velocities. 

SPEED STR IDE LENGTH 
WALK RUN 

MEAN SD MEAN SD 
Absolute (km/hrl 
4 1. 32 0.07 
5 1. 46 0. 17 
6 1. 6 7 0 . 08 
6.5 1. 76 0 . 08 
7 1. 83 0.09 
7.5 1. 89 0. 16 1. 59 0.04 
8 1. 98 0.02 1. 7 3 0. 15 
8.5 2.01 0.01 1. 80 0. 11 
9 1. 89 0.07 
10 2.09 0. 11 

Relative (st/s) 
0.6 1. 31 0.08 
0.7 1. 43 0 . 11 
0.8 1. 54 0. 12 
0.9 1. 64 0. 12 
1.0 1. 76 0. 12 
1.1 1. 85 0 . 12 
1. 2 1. 91 0. 12 1. 7 3 0. 16 
1.3 1. 85 0. 16 1. 82 0 . 12 
1.4 1. 93 0. 16 
1. 5 2.04 0. 18 
1.6 2. 17 0. 16 

Relative (v/ Tghl 
0 . 27 1. 34 0.09 
0.31 1. 45 0.09 
0 . 35 1. 56 0 . 11 
0.39 1. 66 0.09 
0 . 43 1. 75 0. 11 
0.47 1. 85 0. 11 
0.51 1. 91 0 . 11 1. 63 0. 14 
0.55 1. 98 0 .03 1. 75 0.09 
0.59 1. 87 0. 11 
0. 63 1. 99 0. 13 
0.67 2 . 11 0. 15 
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Table XXVIII continued: 

SPEED STRIDE LENGTH 
WALK RUN 

MEAN SD MEAN SD 
Relati ve (11/sl 
1. 24 1. 33 0.06 
1. 48 1. 48 0 . 09 
1. 72 1. 58 0.08 
1. 96 1. 73 0.09 
2.20 1. 86 0. 11 
2.44 1. 88 0. 11 1. 75 0. 12 
2.68 1. 94 0.03 1. 82 0. 13 
2. 92 1. 95 0. 16 
3. 16 2 . 12 0. 14 

Relative ( fl/s) 

4.6 1. 39 0. 12 
5.6 1. 57 0. 12 
6.6 1. 72 0. 14 
7.6 1. 83 0. 11 
8.6 1. 86 0. 18 1. 7 4 0. 19 
9.6 1. 90 0. 19 
10.6 2. 13 0.24 
11. 6 2.30 0.23 
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. Table XXIX: Statistical summary of relative vo2 (per kg> at various 
velocities . 

SPEED RELATIVE vo2 (ml/kg/min> 
WALK RUN 

MEAN so MEAN so 
Absolute !km/hr> 
4 10. 7 1 1. 21 
5 12. 7 1 1. 33 
6 15.79 1. 42 
6.5 17.55 1. 55 
7 19.75 1. 49 
7.5 22.61 2. 17 25.90 2. 12 
8 26.38 2. 14 26.97 1. 17 
8.5 30.4 0. 14 28.88 2.61 
9 30.38 2.69 
10 33.00 1. 61 

Relative (st/s) 
0.6 11. 05 1. 25 
0. 7 12. 13 1. 45 
0.8 13. 18 1. 28 
0.9 15.62 1. 70 
1.0 16. 70 1. 63 
1.1 20.53 2. 21 
1.2 24.30 2. 4 1 26. 12 1. 89 
1.3 27.96 2.86 28.45 3. 16 
1.4 29.79 3. 13 
1.5 31. 20 3.02 
1.6 33.31 2.48 

Relative ( v/ lgn> 
0.27 11. 09 1. 40 
0.31 12. 16 0.97 
0.35 13.77 1. 52 
0.39 15.70 1. 26 
0.43 17 .79 1. 96 
0.47 20.42 2.34 
0.5 1 23.68 1. 86 25.97 1. 39 
0.55 27.30 0.56 28.04 1. 71 
0.59 30. 13 2 . 66 
0.63 31.09 1. 92 
0.67 32. 18 2.67 

- 269 -



Table XXIX continued: 

SPEED RELATIVE vo2 (ml/kg/minl 
WALK RUN 

MEAN SD MEAN SD 
Relative (11/sl 
1. 24 11. 12 1. 51 
1. 48 12.01 1. 73 
1. 72 14. 19 1. 83 
1. 96 16.42 2 . 22 
2. 20 19.40 2.56 
2.44 22 .32 2.34 27.95 2. 17 
2.68 27.75 1. 63 28.28 4.35 
2.92 30.47 3.04 
3. 16 32.68 3.63 

Relative (fl/sl 
4.6 11. 32 1. 12 
5.6 13.86 1. 7 4 
6.6 16.56 2.21 
7.6 20.79 3.53 
8.6 25.83 2.09 28.98 3.66 
9.6 30.31 3.22 
10. 6 32.74 2.75 
11. 6 35. 19 3.41 
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Table XXX Statistical summary of efficiency (I.) at various velociti es . 

SPEED EfFICIENCY (%) 

WALK RUN 
MEAN SD MEAN so 

Absolute (km/hrl 
4 58.2 8.29 
5 59.4 7.5 
6 55.10 5. 17 
6.5 53. 1 5.37 
7 50 . 1 4.06 
7.5 46.5 5 . 02 38.2 3.89 
8 42.5 4 . 13 40.2 2 . 22 
8.5 38.4 0.42 40 . 3 3.56 
9 41.4 3.65 
10 42.6 2. 76 

Relative (st/sl 
0.6 54.7 6 . 73 
0.7 56.6 7. 06 . 
0.8 58.7 5.74 
0.9 54.2 5.54 
1.0 56.6 5.43 
1.1 48.5 4.36 
1.2 44. 10 2.96 41. 20 3.45 
1.3 .39 . 5 1. 22 41. 70 4.80 
1. 4 42.70 4.29 
1.5 43.90 4 .29 
1.6 43.90 2. 77 

Relative (v/ /g11) 
0.27 51.4 10. 31 
0.31 57 . 70 6.46 
0.35 56.90 6.91 
0. 39 54.50 3 . 75 
0. 43 52.70 6 . 32 
0 . 47 49.30 5 . 71 
0 . 51 45.30 4 . 61 39.30 1. 00 
0.55 41 . 90 1. 13 40. 10 2.38 
0.59 41. 10 3. 72 
0.63 42.70 2.41 
0.67 43.7 3.28 

- 271 -



Table XXX continued: 

SPEED EFFICIENCY (%) 

WALK RUN 
MEAN SD MEAN so 

Relative <ll/s) 
l. 24 54.5 8.56 
1. 48 59.8 7.68 
1. 72 57.5 6.28 
1. 96 55 6.33 
2.20 51.4 5.08 
2.44 47.8 3.01 38.6 3. 14 
2.68 40.4 2.33 42.7 7.42 
2.92 42.6 3.57 
3. 16 43. 1 3 . 72 

Relative (fl/sl 
4.6 59.48 7.54 
5 . 6 56.55 5.95 
6.6 54.69 5.53 
7.6 50.35 5. 16 
8.6 42.98 2.56 38.8 3.90 
9.6 41. 84 3.44 
10.6 43.40 3 .33 
11.6 44.29 3.60 
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Table XXXI: Statistical summary of Ratings 
at various velocities. 

of Perceived Exertion <RPE> 

SPEED RPE 
WALK RUN 

MEAN so MEAN so 
Absolute <k m/hr l 
4 7.36 0.81 
5 8.09 0.94 
6 8 . 82 1. 33 
6.5 8.91 1. 38 
7 9.82 1. 89 
7.5 10.22 2 . 49 10 . 0 
8 10.0 1. 58 10 . 16 0.98 
8.5 10 . 5 0. 71 10. 1 1. 27 
9 10. 18 1.4 
10 10 . 81 1. 08 

Relative (st/s) 
0.6 7 .09 0. 7 
0. 7 7.36 0.92 
0.8 8. 18 0. 75 
0.9 8 . 64 1. 03 
1.0 9.00 1. 34 
1. 1 10 . 18 1.4 
1.2 10.33 1. 63 9 . 20 0.84 
1.3 11.3 2.31 9.75 1. 49 
1. 4 10. 18 1. 08 
1.5 10.8 1. 4 7 
1.6 10.8 1. 40 

Relative {v/ /gfil 
0. 27 7.45 0.82 
0.31 7 . 36 0.92 
0.35 8.36 1. 12 
0.39 8.82 1. 08 
0 . 43 9. 18 0.98 
0. 47 10. 1 1. 81 
0.5 1 10.75 1. 75 9.67 0.58 
0.55 9.5 0.71 10.2 0.83 
0.59 10.45 1. 29 
0 . 63 10.82 1. 33 
0.67 10 . 91 1. 22 
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Table XXXI continued: 

SPEED RPE 
WALK RUN 

MEAN SD MEAN SD 
Relative Cll/s) 
1. 24 7. 1 0. 74 
1. 48 7.5 0. 71 
1. 72 8.0 1. 05 
1. 96 8.7 1.7 
2.20 9.5 1.4 
2.44 10.33 1. 63 10.25 0.95 
2.68 9.5 2. 12 10 .3 1. 04 
2.92 10 .3 1. 25 
3. 16 10.4 1. 17 

Relative (fl/s) 

4.6 7.27 0.79 
5.6 8.0 1.0 
6.6 8.91 0.94 
7.6 9.6 2. 17 
8.6 11. 3 1. 71 9.85 1. 46 
9.6 10 .·2 1. 17 
10.6 10.45 1. 29 
11.6 11. 18 1. 6 . 
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Table XXXII: Statistical summary of the respiratory exchange ratio CR) 
at various velocities. 

SPEED RESPIRATORY EXCHANGE RATIO 
WALK RUN 

MEAN SD MEAN SD 
Absolute Ckm/hrl 
4 .85 .06 
5 .84 . 06 
6 . 83 .06 
6 .5 .84 .04 
7 . 84 .02 
7.5 .87 .07 .88 .04 
8 .84 .05 .87 .05 
8.5 . 89 .87 .05 
9 .85 .07 
10 .86 .05 

Relative (st/s) 
0.6 .82 .06 
0. 7 .84 .06 
0.8 .85 .OS 
0.9 .83 .05 
1.0 .84 .04 
1.1 .87 . OS 
1.2 .87 .06 .88 . 06 
1.3 . 91 .07 . 85 .06 
1.4 . 87 .05 
1.5 .87 . 04 
1.6 . 89 .05 

Relative (v//gfi) 
0. 27 .8S .03 
0. 31 . 87 .05 
0.35 .83 .03 
o. 39 .82 .06 
0.43 .82 . 04 
0. 4 7 .85 .04 
0.51 .87 .02 . 88 .05 
0.55 . 91 .007 .89 .OS 
0.59 .87 .05 
0.63 . 89 .04 
0.67 .86 .05 

- 2 75 -



Table XXXII continued: 

.SPEED RESPIRATORY EXCHANGE RATIO 
WALK RUN 

MEAN SD MEAN SD 
Relative (11/s} 
1. 24 .86 .06 
1. 48 .86 .07 
1. 72 . 82 .05 
1. 96 .85 . 05 
2. 20 .84 .05 
2. 48 .88 .04 .88 .02 
2.68 .88 .85 .05 
2.92 .84 .03 
3.16 .88 . OJ 

Relative (fl/s) 
4.6 .84 .05 
5.6 .84 .05 
6.6 . 84 .05 
7.6 .84 .04 
8.6 .88 .02 . 84 .04 
9.6 .85 .05 
10.6 .89 .05 
11. 6 .89 . 03 
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Table XXXI II: Statistical summary of /. vo2 max at various velocities. 

SPEED xvo2 max 
WALK RUN 

MEAN SD MEAN so 
Absolute (km/hr) 
4 17.95 2 . 32 
5 21.31 2 .90 
6 26.54 3.39 
6.5 29.46 3.86 
7 33. 16 3 . 91 
7.5 38.04 5.02 42.75 3. 18 
8 43.42 5 . 49 45.90 3.61 
8.5 45. 70 2. 12 49.47 4.86 
9 50.87 5. 16 
10 55.26 4. 19 

Relative !st/s) 
0.6 18.50 2.42 
0.7 20 . 34 2 .88 
0.8 22.08 2.39 
0 . 9 26.25 3.62 
1.0 28 .02 3. 71 
1.1 34 . 50 5 . 18 
1.2 40 . 53 5.37 44.04 4. 15 
1.3 44.50 3.30 48.38 4.58 
1.4 49.87 5 . 98 
1.5 52 .2 4 5 . 75 
1. 6 55.75 5.29 

Relative (v/ /gJl) 
0 . 27 18.56 2.66 
0.31 20.36 1. 99 
0.35 23 . 08 3.05 
0 . 39 26.35 3. 17 
0.43 29.85 4.24 
0.47 34.31 5. 18 
0.51 40 .06 5.28 42.83 5.56 
0.55 41.05 0 . 92 48.08 3 . 78 
0.59 50.45 5. 16 
0.63 52.09 5 . 05 
0.67 55.03 5.97 
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Table XXXIII continued: 

. 
SPEED XV02 max 

WALK RUN 
MEAN SD MEAN SD 

Relative (11/sl 
1. 24 18.52 2.93 
1. 48 20 .03 3.30 
1. 72 23.69 3.79 
1. 96 27.51 5. 19 
2.20 32.37 5.54 
2.44 36. 18 6.22 48 . 68 1. 89 
2.68 41.80 4.24 48 .15 7.38 
2.92 50.69 6. 10 
3. 16 54.53 7.89 

Relative <fl!s l 
4. 6 18.95 2.32 
5 . 6 23.25 3.42 
6.6 27.74 4. 12 
7. 6 34.95 7.22 
8.6 43.55 6.65 48.38 5.93 
9.6 50.71 5. 76 
10. 6 54.84 5. 73 
11. 6 59.05 7.54 
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